Astrocytoma grade3 - 4
Supratentorial tumor
3-14 postoperative day
Age 20-69yo, PS0-2 (PS3 by neurological sign)
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Fig.3 Scheme of the JCOG 0305 protocol entitled “A randomized phase Il /
II study of ACNU versus procarbazine plus ACNU as a postoperative

chemoradiotherapy for astrocytoma grade 3 and 4.”

The purpose of

this study is to establish a standard therapy for malignant gliomas in

Japan.
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Table 3 Taylor-made chemotherapy - for.
' malignant gliomas ' .

1. Selection of drugs unrelated to chemoresistant

genes

Gene . © " Related drugs

MDR-1 adriamycin, vincristine, }
cyclophosphamide, methotrexate

MRP-1 adriamycin, etoposide

MRP-2 etoposide, cisplatin

TOPO Il @ etoposide, adriamycin

MGMT _ nitrosourea !

GST-n cisplatin

"2, Pretreatment with drugs with anti-chemoresitance
O®%-benzylguanine or procarbazine against MGMT
3. Selection of drugs with high sensitivity

PCV (PAV) therapy for anaplastic oligodendro-
glioma with 1p/19q loss
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Abstract Podoplanin (aggrus) is a mucin-like trans-
membrane sialoglycoprotein that is expressed on lym-
phatic endothelial cells. Podoplanin is putatively involved
in cancer cell migration, invasion, metastasis, and malig-
nant progression and may be involved in platelet aggre-
gation. Previously, we showed upregulated expression of
podoplanin in central nervous system (CNS) germino-
mas, but not in non-germinomatous germ cell tumors,
except for parts of immature teratomas in limited num-
bers. However, little information exists about its role in
CNS astrocytic tumors. In this study, 188 astrocytic
tumors (30 diffuse astrocytomas, 43 anaplastic astrocyto-
mas, and 115 glioblastomas) were investigated using
immunohistochemistry with an anti-podoplanin antibody,
YM-1.1In 11 of 43 anaplastic astrocytomas (25.6%) and in
54 of 115 glioblastomas (47.0%), podoplanin was expressed
on the surface of anaplastic astrocytoma cells and glio-
blastoma cells, especially around necrotic areas and
proliferating endothelial cells. However, the surrounding
brain parenchyma was not stained by YM-1. On the
other hand, podoplanin expression was not observed in
diffuse astrocytoma (0/30: 0%). Furthermore, we investi-
gated the expression of podoplanin using quantitative
real-time PCR and Western blot analysis in 54 frozen
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astrocytic tumors (6 diffuse astrocytomas, 14 anaplastic
astrocytomas, and 34 glioblastomas). Podoplanin mRNA
and protein expression were markedly higher in glioblas-
tomas than in anaplastic astrocytomas. These data sug-
gest that podoplanin expression might be associated with
malignancy of astrocytic tumors.

Keywords Podoplanin - Astrocytoma - Glioblastoma -
YM-1

Introduction

Astrocytic tumors are the most common tumors of the
central nervous system (CNS) and are categorized into
diffuse astrocytomas (World Health Organization
(WHO) Grade II), anaplastic astrocytomas (AA; WHO
Grade III) and glioblastomas (GBM; WHO Grade IV)
[11]. Among them, GBMs are the most frequent and
most malignant type of astrocytic tumor. Despite
advances in surgical techniques, radiation therapy, and
adjuvant chemotherapy, their prognosis remains poor:
the median survival time for patients with GBMs is only
1 year [2]. Glioblastoma may occur de novo or may
result from progression of low-grade astrocytomas [4].
Molecular mechanisms of tumorigenesis and malignant
progression are associated with the inactivation of tumor
suppressor genes such as p53-Rb pathway or the overex-
pression of oncogenes such as epidermal growth factor
receptor [10}. However, the mechanisms of tumorigenesis
and progression of astrocytic tumors have not been
resolved. Identification of genes that are expressed differ-
entially in high-grade astrocytomas, low-grade tumors,
or normal brain tissues is important to elucidate the
molecular mechanisms of tumorigenesis and to develop
novel therapeutic strategies.

Podoplanin was reported to be expressed in lymphatic
endothelium and in tumor-associated lymphangiogenesis;
also, podoplanin deficiency resulted in congenital lym-
phedema and impaired lymphatic vascular patterning
[16]. Furthermore, expression of podoplanin has been
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shown to be upregulated in skin squamous cell carcinoma
[12], lung squamous cell carcinoma [9], malignant meso-
thelioma [14], Kaposi’s sarcoma, angiosarcoma [l],
hemangioblastoma [15], testicular seminoma [7, 8], and
dysgerminoma [17].

We have recently shown that podoplanin is overex-
pressed in CNS germinomas, but not in non-germinoma-
tous germ cell tumors, except in a limited number of
immature teratomas with partial positive reactivity [13].
In adult non-neoplastic CNS, podoplanin was evident in
the subependymal areas, the leptomeninges, choroid
plexus, ependyma, and Purkinje cells [15, 17]. However,
podoplanin expression in CNS astrocytic tumors has not
been studied intensively. In this study, we investigated
podoplanin expression in 188 astrocytic tumors.

Materials and methods
Tissue samples

Tumor specimens were obtained during surgery from
eight patients with diffuse astrocytomas, 14 patients with
anaplastic astrocytomas, and 34 patients with glioblasto-
mas. Informed consent had been obtained previously
from patients or their guardians. The tumor specimens
were routinely fixed in 10% buffered formalin for 18-20 h
at room temperature and processed to paraffin. Sections
(5 um thick) were cut and attached to poly-L-lysine-
coated glass slides. Hematoxylin-eosin was used for rou-
tine staining. Tissue microarrays of 132 astrocytic
tumors (22 diffuse astrocytomas, 29 anaplastic astrocyto-
mas, and 81 glioblastomas) were purchased from Cybrdi,
Inc. (Frederick, MD). The histology of these tissue sam-
ples was confirmed by experienced neuropathologists.

Immunochistochemical analysis

Specimens were deparaffinized, rehydrated, and incubated
first with YM-1 (1/100 diluted; Medical Biological Labo-
ratories Co., Ltd, Nagoya, Japan) at room temperature
for 1h, then with biotin-conjugated secondary anti-rat
IgG antibody (DakoCytomation, Glostrup, Denmark)
for 1h, and finally with peroxidase-conjugated biotin—
streptavidin complex (Vectastain ABC Kit; Vector Lab-
oratories, Inc., Burlingame, CA) for 1 h. Color was devel-
oped using 3,3-diaminobenzidine tetrahydrochloride
tablet sets (DakoCytomation) for 3 min. Podoplanin
expression was assessed semi-quantitatively from the
percentage of tumor cells with cytoplasmic/membrane
staining: 0, no staining; +, <10%; ++, 10-50%; and
+++, > 50%.

Western blot analysis
Tissues were solubilized with lysis buffer (25 mM Tris

(pH 7.4), 50 mM Nacl, 0.5% Na deoxycholate, 2% noni-
det P-40, 0.2% SDS, 1 mM phenylmethylsulfonyl

fluoride, and 50 mg/ml aprotinin). They were then elec-
trophoresed under reducing conditions on 10-20% poly-
acrylamide gels (Daiichi Pure Chemicals Co., Ltd, Tokyo,
Japan). The separated proteins were transferred to a
nitrocellulose membrane. After blocking with 4% skim
milk in PBS, the membrane was incubated with YM-1
(1/500 diluted) or anti-B-actin antibody (1 pg/ml; Sigma
Chemical Co., St. Louis, MO), and then with peroxidase-
conjugated secondary antibodies (1/1,000 diluted; Amer-
sham Pharmacia Biotech UK Ltd, Buckinghamshire,
UK). The proteins were subsequently developed for 3 min
using ECL reagents (Amersham Pharmacia Biotech)
using X-Omat AR film (Eastman Kodak Co.).

Quantitative real-time PCR

Total RNAs were prepared from frozen sections that
have been obtained from astrocytic tumor patients,
employing an RNeasy mini prep kit (Qiagen, Inc,
Hilden, Germany). The initial cDNA strand was synthe-
sized using SuperScript III transcriptase (Invitrogen Co.,
Carlsbad, CA) by priming nine random oligomers and
an oligo-dT primer according to the manufacturer’s
instructions. We performed PCR using oligonucleotides:
human podoplanin sense (5'-GGAAGGTGTCAGCT
CTGCTC-3") and human podoplanin antisense (5'-CG
CCTTCCAAACCTGTAGTC-3'). Real-time PCR was
carried out using the QuantiTect SYBR Green PCR
(Qiagen, Inc.). The PCR conditions were 95°C for 15 min
(1 cycle), followed by 40 cycles of 94°C for 15 s, 53°C for
20 s, 72°C for 10 s. Subsequently, a melting curve program
was applied with continuous fluorescence measurement.
A standard curve for podoplanin templates was gener-
ated through serial dilution of PCR products (1x108-
1x10?% copies/ul). The expression level of podoplanin was
normalized by total RNA weights. The statistical signifi
cance of podoplanin mRNA expressionin astrocytic
tumor tissues was determined using paired ¢ tests.

Resuits

Immunohistochemical staining for podoplanin
in malignant astrocytic tumors

The cellular distribution of podoplanin in astrocytic
tumors was examined immunohistochemically using
anti-podoplanin antibody, YM-1, which can strongly
recognize podoplanin [6, 13]. In this study, we used 56
surgical tissues (8 diffuse astrocytomas, 14 anaplastic
astrocytomas, and 34 glioblastomas). Podoplanin immu-
noreactivity was detected in 5 of 14 (35.7%) anaplastic
astrocytomas and in 18 of 34 (52.9%) glioblastomas;
staining was graded as +++ in 16 glioblastomas and as
++ in two glioblastoma cases. We also stained other
astrocytic tumors of tissue microarrays. Podoplanin was
detected in 6 of 29 (21%) anaplastic astrocytomas and in
36 of 81 (44%) glioblastomas. In all, 11 of 43 anaplastic
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astrocytomas (25.6%) and 54 of 115 (47.0%) glioblasto-
mas were stained using YM-1 (4%, P<0.05; Table 1).
Representative staining for podoplanin in glioblastoma
samples is shown in Fig. 1. Immunostaining for podopla-
nin demonstrated predominantly cell surface patterns in
glioblastoma cells (Fig. 1). In anaplastic astrocytoma, the
tumor cell surface was stained using YM-1 (Fig. Ic,d). In
glioblastomas, podoplanin-positive tumor cells were
prominent around microvascular proliferations (Fig. le, f)
and necrotic tissues (Fig. 1g). Proliferating endothelial
cells were negative for podoplanin (Fig. le, f). Podopla-
nin was detected strongly in the plasma membrane of
highly anaplastic multinucleated giant cells (Fig. 1h). In
non-neoplastic areas of the brain (Fig. 1a) and in diffuse
astrocytoma (Fig. 1b), podoplanin immunostaining was
absent.

Podoplanin expression in malignant astrocytic tumors
using Western blot analysis

To confirm immunohistochemical findings from astro-
cytic tumors, lysates of frozen tumor specimens from 54
patients (6 diffuse astrocytomas, 14 anaplastic astrocyto-
mas, and 34 glioblastomas) were analyzed using Western
blotting. As shown in Fig. 2, an antibody to podoplanin,
YM-1, detected about 36-kDa proteins in extracts of
malignant astrocytomas. Using YM-1, 6 of 14 ardaplastic
astrocytomas (42.8%) and 22 of 34 glioblastomas (64.7%)
showed strong. labeling (x%, P <0.05), while all diffuse
astrocytomas were negative. Podoplanin expression
detected by Western blot analysis was closely correlated
with the results of immunohistochemistry.

Differential expression of podoplanin mRNA in
astrocytic tumors

To quantify the expression of podoplanin mRNA in
human astrocytic tumors of different grades, we per-
formed quantitative real-time PCR analyses of astrocytic
tumors from 54 patients (6 diffuse astrocytomas, 14 ana-
plastic astrocytomas, and 34 glioblastomas). The relative
podoplanin mRNA expression levels of each tumor
grade are shown in Fig. 3. Average copies of podoplanin
mRNA/ug total RNA in diffuse astrocytomas (Grade
1I), anaplastic astrocytomas (Grade III), and glioblasto-
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mas (Grade IV) were 21.74£30.6, 16.1+354, and 41124+
511.7, respectively. Podoplanin transcript levels were sig-
nificantly higher in glioblastomas than those in diffuse
astrocytomas, anaplastic astrocytomas, or non-neoplas-
tic human brain tissues (P <0.01).

Discussion

Immunohistochemical, Western blot, and real-time PCR
analyses demonstrate that the expressions of podoplanin
mRNA and protein are correlated with the malignant
progression from anaplastic astrocytoma (Grade III) to
glioblastomas (Grade 1V). Of particular interest, 47.0%
of highly invasive glioblastomas express podoplanin,
whereas 25.6% of anaplastic astrocytomas and 0% of the
less invasive diffuse astrocytomas (Grade II) express
podoplanin by immunohistochemical staining on surgi-
cally resected and microarray tissues (Table 1). On the
other hand, 6 of 14 anaplastic astrocytomas (42.8%) and
22 of 34 glioblastomas (64.7%) were strongly labeled by
Western blot analyses using YM-1 (Fig. 2). Of all 188
astrocytic tumors analyzed immunohistochemically, 132
cases were derived from tissue microarrays whose tissue
spots are small and, therefore, the percentage of podopl-
anin-positive tumors might have been underestimated.
Furthermore, YM-1 detected podoplanin strongly by
Western blot analysis, as described previously [6]. For
these reasons, podoplanin-positive ratios in immunohis-
tochemical analysis are inferred to be smaller than those
of Western blot analysis, although the expression of
podoplanin detected by immunohistochemistry was
closely correlated with that by Western blot or real-time
PCR analyses. The distribution of podoplanin-positive
tumor cells was prominent around necrotic tissue and
proliferating endothelial cells in glioblastomas (Fig. 1).
Normal brain tissue surrounding the tumor bed was neg-
ative for podoplanin. Therefore, podoplanin expression
was correlated with high tumor grades and aggressive
histological behavior.

The biological functions of podoplanin remain largely
unknown. In vascular endothelial cells, overexpression of
Tlo/podoplanin induces elongated cell extensions and
considerably increases cell adhesion, migration, and tube

Table 1 Results of podoplanin

immunostaining in 188 patients Tumor type No.of  Podoplanin immunostaining Pc;sxtx;e

with astrocytic tumors cases . Tt - _ rate (%)
Diffuse astrocytoma 30 0 0 0 30 0
Surgical resection samples 8 0 0 0 8 0
Tissue microarray 22 0 0 0 22 0
Anaplastic astrocytoma 43 6 3 2 32 25.6
Surgical resection samples 14 3 1 1 9 35.7
Tissue microarray 29 3 2 1 23 20.7
Glioblastoma 115 39 10 5 61 47
Surgical resection samples 34 16 2 0 16 529
Tissue microarray 81 23 8 5 45 44
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Fig. 1 Immunohistochemical detection of podoplanin in astrocytic ~ glioblastoma (e, x200; f, x400). Podoplanin immunostaining of
tumors. No staining is apparent in a normal brain (a, x200) and in  glioblastoma cells at the necrotic area (V) (g, x200) and in the plas-
diffuse astrocytoma (b, x200). In anaplastic astrocytoma, the tumor ma membrane of highly anaplastic multinucleated giant cells
cell surface was stained positively (¢, x200; d, x400). Accentuated  (h, x400). Bar=10 pm

staining is visible around an area of microvascular proliferation in

-89 -



Fig. 2 Western blot analyses of
podoplanin expression in astro-
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formation by promoting the rearrangement of the actin
cytoskeleton [16]. PA2.26/podoplanin was identified as a
cell surface protein induced in epidermal carcinogenesis
and skin remodeling [18, 19]. Expression of PA2.26/
podoplanin in pre-malignant keratinocytes induces a
fully transformed and metastatic phenotype. Further-
more, human PA2.26/podoplanin has been found in the
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Fig. 3 Quantitative real-time PCR analysis of podoplanin tran-
scripts in astrocytic tumors. First-strand ¢cDNA samples derived

from astrocytic tumor tissues of 54 patients (6 diffuse astrocytomas,
14 anaplastic astrocytomas, and 34 glioblastomas) and four normal

brain tissues were used as real-time PCR templates. The respective
expression levels of podoplanin were normalized to pg or total
RNA, as described in Materials and methods

invasive front of oral squamous cell carcinomas, consis-
tent with a role in tumor cell migration and invasion [12].
Moreover, a monoclonal antibody against gp44/aggrus/
podoplanin inhibits pulmonary metastasis of a highly
metastatic clone of mouse colon adenocarcinoma in vivo
{21, 22]. In this study, we showed upregulated expression
of podoplanin in CNS malignant astrocytic tumors.
Recently, Shibahara et al. [20] also reported podoplanin
expression in subsets of CNS tumors. However, the
results obtained so far showed only associations between
podoplanin expression and malignancy of astrocytic
tumors, while its direct biological function in malignant
astrocytomas remains to be established.

PA226/podoplanin was co-localized with ezrin,
radixin, moesin family proteins, which are concentrated
in cell surface projections, where they link the actin cyto-
skeleton to plasma membrane proteins [18]. Consistent
with the association of podoplanin with ezrin, the latter’s
immunoreactivity is also associated with increasing
malignancy of astrocytic tumors [3, 23]. The combination
of podoplanin and ezrin might thus represent a possible
tool for grading of astrocytic tumors.

Platelets play an important role in hemostasis and
thrombosis and are also involved in tissue repair and
tumor metastasis [5]. Glioblastoma is differentiated from

~ low-grade astrocytomas based on the histological pres-

ence of tumor necrosis and associated microvascular
proliferation [11]. Large necroses are atiributable to
insufficient blood supply and thrombosed tumor vessels
are often observed. We speculate that the local platelet
aggregation and thrombus formation might be increased
by podoplanin-expressing malignant astrocytic tumor
cells, resulting in tumor vessel obstruction and subsequent
necrosis. Indeed, our unpublished results suggest that
podoplanin expressed by glioblastoma cells induces
platelet aggregation in vitro (data not shown).
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In conclusion, podoplanin expression was markedly
higher in glioblastomas than in anaplastic astrocytomas.
Furthermore, podoplanin expression was not observed in
diffuse astrocytoma. It will be intriguing to investigate the
functional basis of the association between podoplanin
expression and malignant progression of astrocytomas.
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geynmrdsl:‘ 1 Summary Papillary glioneuronal tumor (PGNT) is a rare and new type of glioneuronal neoplasm of the
aptfary ghoneurona central nervous system. It is characterized by pseudopapillary structures composed of hyalinized
tumor; . . . o .
L vessels rimmed by cuboidal glial cells and the proliferation of neuronal cells. We report a peculiar

Minigemistocyte; s . . . . .

N . PGNT arising in the parietal lobe of a 67-year-old man, which was characterized by proliferation of
Immunochistochemistry; .. . . . .. . . . .
Ultrastructs minigemistocytic cells as well as typical components. The minigemistocytic cells had eccentric nuclei

cture and plump eosinophilic cytoplasm that was filled with glial filaments. The Ki-67 labeling index was as
high as 10% in the minigemistocytic areas. Recently, the presence of oligodendroglial-like component
was suggested in PGNT. Considering that oligodendroglioma sometimes accompanies minigemisto-
cytic components, the minigemistocytic cells in PGNT were suggested to be a part of oligodendroglial
differentiation. Although PGNT is defined as an indolent glioneuronal tumor, the presence of
minigemistocytic components with the high Ki-67 labeling index may indicate more aggressive nature.
© 2006 Elsevier Inc. All rights reserved.
1. Introduction ’ hemispheres of young people [2] and appears to be a

variable-sized, contrast-enhancing cystic mass with calcifi-
Papillary glioneuronal tumor (PGNT) is a rare brain cation by radiographic imaging studies [1,3,4]. Histologi-

tumor that shows mixed neuronal and glial differentiation, - cally, PGNT displays compact pseudopapillae composed of
first reported by Korr30ri et al [1]' in 1998. Papillary hyalinized vessels covered by glial fibrillary acidic protein
glioneuronal tumor typically occurs in the periventricular (GFAP)-—positive astrocytes and variable-sized synaptophy-

sin-positive neuronal cells, including neurocytes, ganglioid

cells, and ganglion cells with neuropils [1]. Ki-67 labeling

* Corresponding author. Saitama Medical School, Morohonngou 38, index has beer'l rep grted t(? t_)e low, indicating that Fhe tumor
Moroyama, Iruma-gun, Saitama, Japan. - has a low proliferative activity. Recently, we experienced an
E-mail address: tishi@saitama-med.ac jp (T. Ishizawa). extraordinary PGNT characterized by a proliferation of

0046-8177/% - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.humpath.2005.12.014
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Fig. 1  Light microscopic features of PGNT. (A) Pseudopapillary structures composed of small hyalinized blood vessels. Small neuronal
cells are present between papillae. (B) Minigemistocytic cells with brightly eosinophilic cytoplasm and eccentrically located nuclei. (C) '
Neurocytic cells exhibiting synaptophysin immunoreactivity. (D) GFAP-positive cells surrounding hyalinized vessels. (E) Minigemistocytic

cells with immunoreactivity for GFAP. (F) Ki-67 immunoreactivity in minigemistocytic areas.
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round-shaped cells, morphologically consistent with mini-
gemistocytic cells. The aim of this article is to study the.
minigemistocytic component of this PGNT with immuno-
histochemical and ultrastructural methods.

2. Case report

A 67-year-old man was admitted in our hospital because of
a recurrent brain tumor. Eleven years ago, he presented with
left hemiparesis and was diagnosed as having “‘angioma”
in the right parietal region by an magnetic resonance imag-
ing examination and brain biopsy. He was followed up
without medical intervention for about 10 years after the
first diagnosis. As his hemiparesis began to deteriorate
recently and his brain tumor grew larger, he was referred to
our hospital. On magnetic resonance imaging examination,
the tumor was 2.5 cm in diameter and showed cystic areas
with gadolinium enhancement. Partial resection of the
tumor was undertaken, and postoperative radiochemother-
apy was carried out to residual tumor; however, he showed
clinical signs of regrowth 6 months after the surgery.

3. Pathological findings

The original biopsy specimens, reviewed by one of us
(1.8.), showed small amount of pseudopapillary structures in
addition to many hyalinized blood vessels with hemosiderin
deposition. Unfortunately, pseudopapillary areas were lost
in the newly prepared sections for the present study.

The tumor obtained at partial resection was uniquely
characterized by a pseudopapillary pattemn (Fig. 1A). The
pseudopapillary structures were composed of hyalinized
blood vessels and were lined, predominantly, by a single
layer of ovoid to cuboidal cells, which had small pyknotic
nuclei. In the intervening regions between the pseudopapil-
lae, small round cells with a high nuclear cytoplasm ratio
proliferated diffusely. These round cells were relatively
uniform in appearance and possessed round nuclei with a
prominent nucleolus and fine granular cytoplasm, mimicking
neurocytes. In addition to these histologic features, there were
some areas showing diffuse proliferation of ovoid cells,
which lacked cell processes (Fig. 1B). They were character-
ized by brightly eosinophilic cytoplasm and eccentrically
located nuclei. In the cytoplasm, small filamentous inclusion-
like bodies were often noted, which displaced or indented the
nuclei. These features indicated the similarities between these
cells and minigemistocytes or “mini-" rhabdoid cells.
Variable amount of minigemistocyte-like cells were also
seen between neurocytic cells. In spite of high cellularity of
minigemistocytic cells, neither necrosis nor endothelial
proliferation was noted in the specimens, and mitoses were
difficult to demonstrate. At the periphery of the lesions, there
were gliotic areas with hemosiderin deposition and clusters of
collapsed vessels with calcification.
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Fig. 2 Ultrastructural features of minigemistocytic cells. The
cytoplasm is filled with abundant bundles of infermediate
filaments, which are associated with amorphous, Rosenthal fiber-
like electron-dense materials.

Immunohistochemically, small neurocytic cells scattered
in interpseudopapillary areas were positive for synaptophysin
(Fig. 1C), neurofilament, neuron-specific enolase, neuronal
class TII B-tubulin, chromogranin A, NeuN, and S-100
protein but negative for cytokeratin, epithelial membrane
antigen, and p53 protein. The cuboidal cells around the
vascular cores were GFAP- (Fig. 1D) and S-100 protein—
positive and negative for neuronal markers, revealing that
these cuboidal cells show astrocytic differentiation. The
minigemistocyte-like cells were also GFAP- and S-100
protein—positive (Fig. 1E) and negative for neuronal markers.
The Ki-67 labeling index was low in the pseudopapillary
area; however, in areas composed of diffuse proliferation of
minigemistocytic cells, the index was as high as 5% to 10%,
suggesting that the minigemistocytic cells had a high
proliferative activity (Fig. 1F).

Only the minigemistocytic components were included
in the materials for ultrastructural study. Minigemistocyte-
like cells had ovoid or indented nuclei and wide cyto-
plasm. The latter was often filled with abundant bundles
of intermediate filaments, which displaced the nuclei to the
periphery of cytoplasm (Fig. 2). Occasionally, small amor-
phous, electron-dense materials were included within the
filaments. As the dense materials were closely associated
with intermediate filaments, they seemed to cormrespond
to Rosenthal fibers (Fig. 2). Cell processes were poor-
ly developed.

4. Discussion

Nine cases of PGNT have been reported in the original
paper and 13 cases have been subsequently reported to our
knowledge [2,5-11]. Histologically, the tumor consists of '
2 characteristic components: pseudopapillary component
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composed of cuboidal cells covering hyalinized vessels and
diffuse proliferation of small to middle-sized round cells in a
sheet-like fashion [1]. The perivascular cuboidal cells are
GFAP-positive, suggesting astrocytic differentiation. The
small to middle-sized round cells are synaptophysin- and
neurofilament-positive [1], implying that they show neuro-
nal differentiation. Clinicopathologically, the tumor occurs
in relatively younger people [1-3,5,6,8-11]; however, some
elderly cases were also reported [7,11]. The cerebral
hemisphere is the common location of the tumor where it
shows contrast-enhancing variable-sized cystic masses
[1,9]. As no recurrence was experienced during the
follow-up period in the original paper, PGNT has been
recognized as a benign or indolent lesion.

The present tumor fulfilled the pathological criteria of
PGNT. Furthermore, our case possessed peculiar cell
components, that is, eosinophilic round cells mimicking
“mini” rhabdoid cells. Distinctive cellular features such as
cell roundness, eosinophilic. cytoplasm, eccentric nuclei,
GFAP-immunoreactivity, aggregates of intermediate fila-
ments, and intracytoplasmic Rosenthal fibers suggest the
similarities between these cells and minigemistocytes, which
are often noted in oligodendrogliomas. They proliferated
diffusely and intermingled with neurocytic cells in the present
case. Although Komori et al ultrastructurally demonstrated
“nonspecific” cells, diffuse proliferation of minigemistocytic
cells has not been described in their original paper.

Recently, Olig2-positive cellular components have been
demonstrated in PGNT. Olig2 is a transcription factor that
regulates the development of oligodendrocytes and specifies
the cellular phenotype of oligodendrocytes {11]. Tanaka et al
[11] studied 6 PGNTs including the present case (their case
no. 2) and revealed Olig2 expression in all of them. Based
on the results, they speculated the participation of oligo-
dendroglial components in PGNT [11] in -addition to
neuronal and astrocytic cells. Although Olig2 expression
is not always specific to oligodendroglial lineage [12],
considering that oligodendrogliomas often accompany
minigemistocytes, oligodendroglial components can poten-
tially be a third constitutional element of PGNT. Thus, the
present case seems to be an interesting PGNT with
prominent minigemistocytic differentiation.

Although PGNT is considered to be an indolent lesion,
our case included areas with a high proliferative activity (a
high Ki-67 labeling index). The tumor was partially resected
and treated by radiochemotherapy; however, after 6 months
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from the surgery, the tumor showed tendency of regrowth.
Initially, the tumor remained stable for almost 10 years only
with the biopsy and then started the recognizable growth.
Considering the microscopic features and Ki-67 labeling
index, the minigemistocytic areas seem to correspond to
proliferating elements. The present case may indicate the
possibility of transformation of PGNT in a more aggressive
phase. Because the number of PGNT cases reported is still
small, the biologic behavior and clinjcal outcome with long
follow-up periods are undetermined yet.

In summary, we experienced a PGNT with proliferation
of minigemistocytic component, which showed a high
proliferative activity, suggesting cellular and biologic
diversities of PGNT.
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Abstract

Mutations in the human tumor suppressor gene, Patched-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 (Patchedl2b) 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 Patchedl2b
using a GLI-responsive luciferase reporter. Luciferase activity was suppressed when transfected with a plasmid encoding Patched-1,
but not with a plasmid for .Patchedl2b. The suppressive activity of Patched-1 was relieved when cotransfected with a plasmid for
Patchedl2b. This implies that the Patchedi2b protein has a dominant negative effect on Patched-1. Interestingly, Parchedl2b 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 a human Pzcl 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).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/1.bbre.2006.08.046

tyly and spina bifida, and an increased incidence of a
variety of tumors, including basal cell carcinoma (BCC)
and medulloblastoma [4]. Mutations of PTCH are also
detected in a small 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
tumor 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
hold Smoothened (Smo), another component of the Shh
receptor, in an inactive state and thus inhibit signaling to

- 96 -



278 H. Uchikawa et al. | Biochemical and Biophysical Research Communications 349 (2006) 277-283

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
Prci2b 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-Luc were kindly
provided by Dr. J. Ming and Dr. S. Ishii, respectively. Mouse Pzc] 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'-CACCACAGCAGCCTTGGGAG-3' (exon 13 reverse).
The PCR product was subcloned into pGEM-T Easy (Promega) and used
forin situ hybridization. pMyc-PTCH and pMyc-PTCHI12b were described
previously [12]. To produce pPTCH-EGFP and pPTCHI2b-EGFP,
PTCH sequences for exon la-exon23 and exon la-exonl2b, respectively,
were amplified by PCR using pMyc-PTCHM or pMyc-PTCHI2b as a
template and subcloned into pEGFP-N3 (Clontech). The primers used for
the amplification were 5'-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 g of total RNA [11]. Primers used
for RT-PCR were 5-TGGCCCATGCATTCAGTGAAACA-3' (mouse
exon 11 forward), 5'-GAGGGTCATACTCTGTGCGGA-3' (mouse exon
14 reverse), S'-GTGTTGGTGTGGATGATGTTT-3' (human exon 11
forward), and 5-CGGGATCCTTGTAAAACAGCAGAAAAT-3'
(human exon 13 reverse).

Western blotting. Immunoblot analysis was performed as described
previousty [13]. In brief, 30 ug of the cell lysate was subjected to SDS-
PAGE and transferred onto a nitroceliulose 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 anti-GFP rabbit polyclonal antibody
(Medical & Biological Laboratories, Japan) followed by horseradish
peroxidase-conjugated anti-rabbit IgG (Santa Cruz).

Luciferase assay. 123 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
15 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, 5x SSC, 2% blocking powder (Roche), 0.1%

“Tween 20, 0.5% CHAPS, 50 pg/ml yeast RNA, 5mM EDTA, and 50 pg/

ml heparin). Embryos were washed in hybridization solution and in
2% SSC, 0.1% CHAPS at 65 °C, and incubated for 30 min with 20 pg/ml
RNase A in 2xSSC, 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/ml mouse embryo
powder). Embryos were washed 5 times in 1% BSA in PBT for 1k each,
3 times in NTMT (100 mM NaCl, 100 mM Tris—HCl, pH 9.5, 50 mM
MgCl, and 0.1% Tween 20) for 10 min each, and stained with NBT/
BCIP stock solution (Roche) (1:50 diluted in NTMT) for about 2 h at
room temperature.

Immunostaining and confocal microscopy. Immunostaining was per-
formed essentially as described previously [14]. Briefly, 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 (DAKO), and observed with an Olympus
microscope FV300. Nuclear localization was confirmed by Hoechst33342
staining. EGFP fusion proteins were observed as described previously
(151

Results
Tissue-specific regulation of Ptcl12b-expression in mice

Previously, we identified a patched-I isoform containing
a novel exon, exon 12b, between exon 12 and exon 13
both in humans (PTCHI12b) and in mice (Ptci2b) (Gen-
Bank Accession Nos. AB214500 and AB214501, respec-
tively) [12) Using RT-PCR and exon junction
microarrays, PTCHI12b 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 (SSD). (C) Location of UGCAUG hexamers near exon 12b. The location of hexamers is
indicated by small vertical thick lines.

expressed in the mouse brain and heart. In adult mice,
Prel (12b—) was more or less expressed in various tissues.
However, the Prcl2b 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. Ptcl2b 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 medullo-
blastornas, which are primitive neuroectodermal tumors.
Since medulloblastoma commonly arises in the cerebel-
lum where PTCHI2b is specifically expressed, we next
addressed the question if this isoform is expressed in
medulloblastoma cell lines and tissues. Out of 5 medul-

Ptc12b
Fig. 2. Tissue-specific expression of Prcl2b in mice. (A) Total RNAs

loblastoma cell lines analyzed, I-23 expressed very high
level of PTCHI12b. None of the 9 non-medulloblastoma
cell lines expressed PTCHI2b. 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).

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 exon12b in human cell lines and medulloblastomas. (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/ml 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 allele of the SPG4 gene. '

PTCHI2b isoform undergoes NMD to a small extent

It is known that spliced transcripts with PTCs, such as
Ptcl2b or PTCHI2b, 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 (Fig. 3B, lanes 4, 6, and §). 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 dominant negative isoform

We performed a functional analysis of PTCHI12b using
a GLI-responsive Iuciferase reporter in I-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 I-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 PTCHI12b (Fig. 4A). Taken together,
these results imply that the PTCH12b 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 PTCHI12b is due to its subcellular localization dis-
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Relatlve luclferase activity

Fig. 4. Functional analysis of PTCHI2b. (A) 1-23 cells were transfected
with various combinations of expression plasmids indicated at the bottom,
together with a construct for a GLI-responsive luciferase reporter,
8 x 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 PTCH12b (C and E) in HeLa cells were examined
using confocal microscopy. The nuclei were counterstained with Hoe-
chst33342. Bar, 20 pm. (F and G) Western blotting was performed using
protein samples obtained from the HeLa cells described above. Anti-c-myc
(F) and anti-GFP (G) antibodies 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 G), indicating that
the stability of the PTCHIZb 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 Ptc12b/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 accumulated strongly along the plasma membrane,
G509V and wild type Ptcl 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 PTCHI12b. It would be
mterestmg to see the in vivo 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 autoso- '
mal dominant holoprosencephaly [27,28], whereas a pheno-
type resembling human holoprosencephaly is found in
Shh™'~ mice, but not in Shih™~ 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
PTCH]I2b, we concluded that this isoform is already pres-
ent at low levels independently from NMD in most tissues,

- 100 -



282 H. Uchikawa et al. | Biochemical and Biophysical Research Communications 349 (2006) 277-283

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 NBCCS are known to have cardiac
fibromas [34] and the heart is another tissue where
PTCHI2b is expressed.
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