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Table 2 {(continued)
No. of appearance of the genes
Gene symbol Aee. no. Gene name HBL with  Normal  HBL with
pasitive infant’s negative
AFP liver AFP
CYP3A4 M 18907 P450 6 81 3
AHSG M1i6961 Alpha-2-HS-glycoprotein 6 5 2
TPT1 X16064 Translationally controlled tumor protein 6 0 3
CYP2C9Y MG61855 P4502C9 1 10 1
other hand, genes involved in protein synthesis such as a Hepatoblastomes with Hepatoblastomas with
elongation factors and ribosomal proteins were ob- wild type f-catenin gene mutant B-catenin gene
served more frequently in HBLs than in normal liver. Casel4 Case67 Case78 CuseB1 Casel0Case58 Case77 Case8S
The expression profile in the library of the tumor NTNTNTNTNTNTNTNT
without AFP secretion was very different from that with crr IR DTSN
positive AFP (HMFT vws HKMT). As expected, AFP
gene did not appear in the HKMT library. Intriguingly, arpor NN
Wnt Inhibitory factor-1 and dicklopf, both of which are
inhibitors of Wnt signaling (Hsieh et al, 1999; Wang cp e incdin
et al., 2000), frequently appeared in the HKMT library. R
In addition, vimentin, RNA-binding metif protein, and
RAPIB also frequently appeared in the HKMT library, OLRI
but hardly in the HMFT library with AFP secretion.
Thus, HBL with positive AFP and that with negative LAK
AP seem to have a distinct gene expression profile,
resulting in different biological characteristics. GAPDH
Identification of the differentially expressed genes b 2 @
berween HBLs and normal livers & g ]
To identify differentially expressed genes between HBLs oy 8 g g .3 E E 5 5
and their corresponding normal livers, 1188 independent gy gE2H §§ 289353 E 3
genes which included all of the 847 genes with unknown M ZESHAFESASIAART
function and 341 known genes that were related to HMFT060! funthaslibesddeniedesdenteiuriatiorduainds
cellular functions including cell growth and differentia- HMFN1655 —
tion among the 10431 cDNAs were selected and BTl ———
subjected to semiquantitative RT-PCR analysis
(Figure la). The complementary DNAs reverse-tran- carpH XY P L L)
scribed from total RNA obtained from eight tumors and . . . . .
their corresponding normal ivers were used as PCR  fIe L Bxprson o e e gows by sni o
templaies after normalization with G4 PDH expression. with or without S-catenin mutation and the corresponding normal
As a result, we found that 75 genes were BXpI‘eSSCd at livers. ¢<DNA was synthesized from RNAs prepared from eight
higher levels in normal livers than in HBLs, whereas pairs of tumors and their corresponding normal livers, and was
only 11 genes were expressed at higher levels in the used as a PCR template. Amount of cDNAs was normalized to
Gamors than in normal fers. Figure 13 shows the Lol G4PDI. Fourtumr s 14,67, nd 81 v i
representatives of the results of differential screening 77, and 85) were with mutani fl-catenin gene. Gene symbols were
using semi-quantitative RT-PCR and Table 3 lists 46 shown on the left; CRP: C-reactive protein, ALDOB: aldolase, CP:
differentially expressed genes with known functions. We Cefglopéaslminh N{’tCJ:i.Niﬂmitm.n—PiCk fiSEﬂfe,LtAyﬁg FL gLRf :
chassified those diferentialy expressed gones into 12 Sxdlsd lowdensty Tpopron et 1, LAK, hmpherye
categories according to their known functions. The of multiple human tissues, HMPFT060] cxhibited ubiquitous
genes preferentlally expressed In normal liver showed expression in all tissues examined, whereas HMFNI655 and
the profiles which reflected normal liver function. HMET1272 showed specific expression in liver and fetal liver
Consistent with the previous reports about HBL and
hepatocellular carcinoma {von Horn et al, 2001; Xu
et al., 2001; Kinoshita and Miyata, 2002), Insulin-like ~ activity, is upregulated in HBLs, suggesting that the
growth factor binding protein-3 (IGFBP-3), aldolase B,  IGF axis may be involved in development of the tumor
ceruloplasmin, and c-reactive protein were downregu-  (Gray et al., 2000).
lated in HBLs as compared with the normal livers. The Four known genes which were expressed at high levels
expression of IGF2, whose product has mitogenic  in HBLs (tumor>normal liver) include GTP-binding
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Figure 2 Increased expression of PLK! in HBLs. (a) Semiquanti-
tative RT-PCR of PLKJ gene in eight HBL cases. Preferential
expression of the PLK! was seen in all sample pairs with and
without f-catenin mutation. (b) Northern blot analysis of PLKJ in
primary HBL5, The 28S ribosomal band is shown as a control of
each RNA amount

nuclear protein gene RAN, PLKI cnocgene, and two
cholesterol metabolism-associated protein genes, low-
density lipoprotein (LDL) recepior 1 and Niemann-Pick
disease type CI (NPCI). The RAN protein is involved in
the control of nucleo-cytoplasmic traffic of many
nuclear proteins through formation of the transport
nuclear pore complex (Ribbeck et al, 1998). Nagata
et al. (2003) also reported that RAN is upregulated in
HBLs by cligonucleotide DINA array experiment. The
LDL receptor 1 binds LDL, a major plasma cholesterol-
carrying lipoprotein, and plays an important role in
cholesterol homeostasis (Sudhof et al., 1987; Goldstein
and Brown, 1990; Hamanaka er al., 1992). NPCIl is a
causal gene of Niemann—Pick type C disease which is an
autosomnal recessive lipid storage disorder that affects
the viscera and central nervous system (Brady et af.,
1989). It encodes a protein with sequence similarity
to the morphogen receptor ‘patched’, and to the
cholesterol-sensing regions of 3-hydroxy-3-methylglu-
taryl coenzyme A (HMG-CoA) reductase (Loftus et al.,
1997) and is involved in the intraceliular trafficking of
cholesterol. Concerning the differentially expressed
genes which contained unknown sequences, those
cDNA sequences have been submifted to the public
database {Genbank/DDBJ Accession numbers: AB07
3346-AB073347, AB073382-AB073387, AB073599-AB0
73614, and ABO75869-AB075881). Interestingly, only
one known gene, lymphocyte alpha-kinase (LAK),
showed distinct expression pattern between HBLs with
mutant fS-catenin and those with wild type f-catenin
(Figure la).

We next examined expression pattern of the novel
genes in human multiple tissues by semi-quantitative
RT-PCR and found that at least five genes were
specifically expressed in the liver (a part of the data is
shown in Figure 1b). Since the oncogene PLKI (polo-
like kinase-1) was expressed in HBLs at significantly
high levels as compared with the corresponding normal
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livers, we further examined the role of its expression in
HBL.

PLK1 oncogene is overexpressed in HBLs

Recent studies have demonstrated that the preferential
expression of PLXK! mRNA is associated with some
cancers including non-small-cell lung cancer (Wolf et al.,
1997), squamous cell carcinoma of the head and neck
(Knecht et al, 1999), and esophageal carcinoma
(Tokumitsu ef al., 1999). However, the role of PLKI
in HBL has never been reported. As indicated by semi-
quantitative RT-PCR described above, we found that
PLK] mRNA expression in HBLs is higher than in
normal livers (Figure 2a}. Northern blot analysis also
confirmed its higher expression in HBLs (Figure 2b). We
also performed Southern blot analysis by using the
genomic DNAs obtained from primary HBELs and
human placenta as a control, and probed with the
PLK]I-specific DNA fragment. However, we failed to
find any clue of rearrangements or amplification of the
PLK] pene locus (data not shown).

To examine the clinical significance of the expression
level of PLKI, we performed quantitative real-time RT-
PCR analysis using 74 primary hepatoblastomas and 29
corresponding normal liver samples (Figure 3a). The
average arbitrary values of PLKI expression in HBLs
and normal livers were 28.9+6.7 and 4.1+0.76,
respectively (meandts.e.m., P<0.01). The average va-
lues in alive and dead cases were 21.7+5.2 (n=61) and
62.4+28.2 (n=13), respectively (p=0.021). When we
compared the expression levels of PLKJ between 24-
paired HBLs and their corresponding normal livers, the
former in HBL samples was significantly higher in
comparison with the latter (P<0.01} (Figure 3b). We
also examined the relationship between the expression
levels of PLKI and clinicopathological data of HBLs.
Statistically significant correlation was observed only
between histology and PLKI expression (p =0.041). The
expression level of PLK/ in the tumors with poorly
differentiated histology was higher than those with the
well-differentiated one. The other clinicopathological
factors such as age, clinical stage, and pf-catenin
mutation did not show a statistical significance with
PLK]! expression.

To further examine whether the PLKJ expression was
associated with the outcome of the patients with HBL,
we performed a Kaplan—Meijer analysis (Figure 4). The
distinction between high and low levels of PLKI
expression was based on the median value (low,
PLKI <13 du,; high, PLKI> 13 d.u.). Since the overall
survivals of 15 out of 74 cases were unknown, 59 cases
were applied to the analysis. The 5-year survival rates of
the groups with high and low PLKJ expression were
55.9 and 87.0%, respectively (P =0.042). The univariate
analysis showed that both PLKI expression (P==0.015)
and histology (P=0.025) have a significant prognostic
importance (Table 4). The multivariate analysis demon-
strated that PLK] expression was significantly related to
survival, after controlling f-catenin mutation, age, stage,
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Table 3 The known genes differentially expressed between hepatoblastomas and normal livers
Gene symbol Ace. no Gene name
Protein synthesis, metabolism, transport
T>N RAN NM_006325 GTP-binding nuclear protein RAN
N>T LBP AF105067 Lipopolysaccharide-binding protein
N>T TDO2 BC005355 Tryptophan 2,3-dioxygenase
N=>T CRP X56682 C-reactive protein
N>T GC NM_000583 Group-specific component
N>T HP KO1763 Haptoglobin
N>T HPX NM_000613 Hemopexin
N>T SQSTMI NM_003900 Sequestosome |
N>T PHDGH AF171237 A2-53-73 3-phosphoglycerate dehydrogenase
N=>T PPPIR3C XM_005398 Protein phosphatase b, regulatory (inhibitor) subunit 3C
N=>T ITIH4 D38595 Inter-alpha-trypsin inhibitor family heavy chain-related protein
N>T GlP2 M13755 Interferon-induced 17-kDa/l5-kDa protein
Cytokine, growth factor, hormanes
N>T HABP2 D49742 Hyaluronan binding protein 2
N>T IGFBP3 NM_000598 Insulin-like growth factor binding protein 3
N>T GOTI AF052(53 Glutamic-oxaloacetic transaminase |
Cell signaling
N>T CSNK2B M30448 Casein kinase II, beta polypeptide
N>T TPDS2 NM_005079 Tumor protein D52
cell eyele
T>N PLKI1 X73458 PLKI1
Cell structure, adhesion
N=>T LRG AF403428 Leucine-rich alpha-2-glycoprotein
N>T PGRP-L AF384856 Peptidoglycan recognition protein L precursor
N>T CLDN4 NM_001305 Claudind
N>T VTN NM_000638 Vitronection
Organism defense
N>T RODH-4 NM_ 003708 Retinol dehydrogenase 4
N=>T MASPI AF284421 Mannan-binding lectin serine protease |
N=>T C4BPA M31452 Complement component 4 binding protein, alpha
Glycometabolism
N=T ADH!B AF153821 Alcohol dehydrogenase 1B, beta polypeptide
N>T ALDOB MI5657 Aldolase B
Lipid metabolism
T>N NPCl NM_000271 Niemann-Pick disease, type Cl
T>N OLR1 NM_002543 Qxidized low density lipoprotein (lectin-like) recepior 1
N=>T DGAT2 AF384161] Diacylglycerol acyltransferase
N>T SCP2 NM_002979 Sterol carrier protein 2
N>T APQAS AF202890 Apolipoprotein A-V
N>T AADAC 132179 Arylacetamide deacetylase
N=>T SAA4 M81349 Amyloid A protein
Transcription
N=>T BZWI NM_014670 Basic leucine zipper and W2 domains 1
N>T CREB-H NM_032607 CREBJATF family transcription factor
RNA bicgenesis,
metabolism
N>T HNRPDL ABO17018 Heterogeneous nuclear ribonucleoprotein D-like
Homeostasis, heat shock protein, metabolic enzymes
N=>T UGT1A AF297093 UGT1 gene locus
N=T ALPL X14174 Liver-type alkaline phosphatase
N=>T SLCI0AL L21893 Solute carrier family 10
N=>T CESH AF1iTs Carboxylestelase
N=>T AKRIDI Z28339 Aldo-keto reductase family [, member DI
N=>T AKRICZ2 05598 Aldo-keto reductase family |, member C2
N>T CP D45045 Ceruloplasmin
Others -
N>T DGCRS6L INM_033257 DiGeorge syndrome critical region gene 6 like
N=>T AlBG AF414429 Alpha-1-B glycoprotein
T>MN: highly expressed in the tumors as compared to, normal livers. N>T: highly expressed in normal livers as compared to the tumors
Oncegena
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Figure 3 mRNA expression of PLK! in HBLs and the
corresponding normal livers measured by quantitative real-time
RT-PCR. (a) The levels of PLK! mRNA expression in HBLs and
normal lvers. The expression levels of PLKZ were determined by
quantitative real-time RT-PCR analysis using 74 HBL tissues and
2% normal livers (see Materials and methods). The PLK/
expression values were nermalized by GAPDH. Qpen and closed
circles represent alive and dead, respectively. Since the values of the
PLKI expression were skewed, a log transformation was used for
the expression values. The bars show mean values. (b) Correlation
of PLKI expression between HBL and its corresponding normal
liver in 24 paired samples
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Figure 4 Kaplan—Meier survival curves {# = 59) in relation to the
expression levels of PLKI (median cutoff). The arbitrary median
cutoff value was set as 13. The patients with high expression of
FPLK] represented significantly poor prognosis than those with its
fow expression

TFable 4 Univariate Cox regression analysis using PLK/(log} and
dichotomous factors of f-catenin mutation, age, stage, and histology
(n=159)

Factor n

P-value HR (95% CI)

PLK(log) 59 0.015
B-carenin (nutant vs wild type) 58 0.27
Age (>1vs <1 year) 55 0.76
Stage (3,4vs 1,2) 56 0.083
Histelogy (poorly vs well) 53 0.025

62 (1.10, 2.40)
85 (0.62, .5.56)
1.22 (0.33, 4.52)
3.81 (0.84, 17.2)
4.48 (121, 16.6)

All variables with two categories, except PLKI(log); HR = hazard
ratic shows the relative of death of first category refative to second;
CI =confidence interval

or histology, but marginally related to survival after
controliing both histology and stage (Table 5).

Discussion

HBL is one of the embryonal tumors in close relation to
the normal as well as abnormal tissue development. To
understand the molecular basis of the genesis of HBL,
here we randomly cloned a large number of genes
expressed in HBLs with or without AFP production and
in a non-tumorous infant’s liver. Extensive screening for
the differentially expressed genes between the tumors
and their corresponding normal livers has successfully
identified at least 86 genes including 40 with unknown
function, which may potentially contribute to develop
new therapeutic strategies against HBLs with poor
PTOENOSiS.

HBL ¢DNA libraries

We have identified the genes with unknown function in
approximately 8% of the total 10431 clones obtained
from our oligo-capping cDNA libraries. The compar-
ison of the frequently appeared genes in each libraries
shows that expression profile is relatively similar
between AFP-positive HBL and the normal part of the
infant’s liver, whereas it is very different between AFP-
positive and AFP-negative tumors, in which many genes
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Table 5 Multivariable Cox regression analysis using PLK/(log) and dichotomous factors of f-catenin mutation, age, stage, and histology (n= 50}
Variable Pevalue Variable P-value Variable P-value
PLKKlog) 0.00% Pecatenin {mutant vs. wild type) 0.51
PLENlog) 0.005 Age (>1 vs <1 year) 0.92
PLKNlog) 0.019 Stage (3,4 vs 1, 2) 046
PLKIlog) 0.027 Histology (poorly vs well) 0.12
PLKI(log) 0.052 Histology (poorly vs well) 0.12 Stage (3,4 vs 1, 2) 0.47
All variables with two categories, except PLKI(log)
are downregulated (Table 2). In the library of the latter  sponding normal livers. Surprisingly, 75 out of 86 genes
tumor, vimentin, RNA-binding motif protein, Wnt  are preferentially expressed in the latter tissues, and only
inhibitory factor-1, dickkopf, and RAPIB are frequently Il including RAN, PLKI, NPCI, and OLR] known
appeared, whereas they are hardly appeared in the other  genes are expressed at high levels in HBLs. One of the
libraries. Wissmann et a/. (2003) have recently reported  reasons of this result may be that many gene products,
that WIF/! is downregulated in various cancers {prostate  which are necessary for full function in the matured liver
cancer, breast cancer, non-small-cell lung cancer, and  metabolism, are dispensable for the malignant growth of
bladder cancer), and suggested that loss of WIF]  the tumor except for the very limited genes. The results
expression may be an early event in tumorigenesis in of some differentially expressed genes are consistent
those tissues. It is notable that, in contrast to AFP-  with those in the previous reports. von Horn et &/, (2001)
positive HBLs, the patient’s outcome of the tumor with  have shown that the mRINA levels of insulin-fike growth
negative AFP is very poor, though the incidence of the  factor-binding proteins including IGFBP-3 are decreased
latter tumor is low (von Schweinitz er al., 1995). This  in HBLs than in normal livers. Kinoshita and Miyata
suggests that AFP-positive and AFP-negative HBLs  (2002) have also reported that aldolase B mRNA is
have a different genetic as well as biological back-  downregulated in over 50% of 20 HCCs examined. They
ground. In addition, recent reports have demonstrated  proposed that the measurement of aldolase activity in
that frequent mutation of the f-catenin gene and nuclear  serum is useful to determine the number of collapsed
accumulation of its protein product are one of the main hepatic cells in cirrhosis. Recently, evidences suggest
causes of the tumorigenesis of HBL. The 4PC and Axin  that not only mutant f-catenin but also wild-type f-
genes are also mutated in some HBLs (Oda et al., 1996; catenin localize in the cellular nuclei of HBIL. as well as
Miao er al., 2003; Thomas et al., 2003), indicating that some other cancers (Rimm ef al., 1999; Takayasu et al.,
Wnt signaling pathway plays an important role in  2001). The increased expression of the Ran gene in
causing the tumors, most of which are AFP-positive. HBLs might be correlated with the shuttling of -
Therefore, the poor-prognostic HBL without producing  catenin and/or other related proteins between cytoplasm
AFP might be caused by the particutar mechanism  and nucleus in the tumor cells.
additional to or other than the abnormality of Wnt Owing to constitutive activation of Wnt signaling in
signaling pathway. Although the appearance frequency  most of the HBLs, the 86 genes differentially expressed
of the genes in each library does not always reflect the  between the tumor and its corresponding normal liver
actual expression levels of each gene, it may at least in  were expected to contain downstream target genes of
part show the differences among the tumor subsets with ~ Wnt signaling pathway that might regulate early stage of
different genetic abnormalities. As our libraries contain  the hepatic development. In this study, however, only
many genes involved in liver development, normal liver  the lymphocyte alpha-kinase (LAK) gene was found to be
functions, and carcinogenesis, they must be useful for  differentially expressed at high levels in HBLs with wild-
making a liver-proper ¢cDNA microarray to analyse  type f-catenin and at low levels in those with f-catenin
expression profiles of HBL, viral infection-induced  mutation. LAK is a new class of protein kinases with a
hepatitis, liver cirrhosis, and HCC. novel catalytic domain, but its precise function is
currently unknown (Ryazanov ef al., 1999). Thus, our
Differentially expressed genes between HBLs and the rc_asult-may suggest that the target genes Of. the Wnt
Y . . signaling pathway are commonly affected in HBLs,
corresponding normal livers .
regardless of the presence or absence of f-catenin
cDNA microarray, which is often applied to a compre-  mutation.
hensive gene expression analysis, is able to detect many
genes that are differentially expressed between tumors L .
and normal tissues {Okabe et El., 2001; Nagata et al., PLKI as a prognostic indicator of HBL
2003). However, it is expensive and needs further  PLKI (polo-like kinase 1), the human counterpart of
confirmation of the selected genes by a semi-quantitative  polo in Drosophila melanogaster and of CDC5 in
RT-PCR or a real-time RT-PCR method. Therefore,  Saccharomyces cerevisiae, encodes a serine/threonine
using semi-quantitative RT-PCR and the specific  kinase with polo-box domains (Clay et al., 1993). PLKI
primers of 1188 ¢cDNAs, we have identified 86 genes is crucial for various events of mitotic progression
differentially expressed between HBLs and their corre-  including centrosome maturation (Lane and Nigg,
Oncogene



1996), spindle function (Glover et al., 1996), activation
of cyclin B/Cdec2 (Qian et al, 1998; Toyoshima-
Morimoto et al, 2001), and regulation of anaphase-
promoting complex (Kotani et 4/, 1998; Nigg, 1998).
Elevated expression of PLK/ is also found in different
types of adult cancers including non-small-cell lung
cancer, head and neck tumors, esophageal carcinomas,
melanomas, and colorectal cancers (Wolf et al., 1997;
Knecht e al., 1999; Tokumitsu et al., 1999; Dietzmann
el al., 2001; Takai et al., 2001), implying its critical role
in tumorigenesis. In the present study, we have found
that PLK! is upregulated in primary HBLs, and that its
mRNA expression levels are significantly correlated
with poor outcome of the patients. Multivariate Cox
regression analysis indicated that PLKI expression
could be an independent prognostic factor from
B-catenin mutation, age, stage, or histology. However,
clinical stage did not show a significant correlation with
PLK] expression, though it is one of the critical
prognostic markers. One of the possible reasons may
be that the 59 tumors we used for statistical analysis
include two unusual patients, one had stage 4 tumor
with good prognosis and another case had stage 1 tumor
with poor prognosis. These might have reduced the
significance of the tumor stage in patients’ survival in
our sample set.

It is notable that, among the 1188 genes we have
screened for differential expression, PLKI is the only
one known oncogene overexpressed in the HBL tissues.
Smith ef al. (1997) have reported that constitutive
expression of PLKJ in NIH3T3 cells causes oncogenic
focus formation and forms tumors in nude mice.
Furthermore, Liu and Erikson (2003) have recently
shown that the application of small interfering RNA
which specifically depletes PLK/ expression in cancer
cells inhibits cell proliferation, arrests cell cycle, and
induces apoptosis. Thus, PLK1 may play a crucial role
in causing HBL and other cancers. It may be interesting
to examine whether PLK/ is a target of f-catenin
transported from the cytosol into the nucleus. The
disruption of PLKI1 function could be a future
therapeutic tool for the aggressive type of hepatoblas-
tomas.

In conclusion, our HBL cDNA project has provided a
large number of genes related to liver development,
metabolism, and carcinogenesis. We are currently
applying these genes to the cDNA microarray system.
Our cDNA resource should be an important tool to
understand the molecular mechanism of the genesis of
HBL as well as to develop new diagnostic and
therapeutic strategies against the aggressive tumors in
the fMature,

Materials and methods

Clinical materials

Tumor tissues and their corresponding normal liver tissues
were frozen at the time of surgery and stored at —80°C until
use. All specimens were provided from the Tissue Bank of the
Japanese Study Group for Pediatric Liver Tumor (JPLT)
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(Uotani et al., 1998). A total of 74 HBL samples (seven were
classified as being stage 1, 17 as stage 2, 26 as stage 3, 15 as
stage 4, and nine were unknown stages) were used in this study.
The tumors were staged according to the Japanese histopatho-
logical classification of HBL (Hata, 1990). From 1991 to 1999,
HBLs had been treated by combination chemotherapy using
cisplatin and THP-adriamycin according to the JPLT-1
protocol (Sasaki er al., 2002). After 2000, a more intensive
chemotherapeutic regimen, ITEC (ifosfamide, THP-adriamy-
cin, etoposide, and carboplatin), has been utilized for tumors
that prove resistant to the combination chemotherapy in the
JPLT-2 study. Among the 74 tumor samples we examined, 36
and 35 tumor tissues were obtained prior to and after
chemotherapy, respectively, and the remaining three were
unknown. In the same sample set, 59 tumors were accom-
panied by outcome information and used for making survival
curves, among which 31 and 28 tissues were obtained prior to
and after chemotherapy, respectively. Tumor histology was
also classified according to Hata (1990). ‘Poor histology’
indicates ‘poorly differentiated (embryonal type)’, and ‘well
histology’ indicates ‘well-differentiated (fetal type). The
informed consents were obtained in each institution or
hospital. High molecular weight DNA and total RNA of
these samples were prepared as described previously (Ichimiya
et al., 1999).

Construction of oligo-capping cDNA libraries

Four oligo-capping ¢IDNA libraries, two (HMFT, HYST)
derived from HBLs with secretion of AFP, one (HKMT) from
HBL without AFP secretion, and one (HMFN) from the
corresponding normal liver, were constructed according to the
method previously described (Suzuki et al., 1997). These were
approved by the institutional review board. The oligo-capping
method enables full-length cDNA cloning with high efficiency.
The 12000 cDNA clonies in total were randomly picked up and
single-run sequencing was performed. Nucleotide sequence of
both ends for each cDNA clone was homology-searched
against the public nucleotide database using the BLAST
program at the National Center for Biotechnology Informa-
tion (NCBI) (Genbank release 122, January 2001).

Differential screening of the genes by semi-quantitative
RT-PCR

The eight samples were selected as PCR templates to screen for
the differentially expressed genes. Cases 58 and 81 were defined
as stage 2 HBL, cases 10, 67, 78, and 85 were in stage 3, case 14
was in stage 4. Among those eight tumors, four (cases 14, 67,
78, and 81) had the mutant §-catenin, and the others (cases 10,
58, 77, and 85) not. Mutation analysis for f-catenin was
performed as described previously (Takayasu et /., 2001). The
differential expression of the genes between the HBL and
normal livers was confirmed at least twice using semi-
quantitative RT-PCR. The individual gene-specific PCR
primer sequences were determined by using Primer3 program
{provided at Washington University). For ¢cDNA templates,
Sug of total RNA was converted to ¢cDNA using random
primers {Takara, Otsu, Japan) with SuperScript II RNaseH-
reverse transcriptase (Gibco BRL, Rockville, MD, USA).
Those cDNAs were at first amplified with G4PDH primers for
27 cycles and the amounts of the PCR products were measured
by ALF Express™ sequencer and normalized. The amplifica-
tion was performed 35 or 40 cycles of 95°C for 30s, 57 or 59 or
61°C for 15s and 72°C for 60s, and the final extension was at
72°C for 5min, using a Perkin-Elmer Thermalcycler 9700
(Perkin-Elmer, Foster City, CA, USA). The PCR products
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were run on 2% agarose gels and stained with ethidium
bromide. We defined the gene as differentially expressed when
it exhibits differential expression between the tumor and its
corresponding normal liver in more than four out of the eight
samples.

Northern blot analysis

In all, 25 ug of total RNA from the primary HBLs, HCC, and
their corresponding normal livers were subjected to Northern
analysis. Total RNA was prepared according to the method of
Chomczynski and Sacchi {1987). Total RNA was fractionated
by electrophoresis on 1% agarose gel containing formalde-
hyde, transferred onto a nylon membrane filter, and immobi-
lized by UV crosslinking. The hybridization cDNA probe was
a 976-base pair human PLK! ¢DNA fragment and [abeled
with [¢-**P]-dCTP using the BcaBEST random priming kit
{Takara Biomedicals). The filter was hybridized at 65°C in a
solution containing 1 M NaCl, 1% SDS, 7.5% dextran sulfate,
100 pg/ml of heat-denatured salmon sperm DNA, and radio-
labeled probe DNA.

Quantitative real-time RT-PCR of PLK]

The primer set for amplification of the PLKI and probe
sequence are as follows: forward primer, 5-GCTGCACAAG
AGGAGGAAA-3; reverse primer, ¥-AGCTTGAGGTCTC-
GATGAATAAC-3; probe, ¥-CCTGACTGAGCCTGAGG
CCCGATAC-TA-¥. Tagman GAPDH control reagents (Per-
kin-Elmer/Applied Biosystems) were used for the amplification
of GAPDH as recommended by the manufacturer. PCR was
performed using ABI Prism 7700 Sequence Detection System
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Abstract

Neuroblastoma, one of the most common pediatric solid
tumors, is characterized by two exitreme disease courses,
spontaneons regression and life-threatening progression.
Here, we conducted a genome-wide search for differences in
DNA methylation that distinguish between neuroblastomas of
the two types. Three CpG islands (CGI) and two groups of CGlIs
were found to be methylated specifically in neuroblastomas
with a poor prognosis. By quantitative analysis of 140
independent cases, methylation of all the five CGI (groups)
was shown to be closely associated with each other, conform-
ing to the CpG island methylater phenotype (CIMP) concept.
The presence of CIMP was sensitively detected by methylation
of the PCDHE CGls and associated with significantly poor
survival (hazard retio, 22.1; 95% confidence interval, 5.3-93.4;
P < 0.0001). Almost all cases with N-myc amplification (37 of
38 cases) exhibited CIMP. Even in 102 cases without N-myc
amplification, the presence of CIMP (30 cases} strongly
predicted poor survival (hazard ratio, 12.4; 95% confidence
interval, 2.6-58.9; P = 0.002). Methylation of PCDHB CGls,
located in their gene bodies, did not suppress gene expression
or induce histone modifications. However, CIMP was signifi-
cantly associated with methylation of promoter CGls of the
RASSFIA and BLU tumor suppressor gemes. The results
showed that neurcblastomas with CIMP have a poer prognosis
and suggested induction of silencing of important genes as an
underlying mechanism. (Cancer Res 2005; 65(3): 828-34)

Introduction

Epigenetic abnormalities, especially alterations in DNA meth-
ylation, are intimately involved in development of various human
tumors (1). Aberrant methylation of promoter CpG islands (CGI)
causes inactivation of tumor suppressor genes. Genomic
instability is caused by genomic hypomethylation and is
associated with hypermethylation (2, 3). Identification of
epigenetic abnormalities in human cancers is expected to lead
not only to discovery of novel disease mechanisms but also to
development of new diagnostic markers. Therefore, we previously
developed a genome-wide scanning method, methylation-sensi-
tive representational difference analysis (MS-RDA), for detecting
differences in DNA methylation (4, 5). This technique analyzes

Nete: Supplementary data for this article are available at Cancer Research online
(http://cancerres.aacrjournals.org/).
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unmethylated, CpG-rich regions of the genome and has already
identified genes silenced in human lung, stomach, breast, and
pancreatic cancers (6-9).

Neuroblastoma derived from primitive cells of the sympathetic
nervous system is one of the most common solid tumers in
childhood, characterized by two extreme disease courses, sponta-
neous regression, and life-threatening progression (10, 11). The
clinical outcome is associated with disease stage, age at diagnosis,
histologic classification, N-myc amplification, DNA ploidy, and
TrkA overexpression (10-12). These characteristics are therefore
used to classify cases into low-, intermediate-, and high-risk groups.
However, especially in the cases with intermediate risk, prediction
of prognosis and therapeutic decision-making are still difficult, and
development of new markers is an urgent priority, Moreover, the
molecular bases underlying the two distinct clinical courses are still
unknown, and their clarificaticn is needed to allow development of
novel therapeutics.

In the present study, considering the major involvement of
epigenetic machinery in embryonic development (13, 14), we
searched for differences in DNA methylation between neuroblas-
tomas with a geood prognosis and counterparts with a poor
prognosis by MS-RDA.

Materials and Methods

Tissue Samples and Cell Lines. Tumor samples were obtained from
145 nonrecurrent cases between 1995 and 1999 and were used under
approval of institutional review boards. The mean age at initial diagnosis
was 27 months (range, 0-216 months). Their clinical stages were
determined according to the International Neuroblastoma Staging
Systemn, and 40, 17, 20, 60, and 8 cases belonged to stages I, II, III, IV,
and IVS, respectively. Normal adrenal medulla tissue was collected from
a case undergoing nephrectomy for a renal cancer. Neuroblastoma cell
lines were obtained from the American Type Culture Collection
{Manassas, VA), the Japanese Collection of Research Bioresources (Tokyo,
Japan), and the RIKEN Bio Resource Center (Tsukuba, Japan). GANB was
established by AN, and normal human bronchial epithelial cells were
purchased from Cambrex (East Rutherford, NJ). High molecular weight
DNA and total RNA were extracted as previously described (7). Total
RNAs of brain and adrenal glands were purchased from Clontech
(Palo Alto, CA).

MS-RDA and Database Search. MS-RDA was done as previously
described (4, 5). Genomic DNA of primary neuroblastomas with a good
prognosis {cases 92, 98, 104, 112, and 148} and neurcblastoma cell lines

" established from cases with a poor prognosis (CHP134, IMR32, GANB, NGP,

and TGW) were digested with Hpall, and then two pooled DNA samples
were prepared. Although use of cell lines is highly recommended for MS-
RDA (5), ne cell lines were available for neurcblastomas with a good
prognosis, and therefore we used the primary samples. To isolate CGIs that
were hypermethylated in the latter, the cell line poal was used as the tester,
and the primary tumor pool as the driver. MS-RDA in the opposite direction

Cancer Res 2005; 65: (3). February 1, 2005
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Figure 1. Five CGls isclated by MS-RDA Hpall
and their methylation statuses in the
samples used for MS-RDA. A, genomic
structures of the five CGls. GpC, CpG,
and Hpali recegnition sites (5'-CCGG-3')
are shown by ticks. Closed boxes, exons;
open boxes, clones isolated by MS3-RDA;

PCDHEB gene family

shaded boxes, regions analyzed by MSP.
8, methylation statuses analyzed by MSP.

PCDHA gene family

M, MSP using primers specific to HER . Exon 1 3p21
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was also done. For each series of MS-RDA, 96 clones were analyzed for
redundancy, and nenredundant clones were sequenced. Their genomic
origins were examined using BLASTN software http://www.ncbi.nlm.nih.-
gov/BLAST/).

Sodium Bisulfite Medification and Methylation-Specific PCR. One
microgram of DNA underwent sodtlbium bisulfite modification (15), and
was suspended in 20 pL of TE buffer, For methylation-specific PCR (MSP),
1 pL of the solution was used for PCR with primers specific to methylated or
unmethylated sequences. Using DNA from normal human bronchial
epithelial and DNA methylated with SssI methylase, annealing temperatures
specific for methylated and unmethylated primers were determined.
Quantitative MSP was done separately for methylated DNA molecules
and f{or unmethylated DNA molecules. Standard DNA was prepared by
cloning PCR products amplified by methylated and unmethylated primers
into a vector, respectively. The numbers of methylated and unmethylated
molecules in a test sample were determined by comparing their
amplification with those of standard samples containing 10 to 10°
molecules. The “methylation index” was calculated as the fraction of
methylated molecules in the total DNA molecules (no. methylated
molecules + no. unmethylated molecules). Each sample was analyzed
twice, blind to clinical information, and high reproducibility was confirmed
{correlation coefficient = 0.98).

The protocadherin B (PCDHB) family consists of 16 genes with single
exons and three pseudogenes on 5q31, and their CGls are located in the
gene hodies, MSP primers were designed to recognize 17 of the 19 members
(all except for the PCDHBI gene and the PCDHBI9 pseudogene). The
protocadherin o (PCDHA) family consists of 15 genes and one pseudogene
having unique first exons and shared exons 2 to 4 on 5g31, and their CGls
are located in exon 1. MSP primers were designed to recognize 13 of the 16
members (all except for the PCDHACI and PCDHAC2 genes and the
PCDHAI4 pseudogene). The hepatocyte growth factor-like protein (HLE/
MSP/MST1) gene is highly homologous to macrophage stimulating,

pseadogene 9 (MSTPY), and MSP primers were designed to recognize both
of these, For DKFZp4511121, FLJ37440, Zinc finger protein 297 (ZNF297), and
Cytochrome p450 CYP26CI (CYP26CI), MSP primers were designed to
recognize each of them specifically. The primers and PCR conditions are
shown in Supplementary Table 1.

Semiquantilative and Quantitative Reverse Transcription-PCR.
cDNA was synthesized from 3 pg of total RNA treated with DNase using
a Superscript II kit (Invitrogen Co,, Carlsbad, CA). For semiguantitative
reverse transcription-PCR (PCDHBI-PCDHBI5), multiple cycles of PCR
were tested for each gene, and numbers giving & wide dynamic range were
determined. The primers and PCR conditions are shown in Supplementary
Table 2. For quantitative reverse transeription-PCR (PCDHBI6), the number
of cDNA molecules was determined by quantitative PCR, as in quantitative
MBSP, and the copy number was nermalized to that of GAPDH.

Chromatin Immunoprecipitation Assay. From 1 x 10° cells, DNA/
histone complexes were immunoprecipitated, and DNA was eluted in 30 pL
of TE after reversing cross-linking. Copy numbers of DNA molecules of the
PCDHBI6 exon, RASSFIA promoter, and GAPDH promoter in 1 L of the
eluate were determined by quantitative PCR (primer sequences in
Supplementary Table 3), and normalized to the copy numbers in the input.
Anti-acetyl-histone H3 antibedy {AcH3) and anti-dimethylated-histone H3
(fysine 9; MetH3K9) were purchased from Cell Signalling (Beverty, MA).

Statistical Analysis. Associations between methylation levels among
CGI groups were examined using the Pearson correlation coefficient and
Fisher's exact test. Survival time was measured from the date of initial
diagnosis to the date of death or last contact. Kaplan-Meier analysis and
log-rank tests were done to compare survival between the groups defined by
methylation levels. Hazard ratio (HR) between groups and dose-response
relationships between methylation levels and survival were estimated by the
Cox proportional hazard model. Kaplan-Meier curves were drawn with the
help of Aabel software (Gigawiz. Ltd. Co., Tulsa, OK) and other analyses
were conducted using SAS version 8.2 (SAS Institute, Inc,, Cary, NC).

www.aacrjournals.org

Cancer Res 2005; 65: (3). February 1, 2005



Cancer Research

Results

Genome-Scanning for Differentially Methylated CpG
Islands. MS-RDA was done using five primary neuroblastomas
with a good prognosis and five neuroblastoma cell lines
established from cases with a poor prognosis. Seven DNA
fragments, derived from CGls of PCDHBI6, PCDHAI, HLP
DKFZp4511127, FLJ37440, ZNF297, and CYP26CI, were isolated as
methylated in the latter samples. No DNA fragments were isolated
as methylated in the former samples. Methylation statuses of (i) 17
CGls of the PCDHB family (detailed structure in Supplementary
Fig. 1), (ii) 13 CGIs of the PCDHA family, (iii) HLP and its
pseudogene, and (iv) other four unique CGIs were examined by
MSP. This revealed that the PCDHB family (5q31), the PCDHA
family (5931}, HLP (3p21) and its pseudogene (1p36),
DKFZp4511127 (5q14), and CYP26CI (10q23) were specifically
methylated in the latter samples (Fig. 14 and B).

Close Association between Methylation and Poor Prognosis
in 140 Independent Primary Samples. To analyze the signifi-
cance of the differential methylation of the above five CGI
(groups) in primary neuroblastomas, 140 primary samples, all
different from the initial five samples, were analyzed by
quantitative MSP. When distributions of methylation indices
were analyzed (Fig. 2), a clear bimodal distribution was observed
for (i) the CGI group in the PCDHB family (17 CGIls), (ii) the
CGIs of HLP and its pseudogene, and (iii) the CYP26CI CGI. The
results thus indicated that the cases could be classified into two
groups, one with high methylation and the other with low
methylation. The dose-response relationships between high
PCDHB methylation and poor prognosis were analyzed by the

Cox proportional model using the methylation index as a
continuous value, and the association was confirmed with a
trend P < 0.0001. Normal adrenal medulla had a methylation
index of 4%.

According to the bimodal distribution, the effect of high
methylation was assessed by dichotomous groups. For the PCDHB
family, cutoff values of 30%, 40%, 50%, 60%, 70%, and 80% were
tested, and HRs of 16.8 [95% confidence interval (95% CI), 4.0-
709], 22.1 (95% CI, 53-93.4; Fig. 3), 13.1 (95% CI, 4.5-37.9), 9.1
(95% CI, 3.8-23.4), 7.0 (95% CI, 3.1-15.8), and 7.8 (95% CI, 3.4-17.6),
respectively, were obtained (P < 0.001 for all cutoff values). This
showed that cases can be classified into two groups with distinet
prognoses, and we adopted a cutoff value of 40%, which gave the
highest HR, for convenience in the following analysis.

The dose-response relationships were also confirmed for other
four CGI (groups), PCDHA (P 0.004), HLP (P < 00001),
DKFZp4511127 (P = 0.02), and CYP26CI (P < 0.0001). Cutoff values
were similarly tested, and those for PCDHA, HLP, DKFZp4511127,
and CYP26CI were set at 80%, 10%, 20%, and 70%, respectively,
with HRs of 5.7 (95%CI, 1.4-24.0; P = 0.07), 21.7 (95% CJ, 5.1-91.4;
P < 0.0001), 32 (95% CI, 1.0-10.5; P =0.045), and 8.7 (95% CI, 4.1-
18.1; P < 0.0001), respectively {Fig. 3).

Existence of the CpG Island Methylator Phenotype in
Neuroblastomas. Methylation of the different CGI (groups) had
shown close associations with each other (Table 1). When
correlation was analyzed as a continuous value, Pearson correla-
tion coefficients between PCDHB and PCDHA, HLP, DKFZp4511127
and CYP26CI were 055, 0.70, 026 and 0.77, respectively. This
showed that multiple CGls were simultaneously methylated in
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neuroblastornas with a poor preognosis (Supplementary Fig., 24).
The simultaneous methylation of (i} 17 CGIs of the PCDHB family,
(ii) 13 CGIs of the PCDHA family, (iii) CGIs of HLP and its
pseudogene, (iv) DKFZp4511127 CGlL, and (v) CYP26C1 CGI
conformed with the concept of the CpG island methylator
phenotype (CIMP; ref. 16).

Associations between CIMP and poor prognosis were examined
by defining CIMP as cases with methylation of two CGI (groups)
or more, those with three or more, those with four or five, and
those with fivee When CIMP was defined as cases with
methylation of three CGI (groups) or more, the largest association
with poor prognosis was observed, with a HR of 254 (95% CI,
7.6-84.5; Fig. 3). However, the HR {(22.1) given by 17 CGIs of the
PCDHB gene family approximated to this, and the PCDHB
methylation level closely correlated with the number of methyl-
ated CGI {groups; Supplementary Fig. 2B). Therefore, for
simplicity of analysis, we defined CIMP in neuroblastomas on the
basis of high methylation of the PCDHB family, tentatively with a
cutoff value of 40%.

Predictive Power of CIMP, Compared with Known Prognos-
tic Factors. Univariate analyses showed that N-myc amplification,
low TrkA expression, DNA diploidy, and an age no younger than 1
year gave HRs of 9.5 (95% CI, 4.4-20.5), 3.9 (95% CI, 1.7-9.3), 4.2 (95%
Cl, 1.65-10.8), and 12.3 (95% CI, 3.7-41.7). Cases were stratified by
these known factors (Table 2). In those without N-myc amplification,
CIMP also showed an influence with a HR of 12.4 (95% Cl, 2.6-58.9),
but almost all cases with N-myc amplification (37 of the 38 cases)
showed CIMP. I was suggested that cases with N-myc amplification
were contained in the cases with CIMP. CIMP was independent
from TrkA overexpression, DNA ploidy, and age at diagnosis. Stage
seemed to be a stronger prognostic factor, Notably, even when
limited to cases in stages Il and IV without N-myc amplification,
which are classified into the intermediate risk group and clinically
important, CIMP gave a HR of 4.8 (95% CI, 1.0-23.0; P = 0.048).

Multivariate analyses were finally done taking all the five known
prognostic factors into account. Although CIMP gave a HR of 5.0
(95% CI, 0.47-52.7), it was not significant (P = 0.18), possibly due to
limitation in the number of cases.

www.aacrjournals.org

831

92

Cancer Res 2005; 65: (3). February 1, 2005



Cancer Research

Variables Methylation level of P
PCDHB family gene
High Low
(=40%) {<40%)

No. cases {n = 140) 67 73

Methylation of CGIs outside promoter regions (n = 140)

PCDHA gene family  65/67 41/73 <0.0001
{exon 1)

HLP (exons 2-13  52/67 16/73 <0.0001
CYP26CT (exon 2)8 30/67 0/73 <0.0001
pdidre {intren 8) 1/67 1/73 0.48
SIM2 {exon 2) 0/67 6/73

Methylation of CGls in promoter regions (n = 140)
DKFZp4511127) 6/67 0/73 0.011
RASSFI1A 51/67 10/73 <0,0001
BLU 25/67 3/73 <0,0001
pi6 0/67 0/73
RMLHI 0/67 0/73
PCDHBI 0/67 0/73
TAF7 0/67 0/73
pélarc 0/67 0/73
SIM2 0/67 0/73

*Fisher’s exact test.

tBoundaries for high methylation and low methylation of PCDHA gene
family were set at 80% of the methylation index,

*Boundaries for high methylation and low methylation of HLF were
set at 10% of the methylation index.

$Boundaries for high methylation and low methylation of CYP26€1
were set at 70% of the methylation index.

IBoundaries for high methylation and low methylation of DKFZ-
PA511127 were set at 20% of the methylation index.

Effects of PCOHE Methylation on Gene Expression and
Chromatin Structure. The CGIs of the PCDHB family were
located in their gene bodies, whose methylation generally does
not block gene transcription (17). The actual effects of
methylation on expression were examined for 16 genes of the
PCDHB family using 10 primary neuroblastomas with low
methylation and five primary neuroblastomas with high methyl-

ation. The methylation was not associated with loss of expression
(a representative result is shown in Fig. 44). The effect of
methylation of the PCDHBI6 CGI on the histone modification
was further examined by chromatin immunoprecipitation assay. It
was found that DNA methylation of the PCDHBI16 CGI did not
induce histone H3 lysine ¢ methylation or histone H3 deacety-
lation (data not shown).

Association between CIMP and Promoter Methylation. High
methylation of PCDHB CGls, a sensitive surrogate marker of CIMP
in neuroblastomas, did not repress gene expression or induce
histone modification. This indicated that CIMP is involved in the
poor prognosis of neuroblastomas by causing methylation of
promoter CGls, although it is known that promoter CGls are
resistant to de novo methylation (18, 19).

Among the five CGI (groups) identified in this study, only that of
DKFZp4511127 was located in a promoter region. Although its
methylation was infrequent, the methylation was cbserved only in
neuroblastomas with CIMP (Table 1), and was associated with
expression loss (Fig. 4B). To make the association clearer,
methylation statuses were analyzed for eight additional CGIs in
promoter regions. It was shown that methylation of promoter CGls
of RASSFIA (3p21) and BLU (3p21) was far more frequently
observed in neuroblastomas with CIMP (Table 1, P < 0.0001). At the
same time, there was a preference for CGls affected by CIMP
among CGls in promoter regions, and also among those outside
promoter regions (Table 2).

Discussion

Extensive methylation of multiple CGls, conforming with the
concept of CIMP, was here found specifically present in
neurcblastomas with a poor prognosis and could be sensitively
detected by focusing on the PCDHB family. PCDHB methylation
did not suppress gene expression or induce histone modification.
However, CIMP was associated with promoter methylation of
RASSFIA and BLU genes and one of the mechanisms underlying
the poor prognosis of neurcblastomas seemed to be silencing of
these and possibly other tumor suppressor genes and genes
important for differentiation.

CIMP was originally identified in colon cancers (16), but there
has been some dispute over its presence (20). The clear
correlation between CIMP and a poor prognosis found here for
neuroblastomas was unequivocal and presumably reflects an
intrinsic tendency for methylation of CGIs. This is because, first,
neuroblastomnas have a much shorter history than colon cancers,
and the accumulated number of methylated CGls in neurcblas-
tomas is expected to parallel the speed of occcurrence of
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Stratified by PCDHB No. cases No. deaths HR* (95% Ci) P’
methylation
Overall High 67 1 221 {5.3-93.4) < 0.0001
(n = 140) Low 73 2 1
N-myc amplification  No High 30 8 12.4 (2.6-58.9) 0.002
(n = 140) Low 72 2 1
Yes High 37 20 NE -
Low 1 0
TrkA overexpression  Yes High 20 18.3 (2.2-152.6} 0.007
{n = 130} Low 49 1 1
No High 40 19 NE
Low 21 0
DNA ploidy Aneuploid High 17 5 18.3 (2.1-156.7) 0.008
(n = 125) Low 49 1 1
Diploid High 38 17 NE
Low 21 0
Clinical stages Stages I, 11, High 8 0 NE —
(n = 140) and IVS Low 52 4]
Stages III High 59 28 7.4 (1.8-31.3) 0.006
and IV Low 21 2 |
Age at diagnosis <1 : High il 3 NE
(n = 140) 21 Low 59 0
High 56 25 45 (1.1-18.9) 0.043
Low 14 2 1
*HR of death for a case with high PCDHE methylation compared with a case with low methylation. NE shows not estimable due to no events in at least
one category.
TSignificance level for a high PCDHE methylation to low methylation using Cox proporitonal model.

methylation. Second, methylation of the PCDHB family did not
affect gene expression, and there should have been no selection
of cells with the PCDHB methylation, in contrast to the case of
promoter methylation of tumor suppressor genes. Investigation
into the mechanism of the intrinsic tendency for methylation of
multiple CGIs is necessary. Furthermore, alleviation of the
intrinsic tendency could block progression of neuroblastomas
and have potential therapeutic value.

Among the six CGl (groups) outside promoter regions
analyzed here, CIMP in neuroblastomas preferentially affected
four CGI {groups); those of the PCDHB family, the PCDHA
family, HLP, and CYP26CI. Unexpectedly, three CGls that are
known to be frequently methylated in human colon cancers with
CIMP, MINT1, MINT2, and MINT17 {16) were not methylated in
neuroblastorna cell lines (data not shown). Among the nine CGls
in promoter regions analyzed, CIMP in neurcblastomas affected
only three, those of RASSFIA, BLU, and DKFZp4511127. The nine
CGIs were selected based upon previous reports as tumor
suppressor genes (RASSFIA, BLU, pl6, and hMLHI; refs. 21-23),
the chromosomal location flanking the PCDHB family (PCDHBI

and TAF7), our previous report on the fidelity in inheriting
methylation patterns (p41Are and SIM2; ref. 19), and the findings
here (DKFZp4511127). Because gene expression and possibly
chromatin structures affect the frequency of de novo methylation
(24, 25), the available data suggest that CGIs useful to sensitively
detect CIMP might vary according to the tumor type.

The influence of CIMP on prognosis was here found to be
comparable to that of the currently most reliable marker, N-myc
amplification, and stronger than IrkA overexpression and DNA
ploidy on univariate analysis. Subgroup analysis showed that the
influence was independent of TrkA overexpression, DNA ploidy and
age at diagnosis and CIMP had influence even in cases without N-
myc amplification and in advanced stages. These points strongly
indicated CIMP to be a promising new prognostic marker.
However, the cutoff values adopted here are tentative, and the
HRs obtained could have been overestimated. A validation study
using independent samples is necessary for further evaluation.
The fact that cases with CIMP contained almost all the cases with
N-myc amplification suggested that a common molecular mecha-
nism caused both alterations, or that CIMP may lead to N-myc
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amplification. Whatever the case, the findings might provide clues
to molecular mechanisms of neuroblastoma development.

In summary, the present study showed that CIMP is present
specifically in neurcblastomas with poor prognosis and that can be
sensitively detected by focusing on PCDHB methylation. CIMP
seems to be a promising new prognostic marker, and its evaluation
and investigations into the mechanisms underlying CIMP in
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Summary

To predict the prognosis of neuroblastoma patients and choose a better therapeutic protocol, we developed a cDNA
microarray carrying 5340 genes obtained from primary neuroblastomas and examined 136 tumor samples. We made a
probabilistic output statistical classifier that provided a high accuracy in prognosis prediction {89% at 5 years) and a
highly reliable method to validate it. Kaplan-Meier analysis indicated that the patients in an intermediate group defined by
existing markers are divided by microarray into two further groups with 5§ year survivais for 36% and 89% of patients (p <
1074, Le., with unfavorably and favorably predicted neuroblastomas, respectively. According to these results, we devel-
oped a gene subset chip for a clinical tool, for which our classifier exhibited 85% prediction accuracy.

Introduction

Neuroblastoma is one of the most common solid tumors in
children and originates from the sympathoadrenat lineage of
the neural crest {Bolande, 1974). lis clinical behaviors are
heterogeneous. The tumor, when developed In infants, fre-
quently regresses spontaneously by inducing differentiation
and/or programmed cell death. When developed in children
over 1 year of age, however, the tumor is often aggressive and
acquires resistance to intensive chemotherapy. Although re-
cent progress in therapeutic strategies against advanced neu-
roblastomna has improved patient survival, long-term outcomes
still remain very poor. Furthermore, part of neuroblastomas cat-
egorized to the intermediate group (stage 3 or 4 tumors that
possess a single copy of the MYCN gene) often recurs after
complete response to initlal therapy., Such differerices in the
final outcomes of the tumor are considered presumably attrib-
utable to differences in genetic and biological abnormalities,
which are reflected in the gene and protein expression profiles
of the tumor.

The prediction of cancer prognosis is one of the most urgent
demands to initiate the treatment of neuroblastoma. As ex-
pected from the natural course of neuroblastoma, patient age
at diagnosis (over or under 1 year of age) is an important prog-
nostic factor (Evans et al., 1971). Disease stage is also a pow-
erful indicator for neuroblastoma prognosis (Brodeur et al.,
1993). Moreover, recent advances in basic research have dis-
covered several molecular markers that are useful in clinical
practice, including amplification of the MYCN oncogene
(Schwab et al., 1983; Brodeur et al., 1984}, DNA ploidy (Loock
et al., 1984; Look et al, 1991), deletion of chromosome 1p
(Brodeur et al., 1988), and TrkA expression (Nakagawara et al.,
1992; Nakagawara et al., 1993), Other indicators also include
teformerase (Hiyama et al., 1995), CD44 (Favrot et al., 1993),
pleiotrophin (Nakagawara et al., 1995), N-cadherin (Shimono et
al., 2000), CDC10 (Nagata et al., 2000), and Fyn (Berwanger et
al., 2002). However, the combinations thereof still frequentty fail
to predict patient outcome. In the post-genome sequence era,
therefore, the advent of new diagnostic tools has been ex-

SIGNIFICANCE

Neuvroblastoma is an enigmatlic fumor with heferogeneous clinical behaviors including maturation, regression, and growth. Despite
recent Improvements in the cure rate of many pediatric tumors, the prognosis of advanced neuroblastoma is still poort. In addition,
it is usually difficult to predict the prognosis of the intermediate risk group in advanced stages without MYCN amplification. Through
our supervised machine learning and highly reliable statisfical validafion procedure with the 5 year prognosis of the patients, we

established a simple, low-cost microarmay system canrying top-ranked genes, which exhibited high accuracy {(88%) to predict the
neuroblastorna prognosis and is highly feasible as a clinical tool.
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pected. Recently, the DNA microarray method, applied to com-
prehensively demonstrate expression profiles of primary neuro-
blastomas and cell lines, has already identified the following:
(1) differences in gene expression between favorable and unfa-
vorable subsets (Yamanaka et al., 2002; Berwanger et al.,
2002); and (2) differences in gene expression that occur during
retinoic acid-induced neuronal differentiation (Ueda, 2001).
However, a study to predict neuroblastoma prognosis with a
microarray using a large number of neuroblastorma samples
has never been reporied. We have recently isolated 5500
genes from the cDNA libraries, which were generated from pri-
mary neuroblastomas, part of which has previously been re-
ported (Ohira et al., 2003a; Ohira et al., 2003h). In this study,
to identify genes strongly associated with neuroblastoma prog-
nosis and to apply them to make a really practical cDNA micro-
array for neuroblastoma diagnosis, we constructed an in-
house, ink-jet-printed ¢cDNA microarray carrying 5340 genes
proper to neuroblastoma and applied it to analyze 136 sam-
ples. After selecting genes significantly related to patient prog-
nosis, we made a mini-chip carrying 200 top-ranked genes {o
apply for the clinic.

There have been many attempts to predict cancer outcome
using microarray. A reliable prediction for outcornes of cancer
patients naturally demands is reproducibility, and it is quite
important to use sound and highly refiable statistical methodol-
ogies; a complete crossvalidation analysis without intraducing
any information leakage and an independent test using new
samples are necessary. As Nizani and loannidis (2003} pointed
out, however, such a careful methodology has often been ig-
nored in most microarray studies. We here developed a super-
vised classification method without any information leakage as

a statistic too! and demonstrated that the probabilistic output |

of the analysis defines the molecular signature of neuro-
blastoma to predict its prognosis. Although the construction of
the statistical tool was based on one of the most reliable statis-
tical tests, we also consulted a validation test for an indepen-
dent experiment examining 50 samples {whose RNAs were
prepared in an independent laboratory) by using the mini-chip.
The high performance for the outcome prediction by the mini-
chip system suggests the high {easibility of developing a clin-
ical tool based on molecular signature.

Results

Neuroblastoma proper cDNA microarray
The whole scheme of our study is summarized in Figure 1. We
first constructed a neurcblastoma proper cDNA micrearray
harboring the spots of 5340 genes on a slide glass by using a
ceramics-based ink-jet printing system (the 5340 genes sys-
tem). This in-house cDNA microarray appeared {o have over-
come the previous problems caused by pin-spotting, e.g., un-
even quantity or shape of individual spots on an array. Ten
micrograms each of the total RNA extracted from 136 frozen
tissues of primary neuroblastomas were labeled with Cy3 dye.
As a common reference, the mixture of the total RNA obtained
from four neuroblastoma ceil lines with a single copy of MYCN
(NBB9, NBLS, SK-N-AS, and SH-SY5Y) was labeled with Cy5
dye.

We first evaluated the quality of our cDNA microarray, the
5340 genes system. The log Cy3/Cyb fluorescence ratio of

each gene spot was normalized to eliminate intensity-depen-
dent biases. Since the 5340 genes array contains 260 dupli-
cated or multiplicated genes, the expression ratio of such a
duplicated gene was represented by the average of multiple
spots, Based on estimation performance for missing values
(see the Supplemental Data available with this article online}
and on reproduction variance of the duplicated genes, the
standard deviation for the log ratio of a single gene was suffi-
ciently small, ranging between about 0.2 and about 0.3 {Figure
S1A). The scatter plots of the log Cy3/Cy5 fluorescence ratio
between duplicated gene spots in the 136 experiments and
those between repeated experiments also indicated high re-
producibility of spofting and experiment (Figures S1B and
S1C). These suggest that the production of and experiments
by our cCNA microarray are highly reproducible.

Supervised classification
To develop a statistical tocl that predicts the prognosis of a
new patient with neuroblastoma, we introduced a supervised
classification. In the development, we used 136 neuroblastomas,
randomly selected tumor samples from the neuroblastoma tis-
sue bank, consisting of 41 stage 1 tumors, 22 stage 2 tumeors,
33 stage 3 turnors, 28 stage 4 tumors, and 12 stage 4s tumors,
The follow-up duration ranged between 3 and 241 months (me-
dian, 56 months, mean, 57.3 months) after diagnosis. The left
panel in Figure 2 compiles summary information of each sam-
ple, including survival time and important prognosis markers
(see Experimentai Procedures for details). Since variations in
follow-up duration generated noises in the supervised classifi-
cation, we used patient outcome (dead or alive) at 5 years after
diagnosis as the target label to be predicted. Since the out-
comes of 40 of 136 samples were unknown at & years after
diagnosis, data for 96 remaining samples were used subse-
quently. When we were interested in short-term outcome pre-
diction, the target label was set at 2 years after diagnosis, for
which purpose 126 samples out of the 136 samples were used.
We constructed the weighted voting as a supervised classi-
fier after important genes were selected according to pairwise
F scores. To estimate the prediction accuracy for new data, we
consulted leave two out (LTO) analysis, which obtains almost
unbiased estimation of prediction accuracy for new data while
avoiding overestimation due to information leakage (Figure
S2A). Although it is known that the prediction accuracy of a
supervised classifier depends on the number of genes 1o be
used (Figure 33), the LTO procedure enables us to optimize it
without introducing information leakage, by using a sample left
out at the outer loop of the double-loop procedure (see Experi-
mental Procedures). The crossvalidation accuracy for the 5
year prognosis prediction was as high as 88.5% (sensitivity of
86.7% and specificity of 88.4%) (Table 1, “Whole cases”). In
the LTO analysis, we selected genes and constructed the cor-
responding classifier individually for the outcome prediction of
each sample. The average number of the selected genes, n,
was 30.7. If we applied the same procedure to the short-term
(2 year) prediction, the accuracy, sensitivity, and specificity
were 89.8%, 88.0%, and 90.2%, respectively {data not showni).

Construction of a probabilistic output
According to the LTO analysis, we can obtain weighted vote
values and the corresponding survival rates. After approximat-
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ing a nonlinear transformation from weighted vote values to the
survival rates, the transformation outputs the reliability of each
sample’s outcome prediction as a probabilistic output, poste-
rior probability. We suppose each posterior probability, a real
number between 0 and 1, corresponds to the expected 5 year
survival rate. The right upper panel of Figure 2 shows the pre-
dictions for the 136 samples as posterior probabilities. Most of
the samples alive at & years afier diagnosis {blue mark) are
found to have posterior values near 1, while most of the dead
samples {red mark} have those near 0. It is known that it is
difficult to predict the prognosis of neuroblastoma patients of
the intermediate risk group (the type Il subset; stage 3 or 4,
without amplification of MYCN), denoted by green area. The
posterior values are likely to take intermediate values near 0.5;
however, their binarization after being separated by threshold
0.5 shows good accordance with the actual outcome. Fre-
quencies of posterior values for alive and dead samples are
shown in the right middle panel. The rate of alive samples
among the whole samples, which denotes the actual survival
rate, is plotted against each posterior value in the right bottom
panel in Figure 2; this panel shows the good cerrespondence
between the posterior value and the survival rate.

Probabilistic outputs are considered to be advantageously
useful as compared with conventional binary outputs when
used in making a clinical assessment and may be considered
identical to them if establishing an appropriate threshold value.
The real-valued posterior can be used for categorization into
arbitrary number of groups. For example, dividing the posterior
values into three by setting thresholds 0.3 and 0.7, we obtain
three groups whose survival curves are significantly different
from each other; this tertiary categorization provides another
definition of intermediate risk group based only on expression
paiterns (Figure S4).

Comparing the survival curves
Figure 3A shows survival curves for favorable and unfavorable
patients predicted by the classifier with a binary threshold (0.5).

The 5 year survival rate for the former (n = 98) was as good as
94%, while that for the latter (n = 38) was as poor as 33% (p <
10-5). When 70 sporadic neuroblastomas were evaluated after
excluding the tumors found by mass screening, the 5 year sur-
vival rate for the former (n = 40) was 85%, while that for the
latter (n = 30) was 20% {p < 107%) (Figure 3B}. To further evalu-
ate the efficiency of our system we calculated the posterior
value for the intermediate subset of neuroblastoma (type i),
whose prognosis is usually difficult to predict. As shown in Fig-
ure 3G, the survival curves were significantly categorized into
two groups. The 5 year survival rate of patients who were pre-
dicted as favorable was 83%, while that for unfavorable pa-
tients was 36% (p = 0.000067). Since the age at diagnosis (>1
year) is currently used as a poor prognostic factor for the type
Il tumors, we examined the ability of the classifier for the older
patients with type II tumors. Even for such patients whose
prognosis is difficult to predict, the survival rate (45%) of all 18
patients was divided solely by gene expression into the group
with favorable prognosis {n = 10; 73%) and that with poor out-
come (n = 8; 13%) (Figure 3D). In addition, if the intermediate
risk group was further separated into stage 3 tumor group and
stage 4 fumor group, the posterior value was significantly re-
lated to the survival, especially for stage 3 tumors (Figure $5).
These results suggest that the posterior value obtained by our
statistical analysis highly efficaciously allows the classification
of patient outcomes, even when the tumor is of the intermedi-
ate type.

We further compared our results to existing prognosis mark-
ers in Table 1 and found that the supervised microarray analy-
sis showed the best sensitivity-specificity balance among the
prognostic factors for predicting the outcome of neuro-
blastoma. When the classifier is combined with the age at diag-
nosis, the disease stage (stage 1, 2, or 4s versus stage 3 or 4)
and the MYCN ampilification, accuracy, sensitivity, and speci-
ficity increased up to 95.8%, 93.3%, and 97.0%, respectively.
Although the currently used markers (age, stage, and MYCN)
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Figure 2. Posterior probability of sunival at 5
years

Posterior probability of survival at 5 years for 134
training data samples, output by the leave two
out (LTO) crossvalidaiion without any informa-
fion leakage. Left panel: Neurcblastoma sam-
ples, A red or blue horizontal ine denotes sur-
vival period after diagnosis for o dead or alive
patient, respectively. Red and blue marks de-
note varicus clinical properties of patients; see
text below the panel for detailed expikanation.
Background colors show groups determined by
stage and MYCN ampification status: red, type
I, with MYCN amplification; green, type I, with
single copy of MYCN at unfavorable stage (3 or
4); and blue, type |, with single copy of MYCN
and at favorable stage (1, 2, or 4s). Right upper
panet: The LTO crossvalidated prediction [pos-
terior) for ecch patient; a red or a blue mark
denctes that the patient is dead or alive at 5
years, respeciively. Right middie ponel: Cuomu-
lative smooth histogram of posterior probabili-
ties for patients of deod {red), alive [blue], and
unknown {white) at 5 years atter diognosis. Right
lower panel: The horizental and vertical axes
dencie the postericr and the empirical prot-

_ ability of 5 yeor survival, i.e., the ratio of the

smooth histogram values between dead and
alive palients, shown in the middie panel,
respectively. Because the border between
decd cnd alive samples is close to the white
broken line {x = y}, the posterior can be re-
garded as a § year survivai chance rate.
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Table 1. Accuracy of each marker for prognosis prediction (5 years after diagnosis}

Whale cases Sporadic cases Intermediate and old age®

n acouracy sensitivity specificity n accuracy n accuracy
Microarray classifier 136 89% 87% 89% 56 B82% 14 B6%
Age (less than 1 year old) 136 B813% 33% BO% 56 71% 14 64%
Stages {1, 2, and 4s) 136 83% 97% 7% 56 84% 14 64%
Shimada classification 62 87% 78% 89% 25 72% (n<10) -

(unfavorable)

Hyperdiploidy {(aneuploidy} 62 72% 67% 73% 27 56% (n<10) -
MYCHN amplification 136 89% B7% 99% 56 80% 14 36%
Microarray + age + stages 136 96% 93% 97% 56 93% 14 BG6%

+ MYCN~

Sensitivity/specificity is the rate of unfavorably/favorably predicted samples, i.e., LTO posterior <0.5/>0.5, among actually unfavorable/favorable samples. Microarray
classifier, supervised classification based on the microarray data. *By this classifier, all patients with the MYCN amplification are predicted as unfavorable, and all
patlents with a single copy of MYCN and at stage 1, 2, or 4s are predicted as favorable. In the remaining intermediate samples (with a single copy of MYCN and at
stage 3 or 4), the patients with age <1 year are predicted as favorable, and the microarray predictions are applied for those with age >1 year,

“Age at diagnosis >1 year.
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Figure 3. Disease-free survival of patients who were stratified based on he
gene expression patterns

For each of the four figures, whole objective patients [green) are divided
inio favorable (blue} or unfavorable (red) based on the posterior volues
with threshold 0.5, which are calculaied from gene expression patterns,
and statisfical features of their survival times are denoted by the Kaplan-
Meier survival curves. The differences of the survival curves between the
favorable {blue] and unfavorable {red) groups are evaluated by p values
of the log rank test.

A and B: Survival analysis of whole and sporadic pclients, respeciively,
divided by the supervised classifier based on microamay data.

C and D: Survival analysis of patients in the intermediate risk group with
different definitions, divided by the supervised classifier. The intermediate
risk group shown in [C} is defined as MYCN singte and stoge 3 or 4 {type
It} and that in {D) is defined as MYCN single, stage 3 or 4, and older than
1 year of age.

also showed good potential to predict generally but less than
the microarray, these exhibited only 64% accuracy of predic-
tion for the type Il tumors with >1 year of age (Table 1). Te-
gether with the results of survival analysis, the microarray clas-
sifier is revealed to be a powerful predictor to classify such
group of neuroblastomas (86% accuracy; Table 1),

Practical application of 200 ¢cDNAs microarray

and independent test

For the practical use in the clinic, a cDNA microarray system
that contains cDNA spots of -a relatively small number and
hence Is easy to treat is expected. According to our gene se-
lection based on the pairwise F score, the numbers of genes
that were appropriate for the 5 year and 2 year prognosis pre-
diction for all available samples were 10 and 70, respectively.
In order for the system to reserve the applicability to short-term
and long-term ocutcome prediction simultaneously, we selected
200 top-ranked genes according to the pairwise F scores in
the 2 year prediction, because the 2 year prediction required
larger variety of genes, and then made a smaller cDNA micro-
array system carrying the 200 genes. The newly designed
microarray system (the mini-chip system) was evaluated by be-
ing hybridized with 5 pg total RNA obtained from 50 indepen-
dent test samples. To preserve the independence of experi-
mental procedure, these RNAs were prepared and hybridized
in a different laboratory from the original experiments of 136
samples with the 5340 genes system (see Experimental Pro-
cedures). Although the weight values in the weighted voting
classifier were determined by the 5340 genes system without
any information leakage from the 50 independent samples, the
result was as good as that obtained by the 5340 ¢cDNA micro-
array analysis (90% [45/50] for 2 year, and 87.8% [43/50] for 5
year prognosis prediction; Figure 4B). This test validated not
only the prediction robustness of our classifier constructed by
the 5340 genes system, but also the construction procedure of
the mini-chip system according to our gene selection based on
pairwise F scores. When we reconstructed another supervised
classifier by applying the LTO analysis to the 50 samples mea-
sured by the mini-chip system, the accuracy of the 5 year pre-
diction was 91.8%-(45/49) (Figure 4C). These results suggest
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