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Fig. 4. A:Time course changes of tumor growth in castrated
athymic nude mice by treatment with candesartan. Closed circle:
control C4-2 tumor; open circle: C4-2 tumor treated with cande-
sartan 10 mgfkg. *F < 0.01, compared with control C4 -2 wumor, The
serial photo-panels show the immunochistochemical evaluation of
CD34in the controlgroup (B) and the treatment group (C), and that
of VEGF in the control group (D) and the treatment group (E). Mag-
nification is1:200.The bars represent the standard error of the mean
of individual experiments.

(3.0=0.1 pg/10° cells, n=5, P=0.001). Conversely,
CV11974 alone had no measurable effects on VEGF
production in untreated C4-2 cells (2802 pg/10°
cells, n=5). Similar results were obtained with C4-2
celis at the 24-hr timepoint.

In LNCaP cells with 24-hr treatment, All had
no significant effect on VEGF synthesis (2.1+0.3 pg/
107 cells, n=5), compared untreated LNCal’ cells
(2303 pg/10° cells, n=5). In addition, neither
CV11974 nor combination with All and CV11974 had
no significant effects on VEGF production (2.2:£0.2
pg/10° cells, n=5 21203 pg/10° cells, n=5),
compared with untreated LNCal’ cells.
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Fig. 5. Effect of Al and the ATIR antagonist (CVI1974) on DNA
synthesis in LNCaP cells (A) and C4-2 cells (B). The bars represent
the standard error of the mean of individual experiments. FCS: 10%
fetal caif serum.
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Fig. 6. YEGF measurements in C4-2 cells after 6 -hr incubation.
#p <001, compared with control C4-2 cells. ##p 001, compared
to C4-2 cells treated with All dlone.
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DISCUSSION

Recent studies have shown that MVD and VEGF
expression in the primary tumor are related to the
potential for recurrence and to the prognosis of patients
with PCa [21,24]. Few studies have investigated
angiogenesis in 11RPC, although primary androgen-
dependent I’Ca in patients without hormonal ablation
has been studied several times. We evaluated ATIR
expression, angiogenic factors and neovascularization
m human PCa specimens obtained at surgery and
autopsy. Inall the samples, MV was associated with a
higher Gleason score. This finding was consistent with
previous observations of prostate biopsy samples and
metastatic ’Ca spectmens [17,20,29]. Uemura et al. [30]
demonstrated that ATIR expression in well-differen-
tiated adenocarcinoma was higher than that in peerly
differentated adenocarcinoma, suggesting that ATIR
expression correlated in an inverse fashion with tumor
grade. Nevertheless, they recently reported that pro-
static renin-angiotensin system is overexpressed in
HRPC [31]. This point is, therefore, still controversial;
thus we sought to determine whether HRPC over-
expresses ATIR and compared ATIR expression level
in a tumor xenograft medel. Our clinical samples
clearly demonstrated higher ATTR expression and
more aggressive angiogenesis in HRPC than in surgical
specimens, which were not treated endocrinologically.
Additionally, C4-2 cells showed higher ATIR expres-
sion than LNCaP cells in vitro. We also created mouse
xenograft models using LNCal cells and C4-2 cells
and examined them immunohistochemically. In the
mouse xenograft models, C4-2 cells showed higher
ATIR expression, higher MVD and higher VEGF than
LNCaP cells. These results consistently support our
present results obtained in human specimens and
recent repart [311.

Gustavsson et al. demonstrated that an androgen-
independent subline, which they established as
LNCal-19, showed increased angiogenesis, which
consistently supports our results. Ifowever, their study
showed that LNCaP-19 expressed significantly lower
VEGF and PSA secretion than control LNCaP although
LNCaP-19 showed prominent fumor angiogenesis. In
contrast, we found that in C4-2 cells VEGF expression
was significantly higher than in LNCaP cells in vivo
and they secreted higherlevels of serum PSA. C4-2 cells
were originally reported to secret PSA [32], and they
seem to have different characteristics compared to
LNCal*-19 cells. According to all our results, HRPC
appeared to show higher angiogenesis, compared with
untreated or androgen-dependent ’Ca.

The roles of the All and ATIR pathways in tumor
progression, especially by affecting cellular prolifera-
tion or tumor angiogenesis, are unclear. All has been
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shown to stimulate proliferative and hypertrophic
growth in vascular smooth muscle cells [33-35] and
neonatal bladder stromal cells [36] by way of ATIR
binding. Fujimoto suggested that candesartan had an
anti-proliferative effect against pancreatic cancer [4],
and Rivera et al. [37] reported that the AT1R antagonist
losartan decreased the mitotic index and cell prolifera-
tion of glioma cells. In addition, Uemura demonstrated
CV11974, the active form of the ATIR antagonist
candesartan, inhibits the proliferation of LNCal> and
DU145 cells in vitro. Nevertheless, their study was
performed in 5 days, and difference between negative
control and candesartan treatment group appears
to be modest. Therefore, we tested the direct effect
of CV11974 on tumor cell proliferation. Our study
demonstrated that AH and CV11974 at clinically
achievable concentration had no effect on PCa cell
proliferation at any incubation time and any doses of
CVI1974 in LNCaP and C4-2 cells. We further
confirmed similar anti-angiogenic effects of candesar-
tan in a bladder cancer xenograft model, and also
examined cytotoxic effects of CV11974 itself in several
bladder cancer cell lines. That studv also demonstrated
no significant cytotoxic effects on those bladder cancer
cell lines [13]. On the basis of our investigations in some
PCa lines and most bladder cancer cell lines, we could
not confirm that CV11974 inhibited cellular prolifera-
tion. Therefore we concluded that CV11974 itself does
not affect cellular proliferation in vitro.

Because our results showed that ATIR expression
was associated with tumor angiogenesis and HRPC
growth, targeting angiogenesis via the ATIR may be a
possible treatment for HRPC. We then tested the effects
of candesartan in I’Ca xenograft models. In the C4-2
xenograft model, candesartan (10 mg/kg) caused a
dramatic decrease in the wvolume of subcutaneous
tumer nedules and serum PSA production. No such
results were observed in the LNCaP xenograft model.
Immunohistochemically, the candesartan treated
group showed lower expression of MYD and VEGFE.
In vivo, candesartan significantly suppressed VEGF
production in C4-2 cells under testosterone-starving
condition, but not in LNCal’ cells. Accordingly, we
postulated that 1 IRPC expressed higher level of VEGF
spontaneously, induced angiogenesis, and metasta-
sized easily, and that VEGF was enhanced through
ATIR signaling in such cancer cells. These results
suggest that the AT1R antagonist exerts its anti-tumor
effect by inhibiting tumor angiogenesis. On the basis of
our in vitro and in vivo experiments, we concluded that
the anti-tumor effect of AT1R antagonists is not a result
of direct toxicity or apoptetic induction, but of an anti-
angiogenic effect.

Tumor growth and metastasis depend on the ability
of a tumor to recruit blood vessels to obtain oxygen and
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nutrients [14]. This process, known as angiogenesis, is
driven by a variety of growth factors, including VEGF,
bFGF, IGF, and TGF-B. An angiogenic switch occurs
when the tumor and stroma produce more pro-
angiogenic than anti-angiogenic factors. According to
our results, HRPC appears to induce tumor growth
with angiogenic potential, although many other differ-
ences between early and late state specimens may
account for the difference. However, how HRPC
triggers angiogenesis has until now been unknown.
Our results clearly demonstrated that ATIR is asso-
ciated with angiogenesis through VEGF production.

When a patient presents with HRPC, considerable
time can elapse from a controllable state under
androgen ablation to the onset of androgen indepen-
dence. Nevertheless, we often treat patients with
androgen ablation. The identification of factors that
mediate androgen independence and its development
may lead to the development of pharmacological
agents that can be used to prevent the growth and
metastasis of HRPC.

This study demonstrated that HRPC is characterized
by higher levels of VEGF as well as angiogenesis, and
that a specific ATIR blockade suppresses VEGF
production, resulting in reduced tumor angiogenesis
and slower progression of HRPC. Of particular interest
are the findings that tumor angiogenesis is more
aggressive in MRPC and that AT1R blockade sup-
presses 1{RPC tumor growth by inhibiting tumor
angiogenesis in vivo, although ATIR blockade has no
effects on tumor growth in vitro. Treatment with ATIR
antagonists such as candesartan may have a significant
impact as an innovative therapy for HRPC.
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Abstract

Mutations in the human tumor suppressor gene, Parched-1, are associated with nevoid basal cell carcinoma syndrome characterized
by developmental abnormalities and tumorigenesis, such as basal cell carcinoma and medulloblastoma. During the investigation of
complex alternative splicing in Patched-1, we identified an alternative exon, exon 12b, located between exon 12 and 13, both in
humans and in mice. Since exon 12b has an in-frame stop codon, the mRNA isoform containing this exon (Patchedi2b) encodes
a truncated patched-1 protein. RT-PCR and whole mount in situ hybridization revealed that mouse exon 12b was expressed in the
brain and heart, particularly in the cerebellum, in both adults and embryos. We next performed a functional analysis of PatchedI2h
using a GLi-responsive luciferase reporter. Luciferase activity was suppressed when transfected with a plasmid encoding Patched-1,
but not with a plasmid for .PaichedI2h. The suppressive activity of Patched-1 was relieved when cotransfected with a plasmid for
Patched!2b. This implies that the Patched12b protein has a dominant negative effect on Patched-1. Interestingly, Patchedi2b was
found to be expressed in some of the medulloblastoma tissues and cell lines, indicating an important role in the pathogenesis of

medulloblastoma as well as brain development.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Alternative splicing; Medulloblastoma; Nevoid basal cell carcinoma syndrome; Patched-1

The Patched-1 gene (Ptcl) controls cell growth and spec-
ification of the developing and postnatal tissues of many
animals [1]. The nevoid basal cell carcinoma syndrome
(NBCCS), also called Gorlin syndrome, is associated with
mutations in 2 human Ptcl homolog, PTCH [2,3]. NBCCS
is an autosomal dominant neurocutaneous disorder char-
acterized by developmental malformations, such as syndac-

* Abbreviations: AS, alternative splicing; BCC, basal cell carcinoma;
EGFP, enhanced green fluorescent protein; NBCCS, nevoid basal cell
carcinoma syndrome; NMD, nonsense-mediated mRNA decay; PTC,
premature termination codon; Shh, Sonic hedgehog.
* Corresponding author. Fax: +81 3 5494 7035.
E-mail address: tmiyashita@nch.go jp (T. Miyashita).

Q006-291X/% - see front matter © 2006 Elsevier Inc. All rights reserved.
doi: 10.1016/1.bbrc.2006.08.046

tyly and spina bifida, and an increased incidence of a
variety of tumors, including basal cell carcinoma (BCC)
and medulloblastoma [4]. Multations of PTCH are also
detected in a smail fraction of holoprosencephaly charac-
terized by a failure of the complete separation of the fore-
brain into right and left halves [5]. Heterozygous loss of
PTCH found in certain sporadic and familial cases of
BCC and medulloblastoma indicates that PTCH is also a
tumeor suppressor gene [6-8]. Ptcl, a 12-pass transmem-
brane protein, is the ligand-binding component of the
receptor complex for a secreted protein, Sonic hedgehog
(Shh). In the absence of Shh binding, Ptcl is thought to
held Smoothened (Smo), another component of the Shh
receptor, in an inactive state and thus inhibit signaling to
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downstream genes. Upon the binding of Shh, the inhibition
of Smo is released and signaling is transduced, leading to
the activation of target genes by the Gli family of transcrip-
tion factors [1].

We and others have identified a number of PTCH
mRNA isoforms generated by alternative splicing (AS)
[9-11]. Among these isoforms, the one containing exon
12b conserved in both humans and mice (PTCHI2b
and Ptcl2b, respectively) is particularly interesting since
it is expressed in a brain- and heart-specific fashion, at
least in human tissues [12]. Here, we show that mouse
Pici2b is also preferentially expressed in the brain and
in ‘the heart. Since this isoform has an in-frame stop
codon, it encodes truncated Ptcl, which does not seem
to have any functions. However, the functional analysis
of this isoform demonstrated that it functions as a dom-
inant negative isoform against Ptcl. Furthermore,
PTCHI2b was found to be expressed in some of the
medulloblastoma tissues and cell lines, indicating an
important role in the pathogenesis of medulloblastomas
as well as brain development.

Materials and methods

Constructs. The plasmids for myc-PTCH and 8 x GLI-Lue were kindly
provided by Dr. J. Ming and Dr. S. Ishii, respectively. Mouse Prel cDNA
sequence, exon 12-12b-13, was amplified by RT-PCR. The primers used
for the amplification were 5*-TTCTCCCTCCAGTACTGATG-3' (exon
12 forward), 5‘-CACCAQAGCAGCC’I‘I‘GGGAG-3' (exon 13 reverse).
The PCR product was subcloned into pGEM-T Easy (Promega) and used
forin situ hybridization. pMyc-PTCH and pMye-PTCHI12b were described
previously [12]. To produce pPTCH-EGFP and pPTCH12b-EGFP,
PTCH sequences for exon la-exon23 and exon la-exonl2b, respectively,
were amplified by PCR using pMyc-PTCHM or pMyc-PTCHI2b as a
ternplate and subcloned into pEGFP-N3 (Clontech). The primers used for
the amplification were 3'-GGGGTACCGCTATGGGGAAGGCTA
CTGG-3' (exon la-2 forward), 5-CGGGATCCGTTGGAGCTGCTT
CCCCGGG-3' (exon 23 reverse), and 5-CGGGATCCCTCCTCG
TAAGGAAACCTCATGTA-3' {exon 12b reverse). Restriction enzyme
recognition sequences (underlined) were added to facilitate subcloning.

RT-PCR. Total RNA was extracted using the RNeasy kit from Qiagen
according to the manufacturer’s recommendations. RT-PCR was per-
formed as previously described using 5 pg of total RNA [11]. Primers used
for RT-PCR were 5-TGGCCCATGCATTCAGTGAAACA-3' (mouse
exon 11 forward), 5'-GAGGGTCATACTCTGTGCGGA-3' (mouse exon
14 reverse), 5-GTGTTGGTGTGGATGATGTTT-3" (human exon 11
forward), aad 5-CGGGATCCTTGTAAAACAGCAGAAAAT-3Y
(human exon 13 reverse).

Western blotting. Immunoblot analysis was performed as described
previously {13]. In brief, 30 pg of the cell lysate was subjected to SDS-
PAGE and transferred onto a nitrocellulose membrane. The membrane
was incubated with anti-c-Myc mouse monoclonal antibody (Santa Cruz,
9E10) followed by horseradish peroxidase-conjugated anti-mouse immu-
noglobulins (DAKO) or with ant-GFP rabbit polyclonal antibody
(Medical & Biological Laboratories, Japan) foHowed by horseradish
peroxidase-conjugated anti-rabbit IgG (Santa Cruz).

Luciferase assay. 1-23 cells growing on six-well plates were
cotransfected using Effectene reagent {Qiagen) with various combina-
tions of plasmids as indicated in Fig. 4. The total amount of
transfected DNA was adjusted to 3pg with an empty plasmid,
pcDNA3.0. Twenty-four hours after the transfection, cells were har-
vested and subjected to the luciferase assay with the reagents and
protocols provided by Promega. Firefly luciferase activity was nor-

malized by Renilla luciferase activity from a cotransfected pRL-SV40
(Promega).

In situ hybridization, The plasmids described above were linearized
and digoxigenin-labeled cRNA probes were synthesized using T7 or SP6
RNA polymerase. E10.5 embryos on a C57BL/6] background were fixed
in 4% paraformaldehyde in PBS, dehydrated in methanol, and stored at
—~20°C. For hybridization, embryos were rehydrated in 0.1% Tween 20
in PBS (PBT) and incubated with proteinase K (10 pg/ml in PBT) for
IS min at 37 °C. Digestion was stopped by washing with 2 mg/ml glycine
in PBT, and embryos were refixed in 4% paraformaldehyde and 0.25%
glutaraldehyde in PBT, washed in PBT, and hybridized overnight at
65 °C with 2 pg/ml of digoxigenin-labeled RNA probes in hybridization
solution (50% formamide, 5 x 88C, 2% blocking powder (Roche), 0.1%
Tween 20, 0.5% CHAPS, 50 ng/m! yeast RNA, 5 mM EDTA, and 50 pg/
ml heparin}. Embryos were washed in hybridization solution and in
2% 8§C, 0.1% CHAPS at 63 °C, and incubated for 30 min with 20 pg/ml
RNase A in 2xS88C, 0.1% CHAPS at 37 °C. After washing, embryos
were blocked for 3 h in 10% sheep serum, 1% BSA in PBT and incubated
overnight at 4 °C with anti-digoxigenin antibody (Roche) (1:2000 diluted
in 10% sheep serum, 1% BSA in PBT with 1.5 mg/m! mouse embryo
powder). Embryos were washed 5 times in 1% BSA in PBT for | h each,
3 times in NTMT (100 mM NaCl, 100 mM Tris-HCI, pH 9.5, 50 mM
MgCly, and 0.1% Tween 20) for 10 min each, and stained with NBT/
BCIP stock solution (Roche) (1:50 diluted in NTMT) for about 2h at
room temperature.

Immunostaining and confocal microscopy. Immunostaining was per-
formed essentially as described previously [14]. Bricfly, HeLa cells were
seeded on chamber slides (Nalge Nunc International} and were trans-
fected with the constructs indicated in the figure legend. After 24 h, the
slides were fixed with 4% paraformaldehyde, permeabilized, stained with
anti-c-myc antibody (Santa Cruz, 9E10} followed with FITC-labeled
anti-mouse immunoglobulins (DAK.O), and ebserved with an Olympus
microscope FV300. Nuclear localization was confirmed by Hoechst33342
staining. EGFP fusion proteins were observed as described previously
[15].

Results
Tissue-specific regulation of Ptel2b-expression in mice

Previously, we identified a parched-1 isoform containing
a novel exon, exon 12b, between exon 12 and exon 13
both in humans (PTCHI2b) and in mice {Picl2b) (Gen-
Bank Accession Nos. AB214500 and AB214501, respec-
tively) [12} Using RT-PCR and exon junction
microarrays, PTCHI2b was demonstrated to be expressed
in a brain- and heart-specific fashion [12]. The nucleotide
sequence of and adjacent to exonl2b was relatively con-
served in humans and in mice, especially around the 3'-
end of the exon (Fig. 1A). Since premature termination
codons (PTCs) were identified in both exons, they are
expected to encode proteins truncated just after the ste-
rol-sensing domain (Fig. 1B), whose function in PTCH
remains elusive [16%. The splicing regulatory element,
UGCAUG, reported to be phylogenetically and spatially
conserved in introns that flank the brain-enriched alterna-
tive exons [17] was found in the intron regions upstream
and downstream of exon 12b in both species (Fig. 1C),
supporting the hypothesis that this element is a critical
component for tissue-specific splicing events. We next
investigated whether exon 12b was also preferentially
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Fig. 1. Exon 12b and flanking splicing elements are conserved in humans and in mice. {(A) Alignment of human (upper) and murine (lower) exon 12b and
surrounding sequences. Upper- and lowercase letters indicate the exon and intron sequences, respectively. Nucleotides are numbered arbitrarily.
Conserved nucleotides are marked by asterisks. In-frame stop codons are underlined. {B) PTCH protein isoforms. Numbers refer to amino acid positions
relative to the first methionine of PTCH (NM_000264). Transmembrane domains are indicated by filled boxes. The region containing the 2nd to 6th
transmembrane domains comprises the sterol-sensing domain (SSI3). (C) Location of UGCAUG hexamers near exon 12b. The location of hexamers is

indicated by smalt vertical thick lines.

expressed in the mouse brain and heart, In adult mice,
Ptel (12b—) was more or less expressed in' various tissues.
However, the Ptci2b isoform (12b-+) was specifically
expressed in the brain and in the heart, particularly in
the cerebellum, but not in other tissues, such as the testis
and the liver (Fig. 2A). To investigate the expression pat-
tern in the mouse embryo, we performed whole mount
in situ hybridization. Ptci2b was also expressed in the
brain and in the heart (Fig. 2B), indicating some role
yet to be identified in the development of these tissues.
The specificity of the result was confirmed by the negative
staining with the sense probe. Taken together, these
results imply that the tissue-specific expression of this iso-
form is evolutionarily conserved.

PTCHI2b is expressed in some medulloblastoma tissues and
cell lines

Individuals with NBCCS are at high risk of meduflo-
blastomas, which are primitive neurcectodermal tumors.
Since medulloblastoma commonly arises in the cerebel-
lum where PTCHIZb is specifically expressed, we next
addressed the question if this 1soform 1s expressed in
medulloblastoma cell lines and tissues. Out of 5 medul-
loblastoma cell lines analyzed, 1-23 expressed very high
level of PTCHIZ2b. None of the 9 non-medulloblastoma
cell lines expressed PTCHIZb. Interestingly, it was also
expressed in two out of two medulloblastoma tissues
we examined, indicating that this isoform plays a role
in the formation of medulloblastoma (Fig. 3A).

AS 5

Ptc12b

Fig. 2. Tissue-specific expression of PrciZb in mice. {A) Total RNAs
obtained from a panel of mouse tissues were subjected to RT-PCR with B-
actin as an internal control. A forward primer for exon 11 and a reverse
primer for exon 14 were synthesized and used for RT-PCR. All tissues
were obtained from a l-month-old mouse. (B} Whole mount in situ
hybridization on mouse embryos. Digoxigenin-labeled RNA probes were
synthesized in both orientations, sense {S) and antisense (AS), and used on
embryos at E10.5. The arrow indicates the position of the heart.
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Fig. 3. Expression of exonl2b in human cell lines and medubioblastomas. (A) RT-PCR analysis was performed using specific primers for exon 11 and exon
13. RNAs extracted from various cell lines and medulloblastoma samples (MB1, MB2) were used as templates. {B) PTCHI2b is subjected to NMD to a
small extent. Cell lines indicated at the top were grown in the presence or absence of 100 pg/m! puromycin for 6 h. Total RNA was extracted and subjected
to RT-PCR. The RT-PCR products were run on a 3.5% polyacrylamide gel to emphasize the difference in size between transcripts from wild type allele and

mutant zllele of the SPG4 gene.

PIT'CHI2b isoform undergoes NMD to a small extent

1t is known that spliced transcripts with PTCs, such as
Prcl2b or PTCHIZb, can potentially activate transcript
degradation via the process of nonsense-mediated mRNA
decay (NMD) {18). NMD is important for the removal of
PTC-containing transcripts encoding nonfunctional or
potentially dominant negative proteins. In order to investi-
gate this possibility, D283 Med, 293T, and HeLa cells,
which express barely detectable levels of PTCHI2b, were
cultured in the presence or absence of an NMD inhibitor,
puromycin, and subjected to RT-PCR as described above.
A lymphoblastoid cell line (LCL) established from a
patient in which a PTC is created due to the mutation in
the SPG4 gene (unpublished data by H. U, K. F. and T,
M.) was employed as a positive control for NMD. Com-
pared with the positive control where the levels of the tran-
script containing PTC were markedly increased upon the
treatment with puromycin {Fig. 3B, lane 2, mutant), the
transcripts of PTCHI2b were only marginally elevated
upon the treatment (FFig. 3B, lanes 4, 6, and 8). Similar
results were obtained using another NMD inhibitor, cyclo-
heximide {data not shown). This implies that this isoform
undergoes NMD to a limited extent and is already
expressed at low abundance independently of NMD in
most tissues.

PTCHI2b functions as a deminant negative isoform

We performed a functional analysis of PTCHI12b using
a GLI-responsive luciferase reporter in 1-23 medulloblasto-
ma cells. The binding of Shh to its receptor activates a sig-
naling cascade that ultimately leads to an increased activity
of the GLI family of transcription factors. The luciferase
activities were suppressed when [-23 cells were transfected
with plasmids for PTCH, but not with a plasmid for
PTCHI12b, consistent with PTCH being a suppressive com-
ponent of the Shh receptor. This also implies that there is a
basal level of leakage activity of Smo that excess PTCH
prevents in the apparent absence of Shh. However, this
suppression by PTCH was relieved when cotransfected

"with a plasmid for PTCH12b (Fig. 4A). Taken together,

these results imply that the PTCHI2b protein has a domi-
nant negative effect on PTCH. In order to investigate the
subcellular localizations, PTCHI12b, as well as PTCH, both
tagged with myc at their N-terminal ends, was expressed in
HeLa cells and stained with an anti-myc antibody followed
by confocal microscopy. PTCH was mainly localized in
cytoplasmic vesicular structures as previously reported
[19], and no significant difference in localization was
observed between PTCH and PTCHI12b (Fig. 4B and C).
Therefore, it is unlikely that the dominant negative func-
tion of PTCHI2b is due to its subcellular localization dis-
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Fig. 4. Functional analysis of PTCHI2b. (A) I-23 cells were transfected
with various combinations of expression plasmids indicated at the bottom,
together with a coastruct for a GLI-responsive luciferase reporter,
8x GLI-Luc. Twenty-four hours after the transfection, cells were
harvested and subjected to a luciferase assay. Shown are the representative
data obtained in two independent experiments with triplicates in each
experiment. (B-E) Subcellular localization of PTCH proteins. The
expression patterns of myc-tagged (B and C) and EGFP-tagged (D and
E} PTCH (B and D) or PTCHI12b (C and E) in HeLa cells were examined
using confocal microscopy. The nuclei were counterstained with Hoe-
chst33342. Bar, 20 um. (F and G} Western blotting was performed using
proiein samples obtained from the Hela cells described above. Anti-csmyc
(F) and anti-GFFP (G) antibedies were used as a primary antibody.
Asterisks indicate non-specific bands.

tinct from PTCH. Similar results were obtained when the
both isoforms tagged with enhanced green fluorescent pro-
tein (EGFP) at their C-terminal ends were expressed
(Fig. 4D and E). Comparative levels of protein expressions

of both PTCH and PTCH12b with expected sizes were con-
firmed by Western blotting (Fig. 4F and (), indicating that
the stability of the PTCHI12b protein is similar to that of
PTCH.

Discussion

Exon 12b in the human PTCH gene is conserved in mice
and expressed in a brain- and heart-specific manner in both
species. According to a recent report by Pan et al., alterna-
tive exons with the potential to introduce PTCs upon exon
inclusion are not usually conserved between humans and
mice [20], suggesting some biological significance of
exon 12b.

The precise mechanism of how Ptcl2b/PTCHI12b func-
tions as a dominant negative isoform remains to be eluci-
dated. Recently, two mutant forms of the Ptcl protein,
G509V and 1130X, have been reported to be dominant
negative forms, at least in Drosophila [21-23]. Whereas
1130X accumnulatéd strongly along the plasma membrane,
G509V and wild:type Picl protein localized mainly in the
cytoplasmic vesicles, indicating that their mode of action
is different {22,23]. Our isoform localized in the cytoplasm.
We failed to detect a significant difference in the subcellular
localization between PTCH and PTCHI2b. It would be
interesting to see the in vive function of Ptc12b/PTCH12b
using animal models.

The important question would be whether truncated
PTCH proteins generally function in a dominant negative
manner, because most of the mutations found in patients
with NBCCS lead to the truncation of the PTCH protein
due to the frameshift or nonsense mutations [24,25]
Ptcl™'" mice are embryonic lethal due to the failure of neu-
ral tube closure and abnormal development of the heart
[26]. Therefore, if truncated PTCH proteins are generally
dominant negatives, then the patients with NBCCS should
have a phenotype similar to that of PrcI ™/~ mice, which is
not the case. There are at least three explanations regarding
this issue. First, mRNA with a frameshift or nonsense
mutation may be expressed less than the wild type through
NMD-dependent and/or independent mechanisms [20].
Second, at least truncated proteins with a large C-terminal
deletion are unlikely to function as a dominant negative.
Third, the sensitivity to the perturbation of SHH signaling
may be species dependent. For example, mutations in the
SHH gene are found in some of the children with auteso-
mal dominant holoprosencephaly [27,28), whereas a pheno-
type resembling human holoprosencephaly is found in
Shh™'~ mice, but not in Skk™™ mice [29).

Synthesis of large amounts of C-terminally truncated
polypeptides encoded by PTC-containing mRNA is avoid-
ed by a splicing- and translation-dependent NMD. There-
fore, we wondered why Prcl2b/PTCHI2b is expressed at
high levels in certain tissues. Since NMD inhibition result-
ed in a limited amount of increase in expression of
PTCHI2b, we concluded that this isoform is already pres-
ent at low levels independently from NMD in most tissues,
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and that in the brain and some of the medulloblastomas it
is abundantly expressed through a mechanism distinct
from the inhibition of NMD, This conclusion is not sur-
prising considering the recent report that only a fraction
of PTC-introducing AS events are significantly regulated
by NMD {20].

Although a relatively low frequency (10-20%) of spo-
radic medulloblastomas carry PTCH mutations [8], micro-
array analysis revealed that almost all medulloblastomas
with desmoplastic histology are characterized by activation
of the SHH signaling pathway [30]). Given the dominant
negative function of PTCHI12b and the detection of this
isoform in the cerebellum and medulloblastoma, it is
intriguing to speculate that PTCHI2b plays an important
role in the development of medulloblastoma. In our exper-
iment, 1 out of 5 medulloblastoma cell lines expressed this
isoform, whereas 2 out of 2 medulloblastoma tissues
expressed this isoform. This may reflect the recent report
that Shh activity is down-regulated in cultured medullo-
blastoma cells [31]. Tumor-specific AS is not a rare event
based on a genome-wide computational screen [32]. How-
ever, the functional significance of respective protein iso-
forms generated by these ASs in oncogenesis has yet to
be clarified. In NBCCS patients, 65 out of 132 PTCH
mutations {49%) are localized in the second half of the pro-
tein (exon 13 or more downstream). Interestingly, in spo-
radic medulloblastomas, 16 out of 23 mutations {70%)
are found in this region [33}], implying that the gene struc-
ture encoding PTCHI2b is more frequently preserved in
sporadic medulloblastomas. Although more cases are need-
ed to be investigated, consideration of not only the total
expression levels of PTCH but also the expression of this
particular PTCH isoform may help classify medulloblasto-
mas and predict the clinical outcome of the children with
medulloblastoma. Lastly, it should be noted that 3% of
the individuals with WBCCS are known to'have cardiac
fibromas [34} and the heart is another tissue where
PTCHI2b is expressed.
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Abstract

Human MURR/ is an orthologue of mouse Murr! gene, which was previously reported to be imprinted only in adult brain with a maternal
allele-predominant expression and to contain another imprinted gene, U2af7-rsl, in the first intron. Human MURRT was found not to harbor the
U2afl-rsi orthologue and to be expressed biallelically in tissues, including adult brain. Three genes identified around Murrl and their orthologues
around MURRI were expressed biallelically. These findings suggest that the mouse imprinting locus is limited to a small region and the
introduction of U2afi-rs! in mouse causes the imprinting of this locus. The CpG island (CGI) at U2gfT-rsI with maternal methylation was the
only differentially methylated region among CGIs found in these loci. Detailed methylation analyses of the UZafl-rs] CGI in germ cells led to
identification of a region with oocyte-specific methylation. These results suggest that this region is the imprinting control region of the Murri/

{S2afl-rsl locus in mouse.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Differing from the expression of most genes, imprinted genes
show allele-specific expression according to their parental origin
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COBRA, combined bisulfite restriction analysis; ICR, imprinting control
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(Rcik and Walter, 2001). To date, more than 70 imprinted genes
have been reported in mouse, more than half of which have
human imprinted orthologues (http://cancer.otago.ac.nz/1GC/
Web/home.html). Imprinted genes tend to cluster in subchro-
mosomal domains, called imprinting domains. It has been
indicated that imprinted genes in a domain are coordinately
regulated by long-range cis-acting regulatory elements called
an imprinting control region (JCR). For example, seven
imprinted genes located within the approximately 500 kb region
of Kip2/Lit] imprinting subdomain on mouse chromosome 7F4/
F5 have their allelic expressions regulated by the ICR called
KvDMRI (or DMR-Litl) (Smilinich et al, 1999; Yatsuki et
al., 2002; Fitzpatrick et al,, 2002). Clustered organizations of
imprinted genes are conserved between mouse and human in
many imprinting domains (Reik and Walter, 2001). Many
imprinted genes are linked to a differentially methylated region
(DMR) carrying parental origin-specific methylation. DMRs are
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generally CpG rich and often fulfill the criteria for CpG islands
(CGI). A DMR, whose methylation is established during
gametogenesis, is a strong candidate for the imprint of parental
origin of an allele. Such a DMR is often recognized to function
as the ICR for the alletic expression of the linked imprinted gene
(s) (Fitzpatrick et al., 2002; Wutz et al., 1997; Thorvaldsen et al,,
1998).

Mouse Murrl is located on chromosome 11 A3.2 and is
imprinted only in adult brain with a maternal allele-predominant
expression (Nabetani et al., 1997; Wang et al., 2004). In the first
intron of Murrl there exists an antisense-oriented imprinted
gene UZafi-rsl, which is transcribed exclusively from the
paternal allele (Fig. 1A) (Nabetani et al., 1997; Hatada et al.,
1993; Tada ct al., 1994). It is proposed that the imprinting of
Murrl results from {ranscriptional interference by the UZafl-
rsl gene (Wang et al, 2004). According to this model, the
imprinting of U2afI-rs! is the primary event and that of Murr!
is caused by the paternal expression of U2afT-rsi. Nothing is,
however, known about the imprinting statuses of adjacent
genes. It is very important to know if Murrl and Ulafi-rsi
genes are isolated imprinted genes or members in a large
imprinted domain, implying a connected imprinting mecha-
nism. It is also important to analyze the human orthologous
genes in their syntenic region because comparative genomics
has been recognized as a useful procedure to identify cis-acting
regulatory region in the genome.

In this study, we analyzed the imprinting status of the genes
and methylation status of CGlIs in a large region around mouse
Murrl and in the human syntenic region. The results indicated
that Murr] and U2afl-rs] were the only genes imprinted in this
mouse chromosomal region and that there was no imprinted gene
in the human syntenic region. Methylation analyses led us to
identify an oocyte-specifically methylated region linked to U2af7 -
rsi as a strong candidate for the ICR of the imprinted genes.

2, Materials and methods
2.1. Cloning and analysis of human MURRI cDNA

The human testis 5-STRETCH PLUS cDNA library,
#HL50335 (Clontech Lab. USA), was screened with a radio-
actively labeled probe prepared from a partial MURRI ¢cDNA
clone isolated by Nabetani et al. (1997). Positive clones were
isolated according to the supplier’s protocol, and their cDNA
inserts were sequenced. The sequencing was performed using
a BigDye Terminator Kit, followed by analysis on an ABI
PRISM™ 310 Genetic Analyzer. To obtain the fidl-Jength
MURRI cDNA. sequence, 5'-RACE procedure (TaKaRa Bio-
medicals Co., Japan) was performed with human kidney poly(A)*
RNA according to the manufacturer’s protocol. The RACE-PCR
products were subsequently cloned in pT7 Blue T-Vectors
(TaKaRa) and sequenced,

2.2. Isolation of genomic DNA and RNA from mouse and
human tissues

QlAamp Tissue Kit (Qiagen, Germany) was used to isolate
genomic DNA from mouse and human tissues. Total RNA was
isolated with an ISOGEN Kit (Nippon Gene Co., Japan) and
treated with RNase-free DNase 1 (Boehringer Mannheim,
Gemmnany).

Human adult brains (17 to 36 years, 15 males and 5 females)
and fetal tissues (54 to 115 days of pregnancy) were obtained
from the Brain and Tissue Bank for Developmental Disorder at
the University of Maryland and from the Fetal Tissue Bank at
the Birth Defect Research Laboratory at the University of
Washington, respectively, We have conducted our research with
these human tissues under the approval of the Ethical
Committee for Research on Human Materials of our university.
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Fig. 1. Schematic physical map of mouse Murr! locus on chromosome 11 A3.2 and human MURR? locus on chromosome 2pl5. The genes or exons (for Murr! and
MURRY) and CpG islands are shown with solid boxes and vertical bars, respectively. Their positions are based on previously published data and on our identified

results, Horizontal arrows indicate the transcriptionat direction of the genes,
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2.3. Analyses of allelic expression of human MURRI gene

Two SNPs were identified in exon 3 by sequencing of PCR-
amplification products of the genomic region with a pair of
primers. PCR reactions were performed in a 10-ul volume
containing ~ 100 ng template DNA, 0.5 pM of each primer, 0.2
mM dNTPs, and 0.5 unit of LA Taq polymerase (TaKaRa) in 1%
LA-PCR buffer with 2.0 mM MgCl,. The amplification reaction
was in 35 cycles of 96 °C for 30 s, at 60.5 °C for 30 s, and at
72 °C for 30 s. This PCR reaction mixture and reaction
condition was used as a standard in all other PCR and RT-PCR
experiments in this paper unless stated otherwise. The in-
formation of the primers used in PCRs is available from the
authors, if it is not presented in the text.

Using DNA-free total RNA, reverse transcription was
performed to synthesize single-stranded cDNA according to the
manufacturer’s protocol (RNA PCR Kit AMV, TaKaRa). The
primers 5-TGGAGGCATTCTTGACTGCT and 5"-TTGACT-
GAATGCGAGGATTT (annealed at 58.5 °C) were used in RT-
PCR. The PCR products were recovered and analyzed for one
SNP by digestion with the restriction endonuclease Tthfl1E
(RFLP analyses) and by sequencings. Another SNP was in the
Sdul recognition site and was analyzed by the same methods.

2.4. Analyses of allelic expression of genes surrounding mouse
Murrl and human MURRI

DNA polymorphisms in the six genes were identified by
sequencing of PCR products of genomic sequences in mouse
and human individuals.

The following primers were used in RT-PCR to amplify
c¢DNA regions carrying SNPs: 5-CTGGAGGTGTCCCTA-
GACAA/5'-ACAAACTCTGCGTCTGGACA (63.5 °C) for
Bigntl, 5'-GCCAACTGGAAGACAATGTC/5'-GGCCT-
GAATCCCATTTCTAC (63.5 °C) for Cet4, 5-ATGGG-
ATCAGCGATTCGTCT/5'-CTCTGCTTGACTAGATCCTC
(62 °C) for Rik, 5'-CTCAGTTGCAGAGTGCTCAT/5'-GA-
ATTCCACAACTGACAACTG (61 °C) for BIGNTI, 5'-
AGTCAGTGCTCTGACTCTTG/5'-GAGGTGCCACTTG-
GATCATT (62 °C) for CCT4, and 5'-TTTCACCATGTT-
GGCCAGAT/S'-GTCCTCATAGCTTATCGGTG (61 °C) for
FLJ. The PCR products were analyzed by direct sequencing or
RFLP analyses with restriction nucleases, Nhel for B3gnrl,
Hincll for Cet4, and BsmAl for FLJ. In the analysis of FLJ, hot-
stop RT-PCR was performed as described (Wang et al., 2004,
Uejima et al., 2000). Labeled PCR product was recovered,
digested with BsmAl, and electrophoresed. Intensity of elec-
trophoretic bands was measured using the Bio Image Analyzer
BAS2000 (Fyjifilm, Japan).

2.5, Analyses of methylation statuses of CpG islands around
mouse Murrl/U2afl-rsI and human MURRI genes

Genomic sequence data of the mouse locus was obfained
under accession no. NT_039515.2. Human genomic sequence
data was obtained under accession nos. AC107081, AC116652,
and AC018462, To identify CGls, the GRAIL and CpG percent

analyses were performed on the websites, http://compbio.oml.
gov/Grail-1.3/  and httpi//www.nih.go.jp/yoken/genebank/
cpg-per.html. Hot-stop COBRA procedure (Uejima et al.,
2000; Xiong and Laird, 1997) was carried out as follows.

Sodium bisulfite treatment of genome DNA was carried out
as described (Paulin et al, 1998) with some modifications
(Yatsuki et al, 2002). Nested or semi-nested PCR amp-
lifications were performed with the primer pairs for each of the
mouse and human CGls. The first PCR was performed with
bisulfite-treated DNA, 1 unit of LA Tag polymerase, elongation
for 45 s, in 40 cycles. The second PCR was done using 1 pl of
S0-times diluted first PCR products. An additional ampli-
fication cycle was done with one y->*P labeled primer from two
of the second PCR pair-primers. PCR. products were recovered,
digested by restriction nucleases, and e¢lectrophoresed. The
radioactive intensity of each band was measured by BAS2000.
The nucleases used were Rsal, Acell, Acyl, Hinfl, Accll, Accll,
Accl, and Aeell for mouse CGI1 through CGIS; Tagl, Aoy,
Rsal, Taql, Tagl, Hinfl, Hhal, Hhal, 4cyl, and Rsal for human
CGI1 through CGI10, respectively (Fig. 4). Another nuclease
was used for each of the CGlIs to confirm the results.

2.6. Analysis of methylation status of UZafl-rs! CpG island
(CGI5) in mouse adult somatic lissues and germ cells

Preparation of spermn and oocyte, isolation of DNA, and
sodium bisulfite treatment of the DNA were as described
previously (Yatsuki et al.,, 2002). Qocytes were prepared by
picking them up one by one with micropipettes under a
mictoscope to avoid somatic cell contamination. PCRs were
carried out with the prmer pairs 5-GGAAGGTGAGT-
TGTTAGTAT/5'-ACCAACCTATACAATTACTA followed by
GTGTTTTGTAGTGAGATAAG/S'-ATAACACAACTAACC-
TATAC for region a, and 5'-GTATAGGTTAGTTGTGTTAT/5'-
ACCTACCTAAACAATCACCC (U2BS-R3) followed by 5'-
TAGTAATTGTATAGGTTGGT/U2BS-R3 for region b. The
second PCR products were cloned into pT7 blue vectors and
sequenced. The SNPs between B6 and PWK in analyzed
regions were used to distinguish the parental alleles.

3. Results and discussion
3.1. Characterization of the human MURRI gene

We have previously reported the characterization of the
mouse Murr] gene (Nabetani et al., 1997, Wang et al., 2004),
The gene consists of three exons and contains UZafl-rs! gene in
the first intron (Fig. 1A). U2afT-rsi is an intronless imprinted
gene expressing exclusively from the patemal allele. Murrl is
an adult brain-specific imprinted gene of matemnal allele-
predominant expression. It is expressed biallelically in other
adult tissues and in embryonic and neonatal brains. It has been
suggested that the imprinting of Murr! is caused by the paternal
allele-specific expression of U2afl-rs! gene. To know if the
imprinting is conserved for human orthologue, MURR/J, we
have analyzed the genomic organization and the expression of
the gene.
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Human MURRI was first reported by Nabetani et al. (1997)
and is assigned on human chromosome 2pl5 (accession no.
D835433). We have obtained a nearly full cDNA sequence by
¢DNA cloning and 5'-RACE analyses. The sequence is 711 bp
in length, excluding the poly A tail, and its longest ORF is 573
bp. This ORF encodes a protein of 190 amino acids and is
considered functional, based on several observations. The first
ATG initiation codon is accompanied with the Kozak consensus
sequence (Kozak, 1987). Secondly, the ORF was functional
when it was cloned in an expression vector and was introduced
into cultured cells {data not shown). In addition, the ORF is
highly homologous to the 567 bp ORF of mouse Murr] cDNA.
(accession no. D85430). The MURR! mRNA sequence we
identified was deposited in the DDBT database under accession
no. AB178811.

By comparing the ¢cDNA sequence with the published
genomic sequence, human MURR/J was revealed to consist of
three exons similar to mouse Mizr! (Fig. 1B). U2AFI-RSI and
U24FI-RS2 genes have been reported to be the human
orthologues of mouse U2qff-rs{ but are mapped on chro-
mosomes 5 and X, respectively. Previous reports indicated the
absence of the homologous sequence of U2afl-rs/ on human
chromosome 2, where MURRI is located, by FISH analyses of
human cells (Kitagawa et al., 1995) and by Southern blot
analyses of genomic DNA from mouse cells carrying human
chromosome 2 (Nabetani et al., 1997). To verify this notion, we
analyzed overlapping human genomic clones in bacterial
artificial chromosomes, which cover the MURRI. No sequence
homologous to U24F[-RS! was detected on these clones by
Southern blotting with UZAFI-RS! (accession no. D49676)
DNA as a probe. Besides this, a homology search of the
published sequences of the genomic clones with U24FI-RS]
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MURR1
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sequence failed to identify any homology (data not shown).
These results indicate that human AURR/I does not contain the
UZafi-rs! onhologue (Fig. 1B). It was proposed that the
intronless gene, U2aff-rs], was formed by retro-transposition
of its paralogous non-imprinted gene U2afI-rs2, located on the
X chromosome after the divergence of mouse and human
{Nabetani et al., 1997).

3.2. MURRI is ubiguitously and biallelically expressed in adult
and fetal tissues

Northemn blotting revealed that MURR! gene was expressed
in all human adult tissues, with very high levels in liver, heart,
skeletal muscle, and kidney (Fig. 2A). This ubiguitous
expression was also detected in adult brains and fetal tissues by
RT-PCR (Fig. 2B-D). The expression pattern is similar to that
of the mouse homologue, Murrl (Wang et al., 2004).

Because mouse Murr! is imprinted only in adult brain, we
have analyzed the allelic expression of human MURRI in
adult and fetal brains, and additionally in other fetal tissues.
Two SNPs were identified in exon 3 of MURR! in our
human tissue samples, one of which was in a restriction site
of Tthil1l. Seven adult brains and eight fetuses heterozygous
for the SNP in the TthI1IT site were used for the analyses of
allelic expression of MURR]. RT-PCR was performed on
total RNAs of these informative samples, and the PCR
products were subjected to RFLP analyses by TwhlI]1
digestion. The MURR] gene was found to be expressed
biallelically in all adult and fetal brains (Fig. 2B,C). Biallelic
expression was also seen in the liver, kidney, heart, and
muscle from one of the fetuses (Fig. 2D). These results were
confirmed by direct sequencing of the PCR products and also
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Fig. 2. Expression of human MURR/ gene. {(A) Northem blotting of MURR! on human adult tissues, Human 12-lane muitiple tissue Northemn blot (MTN™, Clontech)
was hybridized with a **P-labeled MURRI cDNA probe. Tissues are brain (Br), heart (Ht), skeletal muscle (SM), colon (Co), thymus (Th), spleen (Sp), kidney (Ki),
liver (L}, intestine (Int), placenta (P1), Jung {Lu), and peripheral blood leukocytes (Le). The positions of molecular weight markers are on the lefi side. The transcripts
of MURR] were detected in all tissues, abundantly in heart, skeletal muscle, liver, and kidney. (B--D) Allelic expression of MURR! in human adult and fetal tissues.
The polymorphic Tti]111 site on the 478 bp RT-PCR fragment was used to distinguish the expression of two alleles by RFLP analyses in adult brains (B), fetal brains
(C), and fetal tissues from one fetus (D). Fetal tissues in (D) are skeletal muscle (SM), heart (Hg), liver (Li), kidney (Ki), brain (Br), and decidua (Dec). Homozygous
tissues for T or C allele were used as controls in Jane I and 2 in (B, C), and decidua Jane in (D). Control experiments without reverse transcriptase were performed and
no PCR product was observed. MURRI showed biallelic expression in all the informative samples.

— 171 —



Z. Zhang ef al. / Gene 366 (2006) 77-86 81

by analyses of another SNP (data not shown). These results
indicate that human MURRJ is imprinted neither in fetal
brain nor in adult brain, thereby differing from adult brain-
specific imprinting of mouse Murrl. We have proposed a
transcriptional interference model for the maternal predo-
minant-expression of Murrl (Wang et al,, 2004). According
to this model, transcription from the resident U2afl-rsi gene
goes through the Murrl promoter. This paternal transcription
may interfere with the binding of transcription factors to
the promoter of Mwrrl and cause the reduction of the
expression of the patemnal allele of Murrl. The absence of
U2afl-rs! orthologue in non-imprinted human MURR! gene
is consistent with this model and can be supportive evidence
for it.

3.3. Genes surrounding mouse Murrl and human MURRI are
not imprinted

Allelic expressions of imprinted genes in a cluster are
suggested to be regulated coordinately by a common regulatory
mechanism (Reik and Walter, 2001). It is, therefore, very
important to know the allelic expressions of the genes linked to
an imprinted gene to clucidaic its imprinting mechanism. Three
genes have been mapped in the 500-kb genomic region,
spanning from 217 kb upstream to 200 kb downsiream of mouse
Murrl (Fig. 1A). The B3gnt! gene (accession nos. AF092050
and BF467111)} is located 40.2 kb downstream of Murr7 and
genes, 4930430E16Rik (referred to as Rik in the text; accession
no. BCO26495) and Cct4 (accession no. NM_009837), are
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located 31 kb and 8.3 kb upstream of Murri, respectively (see
the web site, Ensembl Mouse Genome Browser, http://www.
ensembl.org/Mus_musculus/contigview; Fig. 1A),

SNPs, identified in each of the genes between mouse strains
C57/BL6 and PWK, were used to investigate their allelic
expressions in Fy hybrid mice of the two strains. All of the genes
showed biallelic expressions in embryo, placenta, neonate, and
many adult tissues, including the brain (Fig. 3A-C). These
results suggest that Murr] and UZafl-rs] are the only imprinted
genes in this chromosomal region and that their imprinting is
controlled by a locally operating mechanism, rather than the
large imprinted domains such as the Kip2/Lit! locus (Yatsuki et
al., 2002), and the PWS/AS locus (Perk ct al., 2002). However,
the analysis of more distant genes in this region may be
necessary to confirm this conclusion.

It is also suggested that the human syntenic region may not be
an imprinted locus because there is no orthologue of mouse
imprinted gene, U2aff-rs/, and human MURR/ is not imprinted.
To confirm this idea, we have analyzed the allelic expression of
genes neighboring human MURRI. We found three human
orthologues for the mouse genes described above within the
region spanning from 84 kb upstream to 90 kb downstream of
MURRI by using the Ensembl Human Genome Browser (hitp://
www.ensembl.org/Homo_sapiens/contigview; Fig. 1B). Anal-
yses of their allelic expressions were performed mainly on adult
and fetal brains, because mouse Murr/ is imprinted in adult brain.

Analyses of genes B3GNT/ (accession no. NM__006577) and
CCT4 (accession nos. AF026291 and ALS555754) were
performed by sequencing the RT-PCR products of RNAs from
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Fig. 3. AHelic expressions of the genes in mouse Murr] and human MURR! regions. (4, B, C) Analyses of three mouse genes were performed using adult brains of F1
hybrid mice (BPF; and PBF,) and their parental strains, C57BL/6 (B6) and PWK. RT-PCR products were analyzed by direct RFLP analysis (A, B) or sequencing (C).
(D, E, F) Analyses of three hurnan genes were performed using brains heterozygous for one SN of each gene. (D, E) RT-PCR products of B3GNTI and CCT4 genes
were analyzed by direct sequencing (cDNA). Results of sequencing of genomic DNAs at the SNP sites are also showm (gDNA). (F) Hot-stop RT-PCR products of the
FLJ gene were subjected to RFLP analyses. Control RT-PCR without reverse ttanscriptase produced no product. Lanes | and 2, homozygous adult brains; fanes 37,
heterozygous fetal brains; lanes 8—11, heterozygous adult brains, Ratio of intensities of the two bands is shown under each lane. RFLP analyses are described in
Materials and methods. All three genes around mouse Murr] and their human orthologues were expressed biallelically.
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informative tissues. Two adult brains and three fetuses were
informative for an SNP identified in the CCT4 gene. The gene
was found to be expressed biallelically in all the brain samples
and also in other tissues, including heart, kidney, liver, and
muscle, from one informative fetus. The BIGNT! gene also
showed biallelic expression in all the informative brain samples
{five adults and four fetuses) and other fetal tissues. Re-
presentative results of adult brains are shown in Fig. 3D,E.

Hot-stop RT-PCR followed by RFLP analyses was used to
analyze the allelic expression of FLJI3305 gene (referred to as
FLJ in the text; accession nos. AK023367 and XM_114287),
the human orthologue of the mouse Rik gene. Four adults and
eight fetuses were found to be informative for this gene, In
addition to their brains, we have analyzed informative fetal
tissues including eight kidneys, eight muscles, seven livers, six
hearts, and two decideas. Qur analyses showed biallelic
expression of the gene in all tissues, although some allelic
vatiations of expression were seen in a few of the analyzed
tissues (Fig. 3F and data not shown). The ratio of expression
Ievel of the two alleles ranged from 1.0 to 3.6 with an average of
1.8. Essentially the same results were obtained in three
independent experiments. There was no specific fetal individual
or specific tissue type that showed a high ratio. Variation of the
allelic expression was randomly distributed among the tissue
samples. It i3, therefore, more plausible to cenclude that FLJ
gene is not imprinted and that the observed allelic differences
are due to random allelic variation of gene expression. Recently,
a large-scale analysis of allelic gene expression in human has
shown that among the 602 genes, almost all were not imprinted,
326 (54%) showed at least twefold differential allelic
expression in at least one of the seven individuals (Lo et al,,
2003). Their study and the others demonstrated that allelic
variation of gene expression is cornmon in human and mouse
{Knight, 2004; Yan et al,, 2002; Cowles et al., 2002).

Considering our results, one can construct a hypothetical
view of the formation of an imprinted locus in mouse. After the
divergence of mouse and human, the intronless imprinted gene,
UZafi-rsl, was formed within the ancestral non-imprinted
Murr] gene by retro-transpesition of a gene, probably the
UZafi-rs2 gene, in mouse. U2afI-rs2 is a non-imprinted gene,
mapped on the X chromosome, and erthologous to human
U2AFI-RS2 on the X chromosome (Yamaoka ct al., 1995). The
newly formed gene would have gained the maternal allele-
specific methylation by unknown mechanisms with the
methylation causing the imprinted paternal expression of the
gene, This imprinted expression influenced only Murr]l and
resulted in maternal predominant-expression of the host gene,
leaving the surrounding genes non-imprinted.

3.4. The CpG island of U2afl-rsl gene is the only DMR in the
mouse Murrl/U2afl-rsl region, but no DMR exists in the
human syntenic region

Many imprinted genes are linked to a differentially methylated
region (DMR), which is methylated in an allele-specific manner,
usually locates in a CpG island (CGI), and is considered to be
involved in the allele-specific expression of linked imprinted

gene(s). In the large imprinted chromosomal domain that
includes many imprinted genes, their allele-specific expressions
are coordinately regulated by a genomic region called ICR,
which usually shows the methylation pattern as DMR (Reik and
Walter, 2001; Constancia et al., 1998). These facts led us to
analyze the methylation statuses of CGIs in the mouse Murrl
region and in the human syntenic region to elucidate the
imprinting mechanism of Murr! and U2afI-rsl genes.

Eight CGIs, designated as CGI1 to CGI8, were identified by
computational search in the mouse penomic sequence of the 283
kb region, from 100 kb upstream to 100 kb downstream of
Murri (Fig. 1 A). CGI is located approximately 86 kb upstream
and CGI8 is 75 kb downstream from Murrl. Most CGls, except
for CGls 1 and 8, were in the 5/ regions of the genes (Fig. 1A).
The methylation status of each CGI was analyzed on the brain
DNA of BPF; mouse by the hot-stop COBRA procedure. All
the CGls were unmethylated, except for CGI5 spanning the
promoter to the body of the UZafl-rs! gene (Fig. 4A). This is
consistent with our result that three genes, Rik, Cct4, and
B3gntl, are not imprinted. The unmethylated status of CGH is
also consistent with the transcriptional interference model, in
which Murr] imprinting results from the paternal transcription
of UZ2afl-rsl and is not controlled by any cis-acting imprinting
control elements. CGIS showed both methylated and un-
methylated statuses (Fig. 4A). This CGI has been reported as a
DMR. with a matemnal allele-specific methylation (Hatada et al.,
1995; Shibata et al., 1996; Feil et al., 1997). The result from our
bisulfite sequencing of CGI5 agrees with the previous reports
{(data not shown). The fact that CGIS is the only DMR in this
region strongly supports the idea that this CGI is the ICR for the
imprinting of U2afl-rsi.

In the human syntenic region of 399 kb, spanning from 83.8
kb upstream to 84.4 kb downstream of MURRI, 10 CGIs were
identified and designated as CGII to CGI10. CGI1 is located
downstream of the FLJ gene. CGlIs 5, 6, and 7 reside in the
introns of MURR 1. Other CGIs are in the 5/ regions of the genes
{(Fig. 1B). Hot-stop COBRA analysis of the genomic DNA from
human adult brain revealed that CGls 2, 3, 4, 8, 9, and 10 were
unmethylated and that CGls 1, 5, 6, and 7 were methylated
biallelically (Fig. 4B). None of the CGIs located at the 5/ region
of the genes are methylated. Importantly, we could not find any
differentially methylated CGI in this region. This result is also
consistent with the conclusion that all the analyzed genes,
including MURRI, are not imprinted in the tissues. The
methylated CGls are located in the introns of MURRI or
downstream of FLJ gene. Biallelically methylated CGls were
identified in many human chromosoinal regions, and some were
closely linked to genes (Strichman-Almashanu et al., 2002),
Biological functions of such methylated CGls are not yet known.

3.3. 5'-Portion of the CpG island in U2afi-rsi shows ococyte-
specific methylation and is the putative ICR

Many imprinted genes are linked to DMR(s) in somatic cells.
Among such DMRs, some are methylated in gametes, and the
methylation is inherited by somatic cells. But others are
unmethylated in gametes, and their methylation is established
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Fig. 4, Methylation statuses of CpG islands in mouse Afurr/ and buman MURRJ regions. Genomic DNAg from aduit brains of human and BPF; mouse were subjected
to methylation analysis by hot-stop COBRA. In this procedure, PCR amplification was performed on genomic DNA treated with sodium bisulfite. The PCR product of
each CGI was electrophoresed after digestion with (+) or without (=) a restriction endonuclease. The cleaved PCR product, indicating methylation of the CGH, is
marked with an asterisk. The PCR product can be cut with the restriction endonuclease only when the genomic DNA is methylated in the recognition site of the
enzyme, Only CGI5 of mouse showed both the methylated and unmethylated bands, indicatmg a DMR, and all the others were unmethylated or methylated

bialtelically,

only during embryogenesis (Yatsuki et al., 2002). It has been
considercd that the primary imprint is the allele-specific
methylation of DMR established in pametes and that the imprint
also plays a central role in epigenetic regulation of the allele-
specific expression of imprinted genes (Constancia et al., 1998;
Ferguson-Smith and Surani, 2001). Shibata et al. {1997)
reported that an oocyte-specific methylated region, termed
region I, resided within the 57 part of the large CGIS of U2afi-
rsi. They suggested that it was a strong candidate for the
imprinting control element for U2afl-rsI. However, region H
was in fact shown to be dispensable for the imprinted
methylation of UZafl-rsI gene by Sunahara et al. (2000)
using mice carrying targeted deletion of the U2afl-rs! CGI.
In these mice, three fourths of the CGI, including region II, is
deleted. The mice retained only the extreme 5'-portion of the
CGlI, corresponding to region I (Fig. 5D and Sunahara et al.,
2000).

Based on these results, we assumed that the remained 5'-
portion of UZafl-rsi CGI might be the imprinting control
region of UZafl-rsl and therefore focused on this area for
further analysis of gametic methylation. Sodium bisulfite
sequencing was performed on genomic DNA of somatic tissues
and male and female germ cells from BPF; or PBF, mice. We
analyzed the 5" half of UZafl-rs! CGI, spanning from the
promoter to the large 5 untranslated region of the gene, by
dividing it inte several regions (two are shewn in Fig. 5A). In
adult kidney, the maternal allele was completely methylated,
and the patemal allele was unmethylated in all the regions
analyzed, consistent with the previous reports (Hatada et al.,

1995; Shibata et al., 1996; Feil et al., 1997). In the BPF, sperm,
both parental alleles were completely unmethylated in all the
regions analyzed. In the BPF, oocytes, the paternal allele was
completely methylated in all regions. However, on the maternal
allele, only the region designated as region a showed complete
methylation and other regions, including region b, were not
methylated. This methylation pattern of regions a and b was
confirmed with the cocyte of PBF; mouse (Fig. 5B,C).

In the previous report by Shibata et al. (1997), region a was,
however, composed of two parts with different methylation
statuses. They showed, inconsistent with our results, that the 5’
part, designated region I, was unmethylated and the 3’ part,
designated region 1V, was methylated, both in cocyte and sperm
(Fig. 5D). The region Il was the oocyte-specific methylated
region. But according to our analyses, region b, corresponding
to region 11, is not completely methylated in oocyte. Region a is
the only DMR whose methylation is established in oocyte.
Based on our results, we propose that the methylation is
established as the primary imprint in region a in the early
developmental stage of female germ cell and that this region is
the ICR for the imprinting of U2afl-rs! gene. Region b was
found to be methylated on the paternal allele but not on the
maternal allele in cocyte (Fig. SC). This differential methylation
in region b indicates the following possibilities, The methyl-
ation established in region a may spread to adjacent regions,
including region b, Region a may be methylated simultaneously
on both alleles but the methylation spreads faster on the paternal
allele than on the maternal allele. Alternatively, methylation
may be established in region a on the patemnal allele earlier than
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Fig. 5. Gametic methylation of the 5'-portion of U2af7-rsI CpG istand. (A) Structure of U2afT-rsI gene. The intronless {2af7-rs] gene is shown s a solid box. Its
open reading frame {(ORF)and the CpG istand are shown above and below the gene, respectively. The analyzed regions, 2 and b, within the CpG island are indicated by
solid bars under the CpG island. (B) Gametic methylation of region a. Qocyte, sperm, and aduli kidney were isclated from BPF; mice, and the DNAs were subjected to
bisulfite-sequencing analyses. Qocyte from PBF) was also analyzed. Each row of circles represents the result of an independent PCR reaction. Each circle represents a
CpG dinucleotide on the strand. A filled circle represents a methylated cytosine, and an open circle comresponds to an unmethylated one. P and M indicate the
paternally inherited and the imatemally inherited alleles, respectively. Kidney was used as representative of adult somatic tissues. (C) Gametic imethylation of region b.
(D) Schematic representation of methylation statuses of regions a and b in cocyte, sperm, and kidney. Open box, unmethylated; closed box, methylated. Region a in the
CpG island showed oocyte-specific gametic methylation. Shown in parentheses are the previous reports on methytation of these regions by Shibata et al. The region of

targeted deletion reported by Sunahara et al. is also shown.

on the maternal allele and then starts to spread earlier on the
paternal allele. Both possibilities can result in the observed
differential methylation of region b in the mature oocyte. Davis
et al. (2000) reported that the methylation imprint in mouse HI19
DMR was established differentially on the parental alleles
during male gametogenesis. 419 DMR is methylated only on
the paternal allele in somatic tissues, In primordial male germ
cells at 13.5 day post coitum, the region is unmethylated on both
alleles, indicating the erasure of the imprint. The methylation
imprint was found to be re-established on the patemal allele
earlier than on the maternal allele in the later stage of male germ
cell development. These facts may indicate that parental alleles
can be distinguished during male and female germ cell
development and that re-establishment of imprint-methylation
occurs on the paternal allele earlier than the maternal allele in
both types of germ cell.

One possible reason for the discrepancy between our and
Shibata’s results is the different procedures employed for
methylation analysis. Shibata et al. used methylation-sensitive
PCR assay. This method depends on complete digestion of
unmethylated genomic DNA with a methylation-sensitive
restriction endonuclease, preceding PCR amplification, and
can analyze only a few CpG sites in a region. In contrast to
this procedure, the bisulfite sequencing method we employed
is a more detailed and reliable method because all the CpG
sites can be analyzed for their methylation statuses. The report
by Sunahara et al,, in which region b (region 11} is dispensable
for the U2afI-rs! imprinting, is consistent with our proposal
that region a is the imprint mark and the ICR for U2afi-rs]
gene. To elucidate the function of region a, more detailed
functional analyses are needed, using transgenic and gene-
targeted mice.
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Fig. 6. Summary of allelic expressions of genes and methylation statuses of CpG islands in mouse Murrl locus (A) and human MURRI locus (B). Open boxes
represent surounding genes and exons of Murrl and MURR! genes. CGls are shown by lollipops (closed for methylated CGls and open for unmethylated CGIs).
Horizontal arrows indicate ailelic expressions and the directions of transcriptions. The results of paternal and matemnal alleles are presented above (Pat) and below
(Mat) the schematic raps, respectively. Note that the expression of mouse Murr! is repressed on paternal allele, irrespective of no differential methylation of the

retevant CpG island. Position of the putative TCR. is shown under the mouse map.

3.6. Conclusions

Human MURR! gene is an orthologue of mouse Murr/ gene,
which is imprinted in adult brain, The human gene is, however,
not imprinted in adult and fetal brains. Mouse Muwrr! contains
another imprinted gene, UZqfI-rsl, in its lst intron. It was
suggested that the imprinted expression of Murr] was caused by
the resident gene, U2af1-rs1. Consistent with the notion, non-
imprinted human MURR! gene does not contain an orthologue
of UZafl-rsl gene. Three surrounding genes of MURRI also
showed biallelic expression in brain and other tissnes and no
DMR was found in this chromosomal region. These findings
indicate that human MURRIJ locus is a non-imprinted locus.
Mouse genes surrounding Murrl are in the same situation, that
is, they are not imprinted and not linked to any DMRs. Murr!
and UZ2afl-rs] are the only imprinted genes in this locus (Fig.
6). These facts led us to conclude that we have identified newly
evolved imprinted locus in mouse genome after divergence of
human and mouse.

In order to elucidate the imprinting mechanisms of mouse
Murrl locus, UZafl-rs] is the most important gene to be
investigated. For many imprinted genes their ICR have been
shown to reside in the linked DMR, whose methylation is
established in gamete and inberited to somatic cells during
embriogenesis. UZ2afl-rsi gene has a large DMR which is
methylated only on maternal allele in somatic cells. Within the
DMR we have identified a region which is completely methylated
in oocyte and unmethylated in sperm. This region is the most
possible candidate for ICR of the gene and possibly of the locus.
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