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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 [I11]. Large necroses are attributable 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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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 [2b has an in-frame stop codon, the mRNA isoform containing this exon (Parched]2b) 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 Paichedi2b. The suppressive activity of Patched-1 was relieved when cotransfected with a plasmid for
Patchedi2b. This implies that the Patched12b protein has a dominant negative effect on Patched-1. Interestingly, Patchedl2b 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 Prc/ 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/3 - see front matter © 2006 Elsevier Inc. All rights reserved.
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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
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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 (PTCHIZb
and Ptcl2b, respectively) i1s particularly interesting since
it is expressed in a brain- and heart-specific fashion, at
least in human tissues [12]. Here, we show that mouse
Ptel2b 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 Ptc/ 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-PTCH12b 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 35-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 1l
forward), and 5-CGGGATCCTTGTAAAACAGCAGAAAAT-3
(human exon 13 reverse).

Western blotting. Immunoblot analysis was performed as described
previously [13] In brief, 30 ug 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 anti-GFP rabbit polyclonal antibody
(Medical & Biological Laboratories, Japan) followed 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/6J 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, 5 x SSC, 2% blocking powder (Roche), 0.1%
Tween 20, 0.5% CHAPS, 50 pg/ml yeast RNA, 5 mM 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 S times in 1% BSA in PBT for 1 h each,
3 times in NTMT (100 mM NaCl, 100 mM Tris-HC{, 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 2h 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 Ptcl2b expression in mice

Previously, we identified a patched-1 isoform containing
a novel exon, exon 12b, between exon 12 and exon 13
both in humans (PTCHI2b) and in mice (Ptcl2b) (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 (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,
Prcl (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. Ptci2b was also expressed in the
brain and in the heart (Fig. 2B), indicating some role
vet 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-
blastomas, 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-
loblastoma cell lines analyzed, 1-23 expressed very high
level of PTCHI2b. 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).

Ptc12b

Fig. 2. Tissue-specific expression of Prcl2b in mice. (A) Total RNAs
obtained from a panel of mouse tissues were subjected to RT-PCR with -
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 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 dominant negative isoform

We performed a functional analysis of PTCHI12b using
a GLI-responsive luciferase 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 [-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, PTCH12b, 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 PTCH12b is due to its subcellular localization dis-
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Relative luciferase activity

Fig. 4. Functional analysis of PTCHI2b. (A) [-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 PTCHI12b (C and E) in HelLa cells were examined
using confocal microscopy. The nuclei were counterstained with Hoe-
chst33342. Bar, 20 um. (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 PTCH 12b with expected sizes were con-
firmed by Western blotting (Fig. 4F and G), 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 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
interesting to see the in vivo function of Ptc12b/PTCHI12b
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].
Picl™'~ 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 Prcl =/~ 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 Skh*’~ 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 PrcI2b/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 P7TCH 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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Abstract Podoplanin, a mucin-like transmembrane
sialoglycoprotein, promotes platelet aggregation and
may be involved in cancer cell migration, invasion,
metastasis, and malignant progression. Podoplanin/
aggrus is highly expressed in testicular seminoma, sug-
gesting that it may be a sensitive marker for testicular
seminomas. Here we investigated the expression of po-
doplanin in central nervous system (CNS) germ cell tu-
mors (GCTs) by immunohistochemical staining of
tumor samples from 62 patients. In 40 of 41 (98%)
germinomas (including germinomatous components in
mixed GCTs), podoplanin was diffusely expressed on the
surface of germinoma cells; lymphocytes, interstitial
cells, and syncytiotrophoblastic giant cells were negative
for podoplanin. Except for immature teratomas (12/17;
71%), podoplanin expression was absent in non-ger-
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minomatous GCTs, including seven teratomas, seven
embryonal carcinomas, seven yolk sac tumors, and se-
ven choriocarcinomas. In immature teratomas, focal
podoplanin staining was observed in fewer than 10% of
immature squamous and columnar epithelial cells. Thus,
podoplanin expression may be a sensitive immunohis-
tochemical marker for germinoma in CNS GCTs. As
such, it may be useful for diagnosis, for monitoring the
efficacy of treatment, and as a potential target for anti-
body-based therapy.

Keywords Podoplanin - Germinoma -
Germ cell tumor - YM-1 - Tumor marker

Introduction

Germ cell tumors (GCTs) of the central nervous system
(CNS) are a heterogeneous group of lesions found in
children and young adults. They are classified into five
basic histological types—germinoma, teratoma, embry-
onal carcinoma, yolk sac tumor, and choriocarci-
noma—and into mixed tumor types when two or more
components are present [14]. The prognosis of GCTs,
independent of their location in the CNS, is highly
dependent on the histological subtype. In general, ger-
minomas are sensitive to radiotherapy and chemother-
apy and have a better prognosis than non-
germinomatous GCTs containing highly malignant
components (e.g., embryonal carcinoma, yolk sac tu-
mor, or choriocarcinoma). The 5-year survival rates are
95.4 and 17.4%, respectively [11].

Tumor markers can be helpful in diagnosing GCTs
and assessing prognosis. Alpha-fetoprotein (AFP) is
produced by yolk sac tumors, a part of embryonal car-
cinomas and immature teratomas, and beta human
chorionic gonadotropin (HCG) is produced by syncy-
tiotrophoblasts in choriocarcinomas. Embryonal carci-
nomas often have both of these components and
therefore are associated with both markers {21]. Human
placental alkaline phosphatase (PLAP), expressed by
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primodial germ cells. has been widely used for immu-
nochemical diagnosis of germinomas. However, it lacks
specificity and its low secretion titer makes detection
difficult {21]. Immunohistochemical staining after tumor
resection is often important for diagnosis, and the dif-
ferentiation between germinoma and non-germinoma-
tous GCTs is essential for determining the appropriate
treatment of CNS GCTs.

Mouse podoplanin (aggrus), a 44-kDa sialoglyco-
protein with platelet aggregation-inducing ability, is
expressed on the surface of mouse colon adenocarci-
noma cells [22]. Antibody against podoplanin inhibited
lung metastasis of NL-17 colon carcinoma cells in vivo.
[20]. Cloning of cDNA revealed that human podoplanin
is identical to Tla, a separately isolated protein that can
also induce mouse and human platelet aggregation [5].
Therefore, podoplanin could be involved in platelet
aggregation induced by tumor cells and metastasis. Po-
doplanin expression was found in lymphatic endothe-
lium and in tumor-associated lymphangiogenesis, and
podoplanin deficiency resulted in congenital lymphe-
dema and impaired lymphatic vascular patterning [16].
Furthermore, podoplanin expression has been shown to
be upregulated in squamous cell carcinomas, testicular
seminomas, and several sarcomas [2, 6, 7, 17].

Recently, Schacht et al. [17] showed that antibody
D2-40, originally produced against a glycoprotein
named oncofetal M2A antigen, specifically recognizes
human podoplanin. They also demonstrated strong
expression of podoplanin by ovarian dysgerminomas.
D2-40 reacts with fetal gonocytes, testicular seminoma,
and dysgerminoma [9]. Roy et al. [15] reported that D2-
40 is a useful marker to distinguish hemangioblastoma
from metastatic renal cell carcinoma in the brain. In the
adult non-neoplastic CNS, D2-40 staining was seen in
the subependymal areas, the leptomeninges and Purkinje
cells.

In this study, we investigated the expression of po-
doplanin in primary GCTs of the CNS to evaluate its
potential as a diagnostic marker for CNS germinomas.

Materials and methods
Tissue samples

Tumors specimens were obtained at surgery from 62
patients with GCTs of the CNS, ten patients with CNS
lymphomas, three patients with central neurocytoma,
three patients with pineocytoma, three patients with
pineoblastoma, three patients with schwannoma, four
patients with meningioma, seven patients with meta-
static brain tumors from lung cancer, three from breast
cancer, one from colorectal cancer, and two from renal
cell carcinoma. There were 27 germinomas, two germi-
nomas with syncytiotrophoblastic giant cells (STGCs),
three embryonal carcinomas, three yolk sac tumors, two
choriocarcinomas, nine immature teratomas, four ter-
atomas, and 12 mixed tumors (Table 1). Hematoxylin-
and eosin-stained slides from these cases were reevalu-
ated to confirm the diagnosis, and the tumors were
categorized according to World Health Organization
criteria {14]. Informed consent was obtained from all
patients.

Antibodies

Anti-human podoplanin (aggrus) monoclonal antibody
(YM-1: Medical Biological Laboratories, Nagoya, Ja-
pan) was obtained by immunizing rats with the synthetic
peptide CEGGVAMPGAEDDVYV, corresponding to
amino acids 38-51 of human podoplanin plus the
N-terminal cysteine [4].

Table 1 Results of podoplanin immunostaining in 62 patients with GCTs

Tumor type No. of cases Podoplanin immunostaining Positive cells
+ o+ + + + -

Pure GCTs

Germinoma 27 25 0 1 1 Germinoma cells
Germinoma with STGCs 2 2 0 0 0 Germinoma cells
Non-germinomatous GCTs

Embryonal carcinoma 3 0 0 0 3

Yolk sac tumor 3 0 0 0 3

Choriocarcinoma 2 0 0 0 2

Immature teratoma 9 0 0 4 5 Squamous and columnar

epithelial cells

Teratoma 4 0 0 0 4
Mixed GCTs

Germinoma and teratoma 3 3 0 0 Germinoma component
Germinoma and choriocarcinoma 1 1 0 0 0 Germinoma component
Immature teratoma, yolk sac tumor, 4 0 0 4 0 Germinoma and immature
embryonal carcinoma, choriocarcinoma, teratoma

and germinoma

Immature teratoma and germinoma 4 0 0 4 0 Germinoma and immature

teratoma




Western blot analysis

The tissues were solubilized with lysis buffer [25 mM
Tris (pH 7.4), 50 mM NaCl, 0.5% Na deoxycholate, 2%
Nonidet P-40, 0.2% SDS, 1 mM phenylmethylsulfonyl
fluoride, and 50 mg/ml aprotinin] and electrophoresed
under reducing conditions on 10-20% polyacrylamide
gels (DRC, Tokyo, Japan). The separated proteins were
transferred to a nitrocellulose membrane. After blocking
with 4% skim milk in PBS, the membrane was incubated
first with YM-1 or anti-S-actin antibody (Sigma, St.
Louis, MO, USA), and then with peroxidase-conjugated
secondary antibodies (Amersham, Buckinghamshire,
UK) and developed for 3 min with ECL reagents
(Amersham) using Kodak X-Omat AR film.

Immunohistochemistry

For immunohistochemical analysis, specimens were
deparaffinized, rehydrated, and incubated first with YM-
1 (1:20 dilution of concentrated culture supernatant
from Medical Biological Laboratories) at room tem-
perature for 1 h, then with biotin-conjugated secondary
anti-rat IgG antibody (DakoCytomation, Glostrup,
Denmark) for 1 h, and finally with peroxidase-conju-
gated avidin-streptavidin complex (Vectastain ABC Kit,
Vector Laboratories, Peterborough, UK) for 1 h. Color
was developed with 3, 3-diaminobenzidine tetrahydro-
chloride tablet sets (DakoCytomation) for 3 min.
Immunohistochemical staining for tumor markers
including beta-HCG, AFP, and PLAP was also used to
confirm the classification. Podoplanin expression was
semi-quantitatively assessed from the percentage of tu-
mor cells with cytoplasmic/membrane staining: 0, no
staining; +, <10%; + +, 10-50%; and + + +, > 50%.

Results

Immunohistochemical analysis of podoplanin in CNS
GCTs

The immunohistochemical findings are summarized in
Table 1. Podoplanin immunoreactivity was detected in
26 of 27 (96%) pure germinomas; the staining was gra-
ded as + + + in 25 cases and as + in one. One germi-
noma was negative for podoplanin.  Including
germinomatous components in mixed GCTs, 40 of 41
(98%) germinomas were stained by YM-1.
Immunostaining for podoplanin showed a diffuse
cell-surface pattern in germinoma cells (Fig. 1a). Im-
munostaining revealed germinoma cells infiltrating into
brain parenchyma (Fig. 1b) and in the germinomatous
components of mixed tumors (Fig. lc). Nontumor
components such as infiltrated lymphocytes and stromal
cells were negative for podoplanin, as were STGCs.
Among the non-germinomatous GCTs and mixed
GCTs, 12 of 17 immature teratomas were positive for

Fig. 1 Immunohistochemical detection of podoplanin in CNS
germinomas. a The surface of germinoma cells is strongly positive
{brownish color). Lymphocytes and interstitial cells are negative.
Germinoma cells infiltrating into brain parenchyma (b) and
germinomatous components in mixed GCTs (c) are also positive.
Bar 10 um

podoplanin; in all cases, the staining was focal (+) and
limited to basal layers of immature squamous epithelium
and immature columnar epithelium (Fig. 2a, b). Seven
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embryonal carcinomas, seven choriocarcinomas, and
seven yolk sac tumors were not stained with YM-1
(Fig. 2c—, Table 1).

In pineal region, GCTs need to be distinguished from
other tumors (e.g., metastatic brain tumors, pineocyto-
mas, and pineoblastomas). Therefore, we examined the
expression of podoplanin in other CNS tumors to assess
the specificity of podoplanin in distinguishing germino-
mas from certain metastatic brain tumors and some
primary brain tumors in pineal region. The immuno-
histochemical findings are summarized in Table 2. Po-
doplanin immunoreactivity was detected in one of three
(33%) metastatic squamous carcinomas of the lung; the
staining was graded as +, although none of the ade-
nocarcinomas of the lung were positive for podoplanin
(n=4). Other metastatic tumors from colorectal cancer
(n=1), renal cell carcinomas (n=2) and breast cancer
(n=3) did not express podoplanin. Primary brain tu-
mors in pineal region such as CNS lymphoma (n=10),
pineocytoma (n=3), pineoblastoma (n=3), and menin-
gioma (n=4) were negative for podoplanin. Other

Fig. 2 Photomicrographs
showing immunohistochemical
detection of podoplanin in non-
germinomatous GCTs. In
immature teratomas, positive
staining for podoplanin
(brownish color) is limited to
basal layers of immature
squamous epithelium (a) and
immature columnar epithelial
cells (b). Embryonal carcinoma
(c), yolk sac tumor (d), and
choriocarcinoma (e) are
negative for podoplanin. Bar
10 pm

primary brain tumors such as central neurocytoma
(n=3) and schwannoma (n=13) were also negative.

To confirm the immunohistochemical findings from
CNS GCTs, lysates of frozen tumor specimens from
seven patients were analyzed by western-blot analysis
(Fig. 3). Podoplanin protein was overexpressed in ger-
minoma, but not in choriocarcinoma, yolk sac tumor or
normal brain tissue. Podoplanin was also detected in
two immature teratomas and one mixed tumor con-
taining immature teratoma, germinoma, and embryonal
carcinoma.

Discussion

In this study of 62 primary GCTs of the CNS, immu-
nostaining with monoclonal antibody YM-1 demon-
strated podoplanin immunoreactivity in 98% (40/41) of
pure or mixed germinomas and a limited number of
immature teratomas, but not in embryonal carcinoma,
yolk sac tumor, choriocarcinoma, or teratoma. In mixed




Table 2 Results of podoplanin immunostaining in patients with
metastatic brain tumors and primary brain tumors

Tumor type No. of cases Podoplanin
immunostaining
+++ ++ 4+ -

Matastatic brain tumors

Lung

Adenocarcinoma 4 0 0 0 4

Sqamous cell carcinoma 3 0 0 I 2
Breast 3 0 0 0 3
Renal cell 2 0 0 0 2
Colorectal 1 0 0 0 1
Primary brain tumors

Lymphoma 10 0 0 0 10
Pineocytoma 3 0 0 0 3
Pineoblastoma 3 0 0 0 3
Meningioma 4 0 0 0 4
Central neurocytoma 3 0 0 0 3
Schwannoma 3 0 0 0 3
(kDa) i 2 3 4 5 6 7 8

40 = e
;' <§== Podoplanin

40 === i SEm B B e e s i === Boactin

Fig. 3 Western-blot analysis of podoplanin expression in CNS
GCTs. Tumor tissues from a germinoma (Janes I and 2), a mixed
tumor (mainly embryonal carcinoma with immature teratoma/
germinoma) (fane 3), an embryonal carcinoma (lane 4), a yolk sac
tumor (lane 5), an immature teratoma (fanes 6 and 7), and normal
brain ({ane 8) were solubilized and immunoblotted with anti-human
podoplanin monoclonal antibody YM-1 (upper panel) or anti-f-
actin antibody (lower panel)

GCTs, staining for podoplanin was restricted to ger-
minomatous and immature teratoma components and
highlighted germinoma cells. These findings suggest that
podoplanin may be a sensitive immunohistochemical
marker of CNS germinoma.

Distinguishing germinoma from non-germinomatous
GCTs is of paramount importance in patient manage-
ment. Neuroradiologic findings are not particularly
helpful for differentiating between histological subtypes
of GCTs [12]. Unlike testicular GCTs, diagnosis of CNS
GCTs often requires immunohistochemical analysis be-
cause of the small size of the biopsy samples by recent
less invasive surgery and the morbidity associated with
irradiation of the brain. In addition, a granulomatous
inflammatory reaction sometimes overwhelms the tumor
cell parenchyma, causing a diagnostic failure at biopsy
[8]. Therefore, a specific immunohistochemical marker
would be extremely useful for identifying tumor cells in
biopsy samples submitted for diagnosis.

Antibodies to PLAP, a cell-surface glycoprotein
elaborated by syncytiotrophoblasts and produced by
primordial germ cells, have been widely used for immu-
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nochemical diagnosis of germinomas and seminomas.
About 75-100% of germinomas and 33-86% of non-
germinomatous GCTs such as embryonal carcinomas are
positive for PLAP [21]. Unfortunately, it lacks specificity
and its low secretion titer makes detection difficult.

On the other hand, our findings suggest that po-
doplanin is highly expressed in germinomas and focally
in immature teratomas but not in embryonal carcino-
mas, choriocarcinomas, and yolk sac tumors and any of
these components in mixed GCTs. Indeed, the subtypes
of nongerminomatous GCTs (e.g., embryonal carci-
noma, yolk sac tumor, and choriocarcinoma) occur
rarely as a pure form and are mostly seen as a part of a
mixed germ cell tumor in CNS GCTs, therefore the
number of non-germinomatous GCTs examined in this
study might be small to conclude the specificity of po-
doplanin expression for germinoma.

The most common site of origin for pineal region
metastasis is the lung, followed by the breast. In our
study, metastatic brain tumors from lung squamous
carcinomas occasionally expressed podoplanin, as the
primary lung squamous cell carcinoma expressed po-
doplanin/aggrus [7]. However, adenocarcinomas from
lung and other metastatic brain tumors from colorectal
cancer, renal cell carcinoma and breast cancer did not
express podoplanin. Other primary brain tumors such as
CNS lymphoma, pineocytoma, pineoblastoma, menin-
gioma, central neurocytoma, and schwannoma were also
negative for podoplanin. Recently, podoplanin was re-
ported to be expressed in hemangioblastoma in the brain
[15]. Thus, podoplanin is not a specific marker of ger-
minoma in brain tumors, but could be a useful diag-
nostic marker for germinomas in CNS GCTs. We
suggest that the combination of several markers, such as
podoplanin detected by D2-40 or YM-1, PLAP, beta-
HCG, and AFP, provides more precise diagnostic
information. Establishing the clinical efficacy of po-
doplanin as a marker for GSTs will require further
investigation.

The biological function of podoplanin is largely un-
known. In mice, deficiency in Tla/podoplanin causes
defects attributed to disruption of epithelial-mesenchy-
mal signaling [13] and to impairments in cell to sub-
stratum adhesion and cell migration [16]. In vascular
endothelial cells, overexpression of Tlua/podoplanin in-
duces elongated cell extensions and significantly in-
creases cell adhesion, migration, and tube formation by
promoting rearrangement of the actin cytoskeleton [16].
PA2.26 antigen/podoplanin was identified as a cell-sur-
face protein induced in epidermal carcinogenesis and
skin remodeling. Expression of PA2.26 antigen/po-
doplanin in pre-malignant keratinocytes induces fully
transformed and metastatic phenotype [18, 19]. Human
PA2.26 antigen/podoplanin has been found in the
invasive front of oral squamous cell carcinomas, con-
sistent with a role in tumor cell migration and invasion
[10]. Although germinomas rarely metastasize outside
the CNS, they have a predilection for disseminating
within the subarachnoid space and for invading sur-
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rounding brain tissue [1, 3, 23]. These findings, together
with the upregulated expression of podoplanin we ob-
served in CNS germinomas, suggest a potential role of
podoplanin in the progression, invasion, and dissemi-
nation of CNS germinoma; however, its direct biological
function in germinomas remains to be established. We
are currently investigating whether enhanced podopla-
nin expression contributes to the invasive spread of
experimental tumors.

In conclusion, podoplanin appears to be a sensitive
marker of germinoma and thus may be useful for diag-
nosis and for monitoring the effects of treatment. Be-
cause of its oncogenic potential, high-level expression in
germinomas, and localization on the cell surface, po-
doplanin is a potential target for antibody-based ther-

apy.
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RAIN METASTASES OCCURIN 20%
to 0% of all patients with can-
® cer and are generally associ-
7 ated with a poor prognosis.'-
The most common route of metastatic
dissemination resulting in brain me-
tastases is hematogenous, and it is
therefore prestimed that the entire brain
is “seeded” with micrometastatic dis-
ease, even when only a single intracra-
nial lesion is detected. Consequently,
whole-brain radiation therapy (WBRT)
has been a mainstay of treatment.'*
Recently, the assumption that the en-
tire brain is seeded with micrometas-
tases in all patients with overt brain me-
tastases has been questioned, prompting
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Context In patients with brain metastases, it is unclear whether adding up-front whole-
brain radiation therapy (WBRT) to stereotactic radiosurgery (SRS) has beneficial ef-
fects on mortality or neurologic function compared with SRS alone.

Objective To determine if WBRT combined with SRS results in improvements in sur-
vival, brain tumor control, functional preservation rate, and frequency of neurologic death.

Design, Setting, and Patients Randomized controlled trial of 132 patients with 1
to 4 brain metastases, each less than 3 cm in diameter, enrolled at 11 hospitals in Ja-
pan between October 1999 and December 2003.

Interventions Patients were randomly assigned to receive WBRT plus SRS (65 pa-
tients) or SRS alone (67 patients).

Main Outcome Measures The primary end point was overall survival; secondary
end points were brain tumor recurrence, salvage brain treatment, functional preser-
vation, toxic effects of radiation, and cause of death.

Results The median survival time and the 1-year actuarial survival rate were 7.5 months
and 38.5% (95% confidence interval, 26.7%-50.3%) in the WBRT -+ SRS group and
8.0 months and 28.4% (95% confidence interval, 17.6 %-39.2%) for SRS alone (P=.42).
The 12-month brain tumor recurrence rate was 46.8% in the WBRT + SRS group and
76.4% for SRS alone group (P<:.001). Salvage brain treatment was less frequently required
in the WBRT + SRS group (n = 10) than with SRS alone (n = 29) (P<<.001). Death was
attributed to neurologic causes in 22.8% of patients in the WBRT + SRS group and in
19.3% of those treated with SRS alone (P=.64). There were no significant differences
in systemic and neurologic functional preservation and toxic effects of radiation.

Conclusions Compared with SRS alone, the use of WBRT plus SRS did not improve
survival for patients with 1 to 4 brain metastases, but intracranial relapse occurred con-
siderably more frequently in those who did not receive WBRT. Consequently, salvage
treatment is frequently required when up-front WBRT is not used.
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STEREOTACTIC RADIOSURGERY PLUS UP-FRONT WHOLE-BRAIN RADIATION THERAPY

a contrarian philosophy that in some
patients. the intracranial disease is truly
limited—the so-called oligometasta-
ses situation. For patients who truly
have limited intracranial disease, the po-
tential exists that WBRT could be re-
placed by focal therapeutic options such
as resection or stereotactic radiosur-
gery (SRS), which delivers high-dose,
focal radiation.'*

The adverse effects of WBRT re-
quire a {urther examination of its role.
Acute adverse ellects are generally
limited in severity and duration; how-
ever, the long-term risks of serious
and permanent toxic effects, including
cognitive deterioration and cerebellar
dysfunction, are poorly understood.”®
In the attempt to minimize potential
long-term morbidity following WBRT,
treatments initially relying on focal
therapeutic options are being used
with increasing frequency. Although
there have been several retrospective
reports. " only 1 prospective random-

ized study compared the outcome of

conventional surgery alone and sur-
gery followed by WBRT." Sneed et al’
collected raw data on 983 patients
from 10 institutions and suggested
that there was no survival difference
between patients treated with SRS
alone and those treated with WBRT
plus SRS. Flickinger et al® reviewed
116 patients with solitary brain
metastases who underwent SRS with
or without fractionated large-field
radiotherapy and found improved
local control, but not improved
survival, with the addition of {raction-
ated large-field radiotherapy. Regine
et al® suggested that SRS alone is asso-
ciated with an increasingly significant
risk of brain tumor recurrence and
neurologic deficit with increasing sur-
vival time. Pirzkall et al'® showed a
trend for superior local control and
survival when SRS was combined
with WBRT in 236 patients with 311
brain metastases. Aovama et al,'’
Chidel et al." and Shirato et al”? have
all shown that omission of WBRT
from initial management was not det-
rimental in terms of overall survival,
but brain tumors recurred in more

2484 JAMA, Junc 7, 2006—Vol 2935, Ne. 21 (Reprinted)

than 30% of patients treated in this
manner. Patchell et al® have shown
that patients with cancer and single
metastases 10 the brain who receive
treatment with surgical resection and
postoperative WBRT have fewer recur-
rences of cancer in the brain and are
less likely to die of neurologic causes
than are similar patients treated with
surgical resection alone.

Herein, we report the results of a pro-
spective, multi-institutional, random-
ized controlled trial comparing WBRT
plus SRS vs SRS alone for patients with
limited (defined as =4) brain metasta-
ses. Through aliterature search and ex-
amination of clintcal trial registries, we
confirmed that this is the first multi-
institutional, prospective, random-
ized comparison of WBRT plus SRS vs
SRS alone.

METHODS
Eligibility Criteria

Patients were eligible who were aged 18
years or older with 1 to 4 brain metas-
tases, cach with a maximum diameter
of no more than 3 cm on contrast-
enhanced magnetic resonance imag-
ing (MR1) scans, derived from a histo-
logically confirmed systemic cancer.
Patients with metastases from small cell
carcinoma, lymphoma. germinoma, and
multiple myeloma were excluded. Eli-
gible patients had a Karnofsky Perfor-
mance Status (KPS) score of 70 or
higher. The protocol was approved by
the institutional review boards of Hok-
kaido University, Sapporo, Japan, and
of 10 other institutions that partici-
pated in the trial through the Japanese
Radiation Oncology Study Group
(JROSG 99-1). Written informed con-
sent was obtained from each patient be-
fore entry into the study.

Randomization and Treatment

Randomization was performed at the
Hokkaido University Hospital Data
Center. A permuted-blocks random-
ization algorithm was used with
a block size of 4. A randomization
sheet was created for each institution.
After written informed consent was
obtained, eligible patients were ran-

domly assigned to receive either
up-front WBRT combined with SRS or
SRS without up-front WBRT. Prior to
randomization, the patients were
stratified based on number ol brain
metastases (single vs 2-4), extent of
extracranial disease (active vs stable),
and primary tumor site (lung vs other
sites). Extracranial disease was consid-
ered to be stable when the tumor had
been clinically controlled for 6 months
or longer prior to the detection of
brain metastases.

The WBRT dosage schedule was 30
Gy in 10 fractions over 2 to 2.5 weeks.
The WBRT treatment visit proceeded
1 SRS when patients were assigned 10
the WBRT + SRS group. The SRS dose
was prescribed to the tumor margin,
Metastases with a maximum diameter
ol up 10 2 cm were treated with doses
of 22 10 25 Gy and those larger than 2
cin were treated with doses of 18 1o 20
Gy. The dose was reduced by 30%
when the treatment was combined
with WBRT because the optimal com-
bination of WBRT and SRS had not
been studied in well-conducted, pro-
spective, phase 1 dose escalation trials.
In the 1990s, the Radiation Therapy
Oncology Group (RTOG) initiated a
phase 1 dose escalation trial of SRS
alone in patients who had previously
undergone radiation treatment.'* This
trial was stopped early without reach-
ing the maximun tolerance dose, and
tumor size—dependent dose recom-
mendations for SRS aloene were
described. No phase 1 trial has ever
tested the combination of WBRT and
SRS doses. Therelore, there is no well-
known or scientifically recommended
dose for the combination of WBRT
and SRS. There are clearly concerns
that the combination could be poten-
tially deleterious. Therefore, various
studies have adopted different
approaches for selection of the dose
combinations to be tested. Several ret-
rospective data suggested that the
RTOG dose guidelines might be asso-
clated with a higher frequency of late
radiation toxic effects when used with
WBRT.' Our preexisting experience
of SRS with a 30% reduced SRS dose

©2006 American Medical Association. All rights reserved.
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combined with WBRT indicated that
there is not a significant difference in
local tumor control (data not shown)
compared with SRS with the dose sug-
gested in the RTOG protocol. There-
f()rL we decided to use a 30% reduced
SRS dose in the WBRT + SRS group in
this study.

Follow-up Protocol

We performed clinical evaluations and
MRI scans 1 and 3 months aller treat-
ment and every 3 months thereafter. In
cases in which a recurrence was de-
tected, further treatment was adminis-
tered at the discretion of the attending
physician. The size of the treated le-
sions was measured in 3 dimensions,
and this size, the development of new
brain metastases, and the develop-
ment of leukoencephalopathy associ-
ated with radiological findings (accord-
ing to the National Cancer Institute’s
Common Toxicity Criteria version
2.0') were scored based on serial MRI
scans. Local timor progression was de-
fined as a radiographic increase of 25%
or more in the size of a metastatic le-
sion (hidimensional product). Ifan MRI
result showed central or heterogeneous
low intensity and il the lesion size de-
creased on serial studies, brain necro-
sis was scored; positron emission to-
mography or surgical resection was
encouraged as appropriate to conlirm
MRI findings.

At each visit, functional status and
neurologic toxic effects were scored.
Systemic functional status was evalu-
ated by using the KPS score. Neuro-
logic fanction was evaluated according
to lhc criteria listed in TABLE 1.7 Neu-
rosurgeons or radiation oncologists spe-
cializing in neuro-oncology measured
the neurologic status as well as the KPS
score at the clinic. We did not attempt
to blind the investigators with regard to
patients’ treatment assignments. Sys-
temnatic functonal status and neuro-
logic function were scored by the phy-
sicians who treated the patients. Anacute
toxic effect was identified as an event that
arose within 90 days of the initiation of
radiotherapy and a late toxic effect was
considered as an event that occurred

©2006 American Medical Association. All rights reserved.

thereafter, according to the central ner-
vous system toxicity criteria listed among
the RTOG Late Radiation Morbidity
Scoring Criteria.'® For all patients who
died, the cause ol death was deter-
mined. The cause of death was deter-

Table 1. Baseline Characteristic

mined by autopsy in | patient and by
clinical evaluation based on the defini-
tion proposed by Patchell et al® in all
other patients. Patients were consid-
ered to have died of neurologic causes
if they had stable systemic disease and

WBRT + SRS SRS Alone
Characteristics {n = 65) {n = 67)

Age at diagnosis, mean {range), y 62.5 (36-78) 62.1 {33-86)

<(5 32 (49) 34 51

=65 33 {51) 3 (49)
Men 46 (71} 33 {79
No. of brain metastases

1 31 (48) 33 (49)

2-4 34 (52 34 (51)
Prirnary tumor site

Breast 6(9) 3 (4)

Lung 43 {66) ) 45 (67

Colorectal 5{8) 6{9)

Kidney 5(8) 5{7)

Other 6(9) 8012)
Prirnary tumor status

Stabie 30 (46) 33 i49)

Active

35 {54) 34 {31)

Extracranial metastases
Stabie

41 (63 38 (57)

Active

24 {37) 28 143)

REA

Class 1 { 1117 8012)
54 {83) 53 88

Histological status
Squarmous cell

1N 11 {18)

Adenocarcinoma 43 {66} 43 64)

Large cell 2{3) 4 {6}

Other 9 {14} g{13
KPS scoret

70-80 31{48) 23 {34)

90-100 34 (52 44 (66)

Neurologic function
No symptoms (grade G

38 (59)

47 (70)

Minor symptoms, 12 {18 13 (19)
assistance (grac
3012 4{6)
Moderate sympto g, fess than fully active, 71 35
requires assista {grade )
Severe symptoms; ; mactive (grade 4) 0 0

Chemotherapy after brain treatment

183 (38) 18 440)

Maximum diameter of bram metastases, cm

Mean (S0 1.531{0.78) 1.42 (D.79)
Median {range) 1.40(0.2.3.0) 1.300.2-3.0)

SRS dose at the tumor f*mrgr‘ mean {SD), C,

16.6(3.0) 21.92.7)

sive Dartit

othenvise noted.

(Reprinted) JAMA, June 7. 2046--Vo
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progressive neurologic dysfunction. Pa-
tients with severe neurologic disability
who died of intercurrent illness were also
included among neurologic deaths, as
were patients with both rapidly progres-
sive systemic disease and advancing neu-
rologic dystunction, because these pa-
tients also represent brain treatment
failures.

Figure 1. Flow of Study Participants

160 Patients Eligible
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Only (Withdrew Reasons)
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!

[ © Lost to Follow-up i
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[
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Analysis
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Analysis

SRS indicates stereotactic radiosurgery; WBRT, whole-

brain radiation therapy.

End Points and Statistical Analysis

The primary end point of the study was
overall survival. Secondary end points
were cause of death, functional pres-
ervation, brain tumor recurrence, sal-
vage treatment, and toxic effects of ra-
diation. All analyses were conducted on
an intention-to-treat basis. The study

N

was designed 1o have 80% power to de-
tect an absolute difference of 30% in the
median survival time, with a 2-sided o
level of .05. Using an estimated me-
dian survival time of 8.7 months for the
group receiving SRS alone!' and a fol-
low-up time of 15 months, the sample
size required to detect this difference
was 89 patients per group. An interim
analysis was planned wherein 50 pa-
tients would be assigned to each group
to determine whether the sample size
was large enough to show a signifi-
cant difference with a 2-sided « level
of .05. End points were measured be-
ginning at the date of randomization.
Univariate analyses were carried out by
the Kaplan-Meier method.'® We as-
sumed that the survival rate was al-
ways higher in the WBRT + SRS group
than in the SRS-alone group based on
the suggestions in a retrospective study,
and we used the log-rank test to com-
pare differences between the groups.
The x* test was used to determine the

relationship between 2 categorical vari-
ables, and the Fisher exact test was used
when small cell sizes were encoun-
tered in 2 X2 contingency tables. A
2-tailed t test was used to compare the
means of continuous variables be-
tween the treatment groups. Multivar-
iale analyses were performed to evalu-
ate the factors selected via the univariate
analyses (P<C.10). Stratification in the
randomization was taken into ac-
count in the statistical analysis. The Cox
proportional hazards model was used
to caleulate hazard ratios and 93% con-
fidence intervals (Cls).”" A 2-sided P
value ol .05 or less was considered 1o
reflect statistical significance. Addi-
tional covariates were examined as ap-
propriate and are noted in the “Re-
sults™ section. All statistical analyses
were initially performed by a physi-
cian (H.A.) using 2 commercial statis-
tical software package (StatView ver-
sion 5.0), SAS Institute Inc, Cary, NC),
and all results were verified by a stat-
istician (G.K.) using a different soft-
ware package (SAS, version 9.1, SAS In-
stitute Japan Ltd, Tokyo, Japan).

RESULTS
Patients and Treatment

The recruitment period was {rom QOcto-
ber 1999 to December 2003. There were

Figure 2. Overall Survival and Brain Tumor Recurrence at Distant Sites
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The mean survival time was 7.5 months for patients receiving whole-brain radiation therapy (WBRT) plus stereotactic radiosurgery (SRS) and 8.0 months for patients
receiving SRS alone. This difference was not significant (P=.42). There was a statistically significant decrease in brain tumor recurrence in the WBRT+ SRS group

(P=.003).
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160 eligible patients. ol whom 132 (83%)
were randomized (65 to WBRT + SRS
and 67 to SRS alone) (FIGURE 1). The
date of last follow-up was April 2005.
The interim analysis was performed
with 122 patients (about 60 in each
group), which takes into account the
possible number of patients with pro-
tocol violations. Patient accrual was ter-
minated before the planned final ac-
crual number had been reached because
the results of the interim analyses in-
dicated that at least 805 patients were
necessary to detect a significant differ-
ence in the primary end points. In ad-
dition, the numbers of patients ap-
peared sullicient 1o detect a significant
difference in brain tumor recurrence
rates: 31 patients in each group were
shown to be enough to detect a 30% dif-
ference in the median month of 50%
brain twmor recurrence (16.2 months
with WBRT + SRS vs 5.5 months with
SRS alone).

There was no statistical difference be-
tween the groups in the baseline char-
acteristics of the patients (Table 1). The
median follow-up time was 7.8 months
(range, 0.5-58.7 months) [or the en-
tire study and 49.2 months (range, 19.6-
58.7 months) for survivors. Ninety-
two percent of the patients included in
the study completed the assigned ireat-
ment (Figure 1).

Survival and Cause of Death

By the time of the last follow-up visit
in April 2005, 57 patients in the
WBRT + SRS group and 62 patients in
the SRS-alone group had died. Death
was attributed to neurologic causes
in 13 patients (22.8%) in the
WBRT + SRS group and in 12 patients
(19.3%) in the SRS-alone group
(x*=0.21: P=.64). The median
survival time was 7.5 months with
WBRT + SRS and 8.0 months with SRS
alone. The higher median survival
time with SRS alone was discordant
with the l-year actuarial survival
rates of 38.3% (95% Cl, 26.7%-50.3%)
for the WBRT + SRS group and
28.4% (95% CI, 17.6%-39.2%) for
the SRS-alone group (P=.42).
FIGURE 2A shows that this discor-

©2006 American Medical Association. All rights reserved.

dance was due to the crossing of the
2 survival curves. The results of the
univariate and multivariate analyses
are shown in TABLE 2 and TABLE 3.
The number of patients in each insti-
tution was too small to allow for a
meaningful comparison among insti-
tutions. Recursive partition analysis

dent of age and extracranial metasta-
ses. Treatment group was not found
to be significant in either analysis.

Posttreatment Neurologic Toxicity

A summary of postireatment neuro-
logic toxicity is given in TABLE 4. Symp-
tomatic acute neurologic toxicity was

was not included in the multivariate
analysis because it is not indepen-

observed in 4 patients receiving
WBRT -+ SRS and in 8 patients receiv-

Table 2. Univariate Survival Analysis

No. of Survival Time, P
Participants Median (Range), mo Value
Treatrnent group
WBRT + SRS 65 7.5{0.8-58.7) :} 9
SRS alone 67 8.0 {0.5-57.0) )
Age, y
<65 66 8.9 (0.9-58.7 o7
=65 66 6.5 {0.5-55.6) ’
Sex
Male 99 74 (0.5-58.7):] 20
Fernale 33 10.5 (0.8-57.0) )
No. of brain metastases
1 68 8.6 (1.4-58.7) ] .
" . 02
2.4 64 7.3{0.5-55.6)
Primary tumor site
Lung 83 8.1 {.5-58.7 ] o
A
Other 44 7.1 (0.9-57.0) '
rimary tumor status
Stable 69 2.2 {0.9-538.7 i
i <.001
Active 63 $5.5{0.5-53.8)
Extracranial n
Stable 79 13.3{1.1-58.7)
: : <.001
Active 53
RPA
(—":‘lass 1 19 16.0 (O??f” ] <001
Class 2 113 7.5{0.5-55.6)
KPS score
70-80 . 54 5.0(0.5-58.7) - 001
90-100 78 9.2 {0.8-57.0) -
Chemotherapy after brain treatment
Yes 37 10.1(1.3-53.8) 34
95 6.8 (0.5-58.7) ’

nce Status; RFA, recursive pertition analysis; SRS, stereotactic rad

Table 3. Multivariate Survival Analysis

Hazard Ratio P
Variables™ (95% Cl) Value
Treatrnent group (WBRT + SRS) 1.37 (0.93-1.98) 1
Age (<65 y) 1.48 {1.01-2.16) .04
No. of brain metastases (1} 1.36 {0.94-1.97) 10
Primary tumor stalus (stable) 1.62 (1.11-2.36} .01
Extracranial metastases {stable) 2.35 {1.55-3.5%) <.Q01
KPS score (80-100) 1.68(1.16-2.47) 007
Abbreviati ance Statug: SRS, sterentactic radic NERT,
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