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a Spotted immunogen peptide
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18: anti-Tyr-tubulin -
iB: amtl-Glu-tubulin . .
IB: anti-A2-tubulin

Figure 3 -hTTL has a tyrosination activity in
mammalian cultured cells. (a) Specificity of antibod-
ies. The indicated synthetic peptides were spotted on
the filter and immunoblotted with the polyclonal anti- €
Tyr-tubulin (top), anti-Glu-tubulin (middie), or anti-
A2-tubulin antibody (bottom). (&) Expression of
FLAG-tagged hTTL. Whole-cell Iysates prepared
from COS7 cells transfected with the empty plasmid
or with the expression plasmid for FLAG-tagged
hTTL were subjected to immunoblotting with the
anti-hTTL antibody (top). The expression level of
a-tubulin was examined to ensure equal loading (bot-
tom). (c) The exogenously expressed hTTL has a
catalytic activity. HEK293T cells were transfected
with increasing amounts of the hTTL expression
plasmid. Forty-eight hours after transfection, whole-
cell lysates were prepared and immunoblotted with
the indicated antibodies. The expression level of ac-
tin is included as a loading conirol (bottom).

cells with 1 nM BMP2 or 5 p.M RA induced remarkable morpho-
logic differentiation by day 8. The hTTL protein level was in-
creased after day 2 and peaked on day 6 in the former and on day
3 in the latter. Thereafter, it appeared to be decreased. Thus, hTTL
was induced during induction of neuronal differentiation in NBL
cells.

Expression of hRTTL mRNA in primary neuroblastomas

To evaluate the clinical significance of ATTL, we examined the
expression of ATTL mRNA in 16 favorable (stage 1, high expres-
sion of TrkA and a single copy of MYCN) and 16 unfavorable
{stage 3 or 4, low expression of TrkA and amplification of MYCN)
NBLs using semiquantitative RT-PCR. As shown in Figure 5(a),

Figurg 2 — Genomic structure, alignment of amino acid sequence
and mRNA expression of human T7TL. () Genomic structure of ATTL.
The ATTL gene that is mapped to 2q13 consists of 7 exons. Untrans-
lated regions (open boxes) and coding regions (hatched boxes) are
shown. Numbers indicate nucleotide position in human BAC clene
RPI1-1124 (accession number AC012442). (4} Comparison of amino
acid sequences among mammalian TTLs. The gaps produced by the
alignment are indicated by a hyphen in the sequence. The conserved
amino acid residues in TTLs are shown by asterisks below the align-
ment. {¢) Tissue distribution of A7TL mRNA. The expression levels of
ATTL mRNA in the indicated human tissues were examined by semi-
quantitative RT-PCR (top). GAPDH expression was also examined as
an internal control (bottom).
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1B:anti-Tyrtubulin
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hTTL:

hTTL was preferentially expressed in favorable NBLs. Therefore,
we next performed quantitative real-time RT-PCR to measure the
levels of hTTL transcript in 74 primary NBLs. Table I shows the
quantitative levels of ATTL mRNA expression (mean = SEM) by
age (<< l-year-old vs. = I-year-old), tumor stages (1 + 2 + 4s vs.
3 + 4), TrkA expression (low vs. high), MYCN gene copies (single
vs. amplified), origin (adrenal gland vs. others), mass screening
(tumors found by mass screening vs. sporadic tumors) and prog-
nosis {(alive vs. dead). High levels of hTTL expression were sig-
nificantly associated with favorable stages (p = 0.0069), high TrkA
expression (p = 0.002), a single copy of MYCN (p < 0.00005),
tumors found by mass screening (p = 0.0042), origins other than
adrenal gland (p = 0.0042) and a good prognosis (p = 0.023).
ATTL expression was marginally associated with age. The log-rank
test indicated that ATTL expression was associated with better
survival {(p = 0.026), which was also indicated in the Kaplan-
Meier cumuiative survival curves (Fig. 55).

The univariate Cox regression was employed to examine the
individual relationship of each variable to survival (Table II).
Expression of kTTL, age, MYCN copy numbers and mass screen-
ing were found to be of prognostic importance, supporting the
results of the log-rank test. However, since ATTL expression was
highly associated with MYCN, mass screening and origin, multi-
variable Cox models were not fitted to assess the predictive im-
portance of ATTL expression for survival after controlling these
prognostic factors, suggesting that expression of ATTL was not an
independent prognostic indicator.
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Ficore 4 — TTL is induced during BMP2- and RA-mediated neuroblastoma differentiation. () BMP2- or RA-induced morphologic changes
in RTBMI neuroblastoma cells. RTBM1 cells were treated with BMP2 or RA at a final concentration of 1 nM or 5 pM, respectively, and
maintained for 8 days. (b) Expression levels of hTTL are increased in response to BMP2. At the indicated time points after the treatment with
BMP2 (at a final concentration of 1 nM), whole-cell lysates prepared from RTBMI cells were subjected to immunoblotting with the antibody
against hTTL (top). Actin protein levels were determined as a loading control (bottom). (¢) Induction of hTTL in response to RA. RTBM1 cells
were exposed to RA at a final concentration of 5 pM. Whole-cell lysates were prepared at the indicated time points after the treatment with RA
and subjected to immunoblotting with the anti-hTTL {top) or with antiactin (bottom) antibody. d.u., arbitrary density units.

Immunohistochemistry

To determine the expression pattern of hTTL protein in
primary NBLs, we performed immunohistochemical study for 6
favorable (stage 1 or 2 and a single copy of MYCN) and 4
unfavorable (stage 3 or 4 and amplified MYCN) NBLs. hTTL,
Tyr-tubulin and Glu-tubulin were positively detected both in
the cytoplasm of the neuroblastic cells and in the fine meshwork
of neuropil of all 6 tumors with favorable histology (Shimada’s
clagsification) and a single copy of MYCN (Fig. 6a—c). In
contrast, all 4 tumors with unfavorable histology and MYCN
amplification were negative for Tyr-tubulin and Glu-tubulin,
and only 1 tumor in this subset was positive for hTTL (Fig.
6f~h). Interestingly, all 10 NBL tumors were positive for A2-
tubulin, but whose staining pattern was rather distinct in dif-
ferent subsets of the tumors. In the favorable tumors, A2-
tubulin showed a locatization similar to hTTL, Tyr-tubulin and
Glu-tubulin and was detected in the cytoplasm and in the fine
neuropil {Fig. 6d). On the other hand, AZ-tubulin in the aggres-
sive tumors was found only in the cytoplasm of neuroblastic

cells, since they had no or a very limited capability of neuritic
process production (i.e., neuropil formation; Fig. 6i).

CD56 was detected in all 10 tumors, regardless of the his-
tology and MYCN status (data not shown). TrkA was detected in
all of 6 favorable tumors (Fig. 6¢), but was negative in 3 of 4
aggressive tumors (Fig. 6j). It was noted that one unfavorable
tumor with weakly positive trkA showed positive staining for
TTL. Ki-67 staining revealed 10-20% and 60-70% positive
cells in the favorable and the unfavorable tumors, respectively
(data not shown).

DISCUSSION

In the present study, we have identified human ortholog of
tubulin tyrosine ligase gene, which is highly conserved among the
mammalian species. ATTL mRNA is ubiquitously expressed but
rather preferential in both fetal and adult brains as well as in lung.
The specific antibodies raised against hTTL, Tyr-tubulin, Glu-
tubulin and A2-tubulin have confirmed the catalytic activity of
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FIGURE § -- Expression of AT7L mRNA is associated with unfavor-
able prognosis of neuroblastoma. (@) Total RNA was purified from the
indicated favorable (top) and unfavorable NBL tissues (bottom) and
subjected to semiquantitative RT-PCR. Sixteen favorable cases used in
this study were classified as stage 1 NBL with a single copy MYCN as
well as a high expression of TrkA. Sixteen unfavorable cases were in
stages 3 and 4 NBL with MYCN amplification as well as 2 low TrkA
expression. GAPDH expression was also examined as an internal
control. (b) Association of ATTL mRNA expression levels with favor-
able prognosis of NBL. Total RNA was prepared from 74 NBL tissues,
and ATTL mRNA levels were assayed by quantitative real-time RT-
PCR as described in text. The values of A7TL mRNA were normalized
by GAPDH. The survival of hTTL relatively high-expression group
(n = 37) and ATTL low-expression group {n = 37) was compared
using the Kaplan-Meier procedure.

hTTL encoded by the ATTL gene in the cells. Interestingly, hTTL
is induced during neurite extension in RTBM1 NBL cells treated
with BMP2 or RA, suggesting that hTTL expression is associated
with neuronal differentiation in human NBL. Immunohistochemi-
cally, favorable NBLs are positive for hTTL, Tyr-tubulin, Glu-
tubulin and A2-tubulin, whereas unfavorable tumors with MYCN
amplification are positive only for A2-tubulin, suggesting that
deregulation of tyrosination/detyrosination cycle contributes to
malignant progression of NBL. This hypothesis has been further
supported by a significant decrease of the levels of ATTL expres-
sion in the patients with poor prognosis.

The dynamics of microtubule regulates many cellular functions,
including migration, metility, differentiation, cell division and
cellular cap formation. Though posttranslational modifications of
tubulin and their enzymatic regulation have long been studied, the
precise mechanisms are still largely unknown. It is interesting that
no orthologs of highly conserved mammalian TTL have so far
been reported in Caenorhabditis elegans, Drosophila melano-
gaster and Saccharomyces cerevisiae, suggesting that the tyrosi-
nation/detyrosination cycle of tubulin may be related to evolution
of the cellular functions, including newronal differentiation. In
newborn rats, TTL expression is found in skeletal muscle at high
levels and is developmentally regulated by rapidly decreasing its
. level during early postnatal period.t It is interesting that both
BMP2 and RA, which have increased levels of hTTL expression,

371

TABLE I - RESULTS OF LOG-RANK TESTS FOR CONVENTIONAL
PROGNOSTIC FACTORS AND EXPRESSIGN OF WITL IN 74
PRIMARY NEUROBLASTOMAS

Variuble n HTTL expression’ p-villue

Age (year) 0.1
<1 43 117+ 14
=] 31 7710

Tumor stage 0.0069
1,2, 4s 40 127 £ 14
3,4 34 69+ 9

TrkA expression 0.002
High 36 125 = 17
Low 38 77 x8

MYCN <0.00005
Single 52 123 = 11
Amplified 22 46 =9

Mass screening 0.0042
+ 37 128 * 14
- 37 T2+ 10

Origin 0.0042
Adrenal gland 47 85 x11
Others 27 127 + 16

Prognosis 0.023
Alive 38 113 £ 11

_ Dead I 54 + 11
-"Mean = SEM.

TABLE JI - COX REGRESSION MODELS USING DICHOTOMOUS FACTORS
OF AGE, M¥CN AMPLIFICATION, MASS SCREENING, ORIGIN AND
EXPRESSION OF hITL

Hazard rati
Factor p-value {95% cozgenéini?uerval)
ATTL expression (log) 0.024 0.64 (0.44, 0.94)
Age (> 1 vs. < 1 year) 0.005 5.04 (1.61, 15.8)
MYCN (1 copy vs. > 1 <<0.0005 0.06 (0.017, 0.22)
copy)
Mass screening 0.004 .05 (0.007, 0.38)
(+ vs. =) ;
Origin (adrenal gland 0.31 1.79 (0.58, 5.57)
vs, others)

function as regulators to induce differentiation during neural de-
velopment.

The tyrosination/detyrosination of tubulin may be regulated by
the activities of both TTL and tubulin carboxypeptidase (TCP).
Until now, however, the TCP pene has never been identified in
vertebrates, although biochemnical TCP activity has been reported
to be present in some subcellular fractions.!® Tubulin is also
posttranstationally modified by nitrotyrosination. Eiserich et al.3?
showed that free 3-nitrotyrosine (NG,Tyr) is transported into
mammalian cells and selectively incorporated into the Glu-tubulin
posttranslationally, which is catalyzed by TTL. Cellular injury
such as microtubule disorganization has consequently been in-
duced. Kalisz er al.?? also showed that nitrotyrosine can be incor-
porated into e-tubulin by in vitro assays. Those reports demon-
strated that carboxypeptidase A is incapable of cleaving
nitrotyrosine from the modified c-tubulin. On the other hand, Bisig
et al 34 reported that nitrotyrosinated tubulin is a good substrate of
physiologic TCP, and that it has a similar capability to that of the
tyrosinated tubulin to assemble into microtubules, suggesting that
incorporation of nitrotyrosine is not injurious at least to dividing
cells. Therefore, whether nitrotyrosinated tubulin is harmful or not
is still controversial. Nevertheless, as increased nitrotyrosination is
reported in Alzheimer's disease and amyotrophic lateral sclero-.
sis,33-37 the functional analysis of the role of hTTL and tubulin
tyrosination/detyrosination cycle should be important for under-
standing the pathogenesis of these disease. The treatment of cells
with methylmercury (MeHg) is also reported to induce perturba-
tion of cellular activities associated with the tubulin/microtubule
system by altering the status of tubulin tyrosination in the rat

— 180 —



FIGURE 6 — Immunohistochemical stainings for RTTL (a), Tyr-tubu-
lin (b), Glu-tubulin (c), A2-tubulin (d) and TrkA (e) in an FH&NA
tumor. The tumor {neurcblastoma of poorly differentiated subtype
with a low mitosis-karyorrhexis index, diagnosed at the age of 10
months) is classified into a favorable histology group. All markers are
positive both in the cytoplasm and jn the meshwork of neuropil.
Neuropils are indicated by arrowheads. Immunohistochemical stain-
ings (X400) for hTTL (), Tyr-tubulin {g), Glu-tubulin (%), A2-tubulin
(i) and TrkA (j) in an UH&A tumor. The tumor (neuroblastoma of
undifferentiated subtype with a low mitosis-karyorrhexis index, diag-
nosed at the age of 21 months) is classified into an unfavorable
histology group. Tumor cells lack neuropil formation and are uni-
formly negative for hNTTL, Tyr-tubulin, Glu-tubulin and TrkA. Only
A2-tubulin is detected in the cytoplasm of tumor cells (sece Fig. 4i).
Original magnification, X400.
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brain.8 Therefore, many cellular stresses such as oxidative dam-
age may trigger dysfunction of the tubulin/microtubule cytoskel-
etal system.

Our present study has shown that the decreases in Tyr-tubulin
and Glu-tubulin are associated with relatively low levels of hTTL
expression in unfavorable NBLs, which have lost a potency of
neuronal differentiation and/or apoptosis. They are also correlated
with decreased levels of TrkA, a high-affinity receptor for nerve
growth factor, whose activation induces morphologic differentia-
tion of NBL cells.>® In addition, gradual upregulation of hTTL has
been observed during induction of nevronal differentiation in
RTBMI cells treated with BMP2 or RA. These suggest that the
induction of neuronal differentiation in NBL is accompanied with
the activated tyrosination/detyrosination cycle regulated by in-
creased level of hTTL enzyme, while the cycle is arrested by
downregulation of hTTL in proliferating NBL cells, resulting in
accumulation of A2-tubulin within the cells. Indeed, the expression
levels of hRTTL mRNA and A2-tubulin are significantly correlated
with the prognosis of primary NBLs, This is consistent with the
observation that TTL activity is lost, and conversely A2-tubulin is
upregulated during the tumor cell growth.1® Lafanechere et al.!®
have demonstrated by using mouse TTL null cells both in vitro and
in vivo that mouse TTL activity is strongly decreased during tumor
growth. Mas ef al.'3 have also reported that, using rat TTL dom-
inant negative mutant and an antisense cDNA of rat T7L, suppres-
sion of TTL activity induces 2- to 3-fold faster cell proliferation.
Moreover, in human breast cancers, the accumulation of Glu-
tubulin -and A2-tubulin is correlated with poor prognosis by im-
munchistochemical approach.?® It is noteworthy that our prelimi-
nary data using the microarray hybridized with total RNA obtained
from 136 primary NBLs have shown that the gene with the highest
score to predict prognosis of NBLs is a-tubulin (data not shown).
Thus, the role of microtubule and its component, ee-tubulin, s very
important to define the biology as well as the aggressiveness of
cancer cells.

In conclusion, we have identified a human tubulin tyrosine
ligase gene and demonstrated its tissue distribution and correlation
with neuronal differentiation. Since our data have suggested that

KATO ET AL,

the tyrosination cycle of o-tubulin is activated in differentiating
NBLs but is inactivated in proliferating tumors, the cycle-related
molecules including hTTL could be the targets for developing -
novel therapeutic strategies against advanced stages of NBL.
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Abstract. ING1 has been identified as a novel candidate tumor
suppressor gene using a genetic suppressor element (GSE)
strategy. Ectopic expression of ING! in mammalian cultured
cells causes cell cycle arrest and apoptosis through a p53-
dependent and/or p53-independent pathway. However, there
has been no report on the prognostic significance of the ING!
expression level in human cancers, though the expression of
the wild-type ING! gene is significantly decreased in breast,
lymphoid and gastric cancers as compared with their cor-
responding normal tissues. In order to explore the possible
involvement of INGI in tumorigenesis of neuroblastoma, we
examined the expression levels of ING! mRNA in 32 primary
neuroblastomas by using a quantitative real-time PCR. ING!
mRNA was expressed independently of the disease stages.
However, low levels of INGI mRNA were significantly
associated with a poor prognosis (log-rank test, p=0.017).
* Multivariate analysis showed that the expression level of
INGI was closely related to survival (p=0.020), even after
controlling with age (p=0.008) or stage (p=0.025), while it
was only marginally significant after controlling with TrkA

expression (p=0.063). Mutation analysis revealed that there -

was 1o mutation or deletion of the INGI gene except 1 silent
mutation at codon 188 in primary neuroblastomas examined.
Taken together, our results suggest for the first time that a
decreased level of INGI expression is a novel indicator of
poor prognosis in advanced stages of neuroblastorna, and that
ING1 may play a crucial role in genesis and progression of
neuroblastoma. -

Introduction

Neuroblastoma, which is derived from the sympathoadrenal
lineage of the neural crest, is one of the most common pediatric
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solid tumors (1). Neuroblastoma is an enigmatic tumor and
shows distinct biology in 2 subsets. A subset of tumors in early
stages has favorable prognosis and usually occurs in patients
<1 year of age. They have no amplification of the MYCN onco-
gene and often differentiate and/or regress spontaneously. In
contrast, the other is a subset of tumors in the advanced
stages with poor prognosis, which usually possesses MYCN-
amplification and allelic loss in the distal region of the short
arm of chromosome 1. However, there is an intermediate type
of neuroblastoma which displays advanced phenotypes but
has ne MYCN amplification (2). From the clinical point of view,
the latter type of neuroblastoma is the most problematic, and
it is quite difficult to decide which therapeutic strategy should
be chosen.

INGI has been identified as a novel candidate tumor sup-
pressor gene by using a novel strategy, which combines a

subtractive hybridization and in vive selection system (genetic

suppressor elements method, GSE) (3.,4). The ING! gene
encodes a nuclear protein with 2 molecular mass of 33 kDa,
which exhibits no significant homology with known proteins
filed in the.public databases. According to the-rec¢ent reports,:
there exist at least 3 INGJ variants arising from alternative
splicing of mMRNA (5,6). It has been mapped to human chromo-

“some 13q33-q34, the region of which is known to be involved

in the progression of various cancers (7-10). Expression of
ING1 is regulated in a cell cycle-dependent manner, reaching
a maximal level during the S-phase (11-13). Ectopic expression
of INGI in certain mammalian cultured cells results in a cell
cycle arrest at the GO/G1 phase, suggesting that INGI1 acts as
a potent growth regulator (4). Furthermore, the physical and
functional interaction of ING1 with tumor suppressor p53 has

- been reported and this could be one of the key mechanisms of

the p53-mediated growth regulation (14). In addition, mutation
of INGI which generates a truncated protein has been found
in one of the neuroblastoma cell lines (4), suggesting that ING1
might be involved in genesis and/or progression of neuro-

"blastoma.

“To confirm this possibility, we performed mutation analysis
of the INGI gené and also examined the expression levels of
INGI mRNA in 32 primary neuroblastoma tissues. Although
we did not detect any mutations or deletions, we found a
significant decrease in the expression levels of INGI mRNA
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in neuroblastoma tissues derived from patients who died of the
disease. Thus, our present study suggests that the decreased
level of ING! expression is a novel indicator of poor
prognosis in advanced neuroblastoma.

Materials and methods
Patients and tumor tissues. Among 32 samples, 11 cases were

identified by a mass screening program for neuroblastoma that
began in 1985 in Japan. Eight tumors were obtained from

patients treated at the Pediatric Oncology Group Institutions -

or other institutions in the United States. All tumors were
diagnosed by histologic assessment. These consisted of 4
ganglioneuroblastomas and 28 neuroblastomas, all of which
were considered neuroblastomas in these analyses. Staging was
performed according to the staging system described by Evans
et al (15), and identified 9 stage I, 4 stage II, 7 stage III, 5 stage
IV and 7 stage IVs. All of the patients were treated according
to previously described protocols (16-20). Despite differences
between the protocols for the Japanese patients and those for
the patients treated by the Pediatric Oncology Group, drugs
and their doses were similar and the stage-specific survival
rates obtained by these 2 groups did not differ significantly
(data not shown). The median follow-up period after diagnosis
was 26 months (range, 7-63). None of the patients underwent
bone marrow transplantation.

Southern hybridization. The MYCN gene amplification was
examined by Southern analysis. High molecular weight
genomic DNA prepared from frozen neuroblastoma tissues
was digested completely with EcoRI, separated by 1%
agarose gel electrophoresis and transferred onto a nylon
membrane filter. The filter was fixed by UV irradiation and
hybridized at 42°C in a sclution containing 6X SSC, 5x
Denhardt's solution, 0.5% SDS and #P-labeled MYCN DNA.
After hybridization, the filter was washed extensively at 50°C
in 0.1X $8C containing 0.1% sarcosine and exposed to X-ray
film with an intensifying screen at -70°C. The MYCN copy
number was determined as described previously (21).

Northern blot analysis. Total RNA was extracted from 0.5-
1.0 g of frozen neuroblastoma tissues using a standard
guanidine thiocyanate extraction procedure (22). Total RNA
{20 ug) was electrophoresed in 1% agarose gel under
denaturing conditions and transferred by capillary onto nylon
membrane filters. Hybridization was conducted at 42°C under
the standard conditions in 6X SSC, 5X Denhardt's solution,
0.5% SDS and a radio-labeled cDNA probe for TrkA and p53.
After hybridization, filters were washed at room temperature
in 2X 88C/0.1% sarcosine followed by 2 washes at 50°C in
0.1X SSC containing 0.1% sarcosine and then exposed to X-
ray film with an intensifying screen at -70°C. To normalize
the expression level of genes of interest, filters were stripped of
probes and rehybridized with a radio-labeled cDNA encoding
B-actin. The intensity of each specific band was measured by
a densitometric scanning, and the expression level of each
gene was expressed as arbitrary density units. The distinction
between high and low level of TRK-A expression was based
on the value of the histogram that gave the best natural
separation {23).

TAKAHASHI ¢t af: ING! IS A MARKER OF POOR PROGNOSIS IN NEUROBLASTOMA

Quantitative RT-PCR analysis. The expression level of ING]
was measured by a real-time RT-PCR method (24). Total RINA
{2 ng) was converted to first-strand ¢cDNA using Superscript I
reverse transcriptase (Life Technologies, Rockville, MD, US A).
The PCR amplification was performed with the following
primers: ING! sense (725F) (5-AGATGATCGGCTGCGAC
AA-3) and antisense (1038R) (5'-TCCCTATGAAAGGA
ATGGTTCC-3"). The probe oligonucieotide (952T) (5'-
TACATTGCCTTTGTTGAGGTGCAT-3") which hybridizes
with the target sequences of the PCR products, was labeled
with a reporter fluorescent dye (FAM, 6-carboxy-fluorescein)
and a quencher fluorescent dye (TAMRA, 6-carboxytetra-
methyl-rhodamine) at its 5'- and 3'-end, respectively. PCR
was carried out in a 25 Ul reaction mixture containing 0.2 14M
of each primer, 0.3 mM dATP, 0.3 mM dGTP, 0.3 mM dCTP,
0.6 mM dUTP instead of dTTP, 4 mM Mn(OAc),, IX
TagMan EZ Buffer A, 0.25 units of AmpErase uracil N-
glycosylase, 0.625 units of AmpliTaq Gold and 0.1 pM probe
oligonucleotide. Reaction mixtures were pre-incubated at
50°C for 2 min, 95°C for 5 min and then subjected to 40
cycles of 95°C for 20 sec and 62°C for 1 min using ABI
Prism 7700 Sequence Detector (PE Applied Biosystems).
During the PCR amplification, the fluorescent-labeled probe
was hydrolyzed by the activity of AmpliTaq Gold and the
reporter dye was released from the probe oligonucleotide.
The resulting increase in the reporter fluorescent emission
was monitored in real-time. The expression level of ING/
was normalized to that of S-actin which was detected by the
same real-time RT-PCR method.

RT-PCR SSCP analysis and DNA sequencing. For the detection
of INGI mutation, we designed 4 primer sets which cover the
entire coding region of human ING/. the reaction mixture
contained 1 pl of the cDNA synthesized, 1 uM of each primer,
200 oM dNTPs, 1X reaction buffer, 0.15 units DNA poly-
merase (Expand High Fidelity PCR system} and [a-22P]dCTP.
PCR was performed as follows: pre-heating at 96°C for 3
min followed by 35 cycles of 96°C for 30 sec, 56°C for 30 sec
and 72°C for 30 sec with final extension at 72°C for 5 min.
PCR products were mixed with 1/10 volume of a loading
buffer containing 95% formamide, 20 mM EDTA, 0.05%
bromophenol blue and 0.05% xylene cyanol, denatured at
98°C for 5 min, and quenched on ice. Electrophoresis was
carried out on 5% polyacrylamide gel with 5% glycerol at
room temperature at 200 V for 15 h. After electrophoresis, the

- gel was dried and exposed to X-ray film with an intensifying

screen at -70°C.

To determine nucleotide sequences of PCR products, they
were purified by the GenElute Agarose Spin Column {Supelco,
Bellefonte, PA, USA), subcloned into pGEM-T Easy Vector
(Promega, Madison, WI, USA), and sequenced by the dideoxy
chain termination method using the ABI Prism 377 DNA
sequencer (Perkin-Elmer, Foster City, CA, USA).

Statistical analysis. A possible association between the ING!
expression level and all prognostic factors was investigated
using the Mann-Whitney U test. Pearson correlation with
Bonferroni-adjusted significance levels were calculated
between expression levels of all genes examined. Since the
values of mRINA expression were skewed, a log or Box-cox
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Figure 1. Expression of /NG/ mRNA in primary neuroblastomas. Totaf RNA
was prepared from the indicated primary neuroblastoma tissues, and subjected
to a quntitative feal-time RT-PCR analysis as described under Materials and
methods. The ratios of INGI mRNA levels to S-actin mRNA levels were
quantified and ate indicated as 2 fold change on the y axis. Nine in stage I, 4
in stage II, 7 in stage I, 5 in stage IV and 7 in stage IV, (0), alive; (»), dead
with single copy of MYCN, (a), dead with MYCN amplification.

transformation was used to achieve the normality when
calculating correlation coefficients. Comparisons between 2
clinical or biological variables were carried out using the x2
analysis. The Kaplan-Meier life table analysis was applied to
compare individual variables and survival, and different
survival curves were compared using the log-rank test. Cox
regression models were used to explore the association between
the expression of INGI and age, tumor stage, MYCN, TRK-A
or survival. We considered p>0.05 to be significant.
Statistical analyses were performed using the StatView version
4.5 (Abacus Concept Inc. Berkeley, CA, USA) and Stata
version 6.0. (Stata Corporation, TX, USA).

Results

Mutation analysis of ING! gene in human neuroblastoma.
Recently, it has been reported that one of the human neuro-
blastoma cells, SK-N-SI, carries a mutation of the ING1 gene,
which generates a truncated form of INGI (4). To search for
mutation of the INGI gene in 32 primary neuroblastoma
tissues, we performed RT-PCR-single strand conformation
polymorphism (SSCP) analysis, followed by subsequent DNA
sequencing according to the procedure as described previously
(25,26). Among 32 samples examined, the PCR product
amplified from ! case of neuroblastoma in stage I displayed an
aberrantly migrating band, however, DNA sequencing analysis
revealed that this aberrant band reflected a silent mutation at
codon 188 [Ser188Ser (TCG-TCA}] (data not shown).

Down-regulation of ING1 mRNA is associated with
unfavorable prognosis of neuroblastoma. We then examined

813

Table I. The results of log-rank tests for conventional
prognostic factors and expression of INGI and p53 in 32
primary neuroblastomas.

Variable Number Number Numberof p-value
of of expected
subjects deaths (%}  deaths
ING1 expression - 017
Low 16 6 (37.5) 2.96
High 16 1 (6.3) 4.04
P33 expression 250
Not expressed 7 2 (28.6) 0.98
Expressed 22 3(13.6) 4.02
Age .001
<1 year 19 1 5.3 493
>1 year i2 6(50.0) 2.07
Origin 077
Adrenal gland 24 T (100) 4.89
Others 8 U ()] 2.11
Disease stage 044
I+II+IVs 20 2 (10.0} 4.53
OV 12 5L 2.47
MYCN copy <.0001
number
Amplified 4 4 (100) 039
Single copy 28 3107 6.61
Trk-A expression ‘ 0032
Low 6 3(50.0) 0.78
High 24 2 (83 428

ING! expression levels in primary neuroblastomas because
epigenetic regulation of the tumor suppressor genes are
involved in the genesis and/or progression of many human
cancers (27). Since the expression levels of INGI mRNA were
below tle detectable levels by Northern blot hybridization, we
performed a quantitative real-time RT-PCR (24) to measure its
expression levels in 32 neuroblastoma tissues. The threshold
cycle number value (Cyp), indicating the relative levels of ING{
mRNA (after normalization to that of S-actin mRNA) was in
the range of 0-250 (median value, 64). As shown in Fig. 1,
there were no statistically significant differences in expression
levels of ING! mRNA among the disease stages (mean +
SEM; stage I, 7927, n=9; stage II, 126+59, n=4; stage IVs,
67424, n=7; stage III, 110£17, n=7; stage IV, 70433, n=5;
p>0.05). Note that INGI expression levels were significantly
decreased in the tumors obtained from the patients who died
of the disease (mean * SEM; 3648, n=7) as compared with
those patients who were alive (101115, n=25) (Mann-Whitney
U test, p=0.043). Then, the patients were divided into 2
groups according to the median value of ING! mRNA
expression in the tumor. The log-rank test showed that the
prognosis of the patients with decreased expression of ING1
was significantly poor (p=0.017) (Table I and Fig. 2).

The expression of P53 was not correlated with the prognosis
of neuroblastoma. Since INGI has been shown to modulate
the function of p53 through the physical interaction with p353
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Figure 2. INGI mRNA expression and survival curves calculated by the
Kaplan-Meier method. Kaplan-Meier life table analysis was used to compare
the individual variables and survival, and different survival curves were
compared using the log-rank test. Statistical analyses were performed using
the StatView viersion 4.5 and Stata version 6.0. (—), A group of patients with
high levels of INGI expression; (- » — +-), a group of patients with low levels
of NG expression.

Table I1. Cox regression models using dichotomous factors of
age, disease stage, MYCN amplification and expression of
Trk-A and ING 1.

Factor n p-value HR (95% CI)
Age (2] vs. <l year) 31 013  146(1.75-121)
Stage (III+IV vs. I+[1+IVs) 32 069 4.6 (0.89-23.6)
MYCN ampl. (>1 vs. L copy) 32 <.0005 55.8(6.01-518)
Trk-A exp. (low vs. high) 30 .0l6 94(1.53-57.8)
ING/ exp. (low vs. high) 32 046 9.0(1.04-77.2)
ING! exp. (low vs. high) 31 022 27.1(1.61-455)
Age (=1 vs. <l year) 008  24.3 (2.32-255)
ING1 exp. (low vs. high) 32 .023 157 (1.47-167)
Stage (III+1V vs. +II+IVs) 025 7.7(1.30-452)
INGI exp. (low vs. high)™ <30 063 ~12.9(0.87-190)
Trk-A exp. (Jow vs. high) 017 173 (1.68-179)

All variables with 2 categories; HR, hazard ratio shows the relative
risk of death of first category relative to the second; CI, confidence
interval.

(14}, we also examined the expression levels of p53 in the .
" . design a new therapeutic strategy against aggressive neuro-

same neuroblastoma tissues by Northern blot hybridization.
The expression of S-actin mRNA served as an interpal control,
and the patients were divided inte 2 groups with detectable
(high) and undetectable (low) expression of p53. As shown in
Table I, p53 expression was not significantly associated with

the prognosis of neuroblastoma (p=0.25). These results suggest.

that the decreased expression of ING/ but not of p53 is
correfated with the unfavorable prognosis of neuroblastoma.

- ING! expression is an independent prognostic indicator for
neuroblastoma. We then performed a multivariate analysis of
the prognostic factors for neuroblastoma including INGI
expression. As shown in Table II, the predictive importance

TAKAHASHI et al: ING! TS A MARKER OF POOR PROGNOSIS [N NEUROBLASTOMA

of ING] expression for survival was demonstrated after
controlling patient's age (p=0.022} and disease stage (p=0.023),
whereas INGI expression was marginally significant (p=0.063)
after controlling TrkA expression. This implied that ING]
expression may be a prognostic indicator which is independent
on age and stage, but that it may be weakly associated with
TrkA expression in predicting the prognosis of neuroblastoma.

Discussion

In the present study, we have searched for mutations of the
INGI gene, and examined the expression levels of ING]
mRNA in 32 primary neuroblastoma tissues. Although we
did not detect any mutations with amino acid substitutions,
we found that the expression levels of INGI mRNA were
significantly reduced in unfavorable neuroblastoma, and this
marked down-regulation was associated with the poor
prognosis of neuroblastoma. Qur present results represent an
initial step toward understanding the biological significance
of INGJ in neuroblastoma.

Recently, it has been shown that ING1 has an ability to
promote cell cycle arrest and apoptosis in certain mammalian
cultured cells (14,28). Garkavtsev er al found a truncated form
of INGI protein in neuroblastoma cell lines, which might be
generated by a structural rearrangement or a deletion that
occurred within the ING/ gene (4). It remains unknown
whether the truncated ING1 protein retains the ability to
inhibit cell cycle progression, and whether there exists a loss
of function mutations of ING! in primary neuroblastoma, it
is likely that INGI might act as a candidate tumor suppressor
for neuroblastoma. Consistent with the recent reports showing
that NG/ is rarely mutated in human malignancies (5,29-31),
our mutation analysis indicated that ING! is infrequently
mutated in primary neuroblastomas and thus it might not
function as a tumor suppressor in the classic manner (32). Note
that our quantitative real-time RT-PCR analysis revealed that
the expression levels of ING] mRNA were reduced in
unfavorable neuroblastomas, and that this down-regulation was
significantly correlated with the poor prognosis of neuro-
blastoma. Although the nimber of tumor samples used in this
study was relatively small, the statistical significance of the
traditional prognostic factors including patient's age (p=0.001),
disease stage (p= 0.044), MYCN amplification (p<0.0001) and -
TrkA expression (p=0.0032} were in good agreement with those
reproducibly documented (15,33,34). Thus, our present results
suggest that INGJ expression is a novel prognostic indicator
for.neuroblastomas especially in advanced stages. In order to

blastoma, it will be necessary to clarify the molecular
mechanisms of this transcriptional down-regulation of the INGI
gene in unfavorable neuroblastoma, .

There is considerable evidence that the p53 pathway is
not exclusively responsible for the genesis and/or progression
of neuroblastoma. For example, p53 is infrequently mutated
in primary neuroblastomas, and wild-type p53 is localized
largely in cytoplasm of primary tumors as well as neuro-

‘blastoma-derived cell lines (35-39). In addition, our present

study indicated that the expression levels of p53 mRNA is
not associated with the prognosis of neuroblastoma. On the
other hand, it has been shown that p53 plays an important
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role in inducing neuronal cell death of sympathetic neurons,
from which neuroblastoma originates (40). Recently, Nakagawa
et al reported that during cisplatin-mediated cell death in
neuroblastoma-derived SH-SY3Y cells, endogencus p53
accumulated at a protein level, suggesting that the pS3 pathway
is closely involved in DNA damage-induced neuroblastoma
cell death (41). Previous studies have demonstrated that
INGI! physically interacts with p53, and thereby acts as a
cofactor of p533 to enhance its ability to transactivate
downstream target genes as well as to inhibit cell cycle
progression (14,42). Tt is likely that the reduced expression of
INGI could down-regulate the pro-apoptotic function of p53
and thereby promote neuroblastoma cell growth. To confirm
this possibility, further studies are necessary.
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Expression profiling and differential screening between hepatoblastomas
and the corresponding normal livers: identification of high expression of the
PLKI oncogene as a poor-prognostic indicator of hepatoblastomas
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Hepatoblastoma is one of the most common malignant
liver tumors in young children. Recent evidences have
suggested that the abnormalities in Wnt signaling path-
way, as seen in frequent mutation of the p-catenin gene,
may play a role in the genesis of hepatoblastoma.
However, the precise mechanism to cause the tumor has
been elusive. To identify novel hepatoblastoma-related
genes for unveiling the molecalar mechanism of the
tumorigenesis, a large-scale cloning of ¢DNAs and
differential screening of their expression between hepato-
blastomas and the corresponding norma! livers were
performed. We constructed four full-length-enriched
¢DNA libraries using an oligo-capping method from the
primary tissues which included two hepatoblastomas with
high levels of alpha-fetoprotein (AFP), a hepatoblastoma
without production of AFP, and a normal liver tissue
corresponded to the tumor. Among the 10431 cDNAs
randomly picked up and successfully sequenced, 847
{8.1%) were the genes with unknown function, Of interest,
the expression profile among the two subsets of hepato-
blastoma and a normal liver was extremely different. A
semiquantitative RT-PCR analysis showed that 86 out of
1188 genes tested were differentially expressed between
hepatoblastomas and the corresponding normal livers, but
that only 11 of those were expressed at high levels in the
tumors. Notably, PLKI oncogene was expressed at very
high levels in hepatoblastomas as compared to the normal
infant’s livers. Quantitative real-time RT-PCR analysis
for the PLKI mRNA levels in 74 primary hepatoblasto-
mas and 29 corresponding nontumorous livers indicated
that the patients with hepatoblastoma with high expres-
sion of PLK! represented significantly poorer outcome
than those with its low expression (5-year survival rate:
55.9 vs 87.0%, respectively, p =0.042), suggesting that
the level of PLKT expression is a novel marker to predict
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the prognosis of hepatoblastoma. Thus, the differentially
expressed genes we have identified may become a useful
tool to develop mew diagnostic as well as therapeutic
strategies of hepatoblastoma.
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Introduction

Hepatoblastoma (HBL) is the most common hepatic
cancer in children (Exelby et al., 1975; Weinberg and
Finegold, 1983). However, the etiology of HBL has been
unclear in contrast to the adult hepatocellular carcino-
ma (HCC), in which preceding infection of hepatitis
virus is often found (Buendia, 1992; Idilman ef al,
1998}. Although most HBLs are sporadic, it is some-
times associated with certain hereditary diseases such as
Beckwith—-Wiedemann syndrome (Albrecht et al., 1994)
and familial adenomatous polyposis (Li et al., 1987;
Giardiello ef al., 1996; Kinzler and Vogelstein, 1996). In
the former, loss of heterozygosity of chromosome
I1pl5.5 is frequently observed, and the abnormal
regulation of the insulin-like growth factor 2 (IGF2)
and the HI19 genes at this locus may contribute to the
disease (Albrecht et al., 1994; Montagna et al., 1994; Li
et al., 1995; Rainier et al, 1995; Yun et al., 1998;
Fukuzawa et al., 1999). In the latter, the APC gene,
which is one of the key molecules in Wnt signaling, was
found to be constitutively mutated (Kinzler and
Vogelstein, 1996).

Increasing evidence suggests that Wnt signaling
pathway also plays an important role in the genesis of
sporadic hepatoblastomas. A high frequency (more than
60% in some reports) of somatic mutations in the -
catenin gene has recently been reported in sporadic
tumors (Koch et al., 1999; Wei et al., 2000; Takayasu
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et al., 2001; Buendia, 2002). Mutant S-catenin proteins  using full-length-enriched oligo-capping cDNA Ii-
accumulate in the nucleus, resulting in stimulating  braries. In the present study, we have identified 86
transcription of the target genes such as c-myc and  genes differentially expressed between HBLs and their
cyclin DI (Morin ef al., 1997; Polakis, 1999). Mutation  corresponding normal livers. One of such genes, PLKI,
in the Axin gene, whose product is an antagonist of  showed a significantly high expression in the formers as
nuclear accumulation of f-catenin, has also been found  compared with the latters, and its high expression was
in HBL and may contribute to the pathogenesis of the  significantly associated with poor prognosis of HBLs.
tumors without S-catenin mutation (Taniguchi et al,
2002; Miao ef al, 2003). However, the molecular
mechanism underlying the pathogenesis of HBL is still R

esults

largely unknown.

Recent progress in therapeutic strategies including , . .
intensive chemotherapy andp liver transplantation im- Expression profiles of primary HBLs and a normal liver
proved the outcome of the patients with HBL. However,  To obtain the genes expressed in primary HBLs and
the prognosis of a significant fraction of the tumors still  normal infant’s liver, we constructed oligo-capping
remains poor. The clinical markers currently used for  c¢cDNA lbraries from two primary HBLs with increased
HBL include staging, which is a major instrument for ~ AFP secretion (HMFT, HYST), a primary HBL with-
assessing prognosis (Hata, 1990), serum alpha-fetopro-  out AFP secretion (HKMT), and a corresponding
tein (AFP) (Mann et al., 1978), mitotic activity (Haas normal liver (HMFN). After cloning 3006 ¢cDNAs from
et al., 1989}, DNA ploidy (Hata e: al., 1991), nuclear each of the four cDNA libraries, 2289, 2837, 2537, and
localization of pS-catenin (Park et af, 2001), p53 2768 clones from the libraries of HMFT, HYST,
mutation {(Oda et al., 1995), and chromosomal aitera- HKMT, and HMFN, respectively, were successfully
tion (Weber et af,, 2000). Serum AFP level is used asa  end-sequenced. Homology search against the public
diagnostic marker to monitor the tumor progression,  databases of those 10431 clones by BLAST program
responsiveness to the therapy, and recurrence after the  revealed that 847 clones {8.1%) in total contained novel
treatment, Extremely high levels of serum AFP are  sequences which had not been annotated (Table 1}.
reported to be associated with aggressiveness of the To elucidate the gene expression pattern in each
tumors with unfavorable outcome (van Tornout ez al,  c¢DNA library, we compared expression profile of the
1997}, except some reports showing that there is no  known genes that appeared in three different kinds of
significant relationship between initial serum AFP levels  libraries, a HBL with positive AFP (HMFT), a HBL
and prognosis of the patients with HBL (Ortega ef al.,  with negative AFP (HKMT), and an infant’s liver
1991; von Schweinitz et al., 1994). Moreover, the tumor (HMFN) (Table 2). BodyMap (Okubo et al., 1992) and
with low levels of serum AFP often grows rapidly and is  a serial analysis of gene expression (SAGE) (Velculescu
often reluctant to chemotherapy (von Schweinitz et al.,  er al., 2000) are very good methods to quickly provide
1995). The other genetic markers including DNA ploidy,  quantification of the levels of all mRNAs in cértain
chromosomal aberration, and p53 mutation are not so  tissues and cell types by high throughput end-sequencing
powerful clinical indicators. Even the nuclear localiza-  of ¢cDNA clones. In this study, we applied the former
tion of f-catenin and/or mutation of the f-catenin gene  method by counting ¢cDNA clones to show each
appear to lose their impact as a prognostic factor when  expression profile of HBL tumors or a non-tumorous
combined with the grade of histological differentiation  tissue. Although each library consists of 3000 clones,
because of its close correlation with the latter (Takayasu  which may be a rather small number, the frequency of
et al., 2001). Therefore, we may need to find novel  each cDNA appearance provides a hint to understand
markers to predict the patient’s outcome in a compre-  each tissue’s genetic background.
hensive way. . Overall, the most frequently appeared gene was

To understand the molecular mechanism of the  albumin as expected, which was extremely low in the
genesis and progression of HBL, as well as to develop tumor with negative AFP. Genes involved in cellular
a novel diagnostic and therapeutic system for the tumor,  structure and/or maintenance, glucose and lipid meta-
we have randomly cloned 10431 cDNAs expressed in  bolisms, and a part of protein synthesis and its transport
primary HBL tissues and a normal infant’s liver by  were frequently found in the normal liver library. On the
Table 1 Summary of the number of genes cloned from the cDNA libraries of hepatoblastomas and a normal infant liver of hepatoblastomas
Oliga-capping cDNA library No. of the clones No. of the genes No. of the

stccessfully genes with
end-sequenced unknown function
Hepatoblastomas with positive AFP 6000 5126 323 (6.3%)
Hepatoblastoma with negative AFP | 3000 2537 262 (10.3%)
Infant’s liver 3000 2768 262 (9.5%)
Total 12000 10431 847 (8.1%)
Om:ogéne
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Table 2 Comparison of the known genes frequently appeared in hepatoblastomas with or without secretion of AFP and a non-tumorous infant’s
liver

No. of appearance of the genes

Gene symbol Ace. no. Gene name HBL with  Normal  HBL with
positive infant’s negative

AFP liver AFP
Total number of genes 2289 2768 2537
Protein synthesis, metabolism, transport
ALB NM_000477  Albumin 558 482 )
AFP NM_001134 Alpha-feto protein 67 0 0
AGT NM_000029 Angiotensinogen 43 16 0
EEFI1Al X03558 Eukaryotic translation efongation factor 1 alpha | 35 20 87
RPL27A NM_000990 608 ribosomal protein L27a 31 4 52
FTL M11147 Ferritin 24 11 3
FGA NM_021871 Fibrinogen, A alpha polypeptide 20 38 2
HP K01763 Haptoglobin 19 6 1
ORM1 X02544 Orosomucoid-1 12 8 0
RPS27 NM_001030 Ribosomal protein $27 1 4 31
F2 J00307 Coagulation factor 2 1t 26 0
TF NM_001063 Transferrin 8 6 0
PAH U49897 Phenylalanine hydroxylase & 6 0
PLG NM_000301 Plasminogen 5 E; 0
SERPINAL X01683 Serine proteinase inhibitor, clade A, member | 5 6 0
GC NM_000583 Group-specific component 4 2] 1
RPS29 NM_001032 Ribosomal protein 529 3 1 0
CTSB NM_147783 Cathepsin B 2 5 3
SERPING1 BC011171 Serine proteinase inhibitor, clade G, menber 1 2 33 0
CRP X56692 C-reactive protein 1 8 0
ITIH2 NM_002216 Inter-alpha (globulin} inhibitor, H2 polypeptide 0 25 0
Growth factor
MST1 ' M74178 Macrophage stimulating 1 8 16 t]
Cell signaling
WIF] NM_00719]1 Wnt inhibitory factor 1 0 0 11
DKK1 NM_012242  Dickkopf Q Q 7
Cell structure, adhesion
VTN NM_000638 Vitronectin 7 30 0
ACTB BC0I3380 Actin 6 17 6
LRG AF403428 Leucine-rich alpha-2-glycoprotein 6 11 0
VIM NM_003380 Virentin 0 3 38
Cell cycle
RBM4 NM_002896 RNA binding motif protein 2 0 21
RAP|B NM_015646 RAPIB : 0 0 1
Crganism defense
BF 115702 B-factor, properdin 5 13 0
GPX1 NM_000581 Glutathione peroxidase 4 0 0
CiR NM_001733 Complement component 1 1 21 1
Glycometabolism
LDHA NM_005566 Lactate dehydrogenase 19 28 7
ADHIB AF15382] Alcohol dehydrogenase 5 29 i
CEs! L07764 Carboxylesterase 9 22 2
ALDHIA] NM_00068% Aldehyde dehydrogenase 2 13 2
Lipid metabolism
EPHX1 NM_000120 Epoxide hydrolase | 7 12 0
APOA2 NM_001643  Apolipoprotein A-11 6 2 0
ADFP BC005127 Adipose differentiation-related protein 5 14 1
Heat shock protein, metabolic enzyme
UGT2B4 Y00317 UDP-glucuronosyltransferase 11 12 2
HSPAS NM_006597 Heat shock 70kDa protein 1 6 1
Unknown, others
ATP5A1 NM_004046 ATP synthase 18 1t 23
SEPP| NM_005410  Selenoprotein P 7 10 2

Oncogens
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Table 2 (continued)
No. of appearance of the genes
Gene symbol Ace. no. - (Fene name HBL with  Normal  HBL with
positive infant's negative
AFP liver AFP
CYP3A4 M18907 P450 6 81 3
AHSG M16961 Alpha-2-HS-glycoprotein 6 2
TPT} X16064 Translationally controlled tumor protein 6 0 3
CYP2Co M61855 P4502C9 1 10 1
other hand, genes involved in protein synthesis such as a Hepatoblastonas with Hepatoblastomas with
elongation factors and ribosomal proteins were ob- _ wild type S-catenin geno mutant 8-catenin gene
served more frequently in HBLs than in normal liver. Casel4 Case67 Case78 Case8l Cascl0CaseS8 Case77Case8s
The expression profile in the library of the tumor NTNTNTNTNTNTNTNT
without AFP secretion was very different from that with CRP UNSUELNER TIENIEN
positive AFP (HMFT vs HKMT). As expected, AFP ' _
gene did not appear in the HKMT library. Intriguingly, 4ALDOB P NN
Whe Inhibitory factor-1 and dickkopf, both of which are
inhibitors of Wnt signaling (Hsich ¢f al., 1999; Wang ~ ¢¢  CEETICEE LRLIEEETY
et al., 2000), frequently appeared in the HKMT library.
In addition, vimentin, RNA-binding motif protein, and
RAPIB also frequently appeared in the HKMT library,
but hardly in the HMFT library with AFP secretion.
Thus, HBL with positive AFP and that with negative
AFP seem to have a distinct gene expression profile,
resulting in different biological characteristics.
Identification of the differentially expressed genes b
berween HBLs and normal livers
To identify differentially expressed genes between HBLs
and their corresponding normal livers, 1188 independent
genes which included all of the 847 genes with unknown
function and 341 known genes that were related to HMFT060! IR
cellular functions including cell growth and differentia- HMFNIGSS B
tion among the 10431 ¢DNAs were selected and
subjected to semiquantitative RT-PCR analysis
(Figure la). The complementary IDNAs reverse-tran-
scribed from total RNA obtained from eight tumors and Figue 1 E o of th i . —
H 1 : e Xpression o e representalive gene: Y Semi-qu. 1-
Eil;;; | ::;rsrz?t):?zg;il ;?Zr;nﬁzz’lnlgrﬁ;ls gjﬁo‘};ﬁ( pa;i s.IsJi gllj tative RT-PCR. (a) Di{ferential_ly expressed genes between HBLs
: with or without §-catemin mutation and the corresponding normal
As a result, we found that 75 genes were expressed at livers. ¢cDNA 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 expresed at highe levls i the 2t 5 2K et Amoun o, vl b
tumors th?’n in normal livers, Fl.gure l:.i shows Fhe wild-type B-catenin gene, while the othe;fcn;r tl,;mors (cases 10, 38,
representatives of the results of differential screening 77, and 85) were with mutant f-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 ceruloplasmin, NPCI; Niemann-Pick disease, typc Cl, OLRI:
classified those differentially expressed genes into 12 oxidized low-density lipoprotein receptor 1, LAK: lymphocyte
. . . . alpha-kinase. N: normal, T: tumor. (b) Semiquantitative RT-PCR
categories accqrdmg to their ,known fun.cuons‘ The of multiple human tissues. HMFT060] exhibited ubiquitous
genes preferentially expressed in normal liver showed expression in all tissues examined, whereas HMFNI635 and
the profiles which reflected normal liver function. HMPFTi272 showed specific expression in liver and fetal liver
Consistent with the previous reports about HBL and
hepatoceltular carcinoma (von Horn et al., 2001; Xu
et al., 2001; Kinoshita and Mivata, 2002), fnsulin-like  activity, is upregulated in HBLs, suggesting that the
growth factor binding protein-3 (IGFBP-3), aldoluse B,  IGF axis may be involved in development of the tumor
ceruloplasmin, and c-reactive protein were downregu-  (Gray et af., 2000).
fated in HBLs as compared with the normal livers. The Four known genes which were expressed at high levels
expression of JGF2, whose product has mitogenic  in HBLs (tumor>normal liver) include GTP-binding
Oncogene
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Figure 2 Increased expression of PLKJ in HBLs. (a) Semiquanti-
tative RT-PCR of PLKI genc in eight HBL cases. Preferential
expression of the PLKI was seen in all sample pairs with and
without S-catenin mutation. {b) Northern blot analysis of PLKI in
primary HBLs, The 285 ribosomal band is shown as a controi of
each RINA amount

nuclear protein gene RAN, PLK! onocgene, and two
cholesterol metabolism-associated protein genes, low-
density lipoprotein (LDL) receptor | and Niemann-Pick
disease type C1 (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 er al, 1998). Nagata
et al. (2003) also reported that RAN is upregulated in
HBLs by oligonucleotide DNA array experiment. The
LDL receptor I binds LDL, a major plasma cholesterol-
carrying lipoprotein, and plays an important role in
cholesterol homeostasis (Sudhof er al., 1987; Goldstein
and Brown, 1990; Hamanaka et o/, 1992). NPCI is a
causal gene of Niemann—Pick type C disease which is an
autosomal recessive lipid storage disorder that affects
the viscera and central nervous system (Brady er al.,
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 intracellular trafficking of
cholesterol. Concerning the differentially expressed
genes which contained unknown sequences, those
cDNA sequences have been submitted to the public
database (Genbank/DDBJ Accession numbers: AB07
3346-AB073347, AB073382-AB073387, AB073599-AB0
73614, and AB075869-AB075881). Interestingly, only
one known gene, lymphocyte alpha-kinase (LAK),
showed distinct expression pattern between HBLs with
mutant f-catenin and those with wild type p-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 PLK! (polo-
like kinase-I) 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.

PLKI oncogene is overexpressed in HBLs

Recent studies have demonstrated that the preferential
expression of PLK! 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 er al., 1999). However, the role of PLK!
in HBL has never been reported. As indicated by semi-
quantitative RT-PCR described above, we found that
PLKI] 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 HBLs and
human placenta as a control, and probed with the
PLKI-specific DNA fragment. However, we failed to
find any clue of rearrangements or amplification of the
PLKI gene 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 PLKT expression in HBLs
and normal livers were 28.94+6.7 and 4.1+0.76,
respectively (mean+s.e.m., P<0.01}). The average va-
lues in alive and dead cases were 21.7+ 5.2 (n=161) and
62.4428.2 (n=13), respectively (p=0.021). When we
compared the expression levels of PLK] 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 PLK expression {p=0.041). The
expression level of PLKI 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 f-catenin
mutation did not show a statistical significance with
PILKI expression.

To further examine whether the PLKI expression was
associated with the outcome of the patients with HBL,
we performed a Kaplan—Meier analysis (Figure 4). The
distinction between high and low levels of PLK]
expression was based on the median value (low,
PLKI<13 d.u,; 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 PLK! expression were
55.9 and 87.0%, respectively (P =0.042). The univariate
analysis showed that both PLK! expression (P=0.015)
and histology (P=10.025) have a significant prognostic
importance (Table 4), The multivariate analysis demon-
strated that PLK/ expression was significantly related to
survival, after controlling S-catenin mutation, age, stage,

5905
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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 X56692 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_003%900 Sequestosome |
N>T PHDGH AF171237 A2-53-73 3-phosphoglycerate dehydrogenase
N=>T PPPIR3C XM_005398 Protein phosphatase 1, regulatory (inhibitor) subunit 3C
N=>T ITIH4 D38595 Inter-alpha-trypsin inhibitor family heavy chain-related protein
N>T G1P2 M13755 Interferon-induced 17-kIDa/f15-kDa protein
Cytokine, growth factor, hormones
N=>T HABP2 P49742 Hyaluronan binding protein 2
N>T IGFBP3 NM_000598 Insulin-like growth factor binding protein 3
N>T GOT1 AF052153 Glutamic-oxaloacetic transaminase 1
Cell signaling
N>T CSNK2B M30448 Casein kinase II, beta polypeptide
N=>T TPD32 NM_005079 Tumor protein D52
cell cycle
T>N PLK1 X73458 PLK.1
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 MASPL AF28442] Mannan-binding lectin serine protease 1
N>T C4BPA M31452 Complement component 4 binding protein, alpha
Glycometabolism
N>T ADHIB AF153821 Alcohol dehydrogenase 1B, beta polypeptide
N>T ALDOB MI15657 Aldolase B
Lipid metabolism
T>N NPCI NM_000271 Niemann-Pick disease, type Cl
T>N OLRI NM_002543 Oxidized low density lipoprotein (lectin-like) receptor 1
N=>T DGAT2 AF38416] Diacylglycerol acyltransferase
N>T SCP2 NM_002979 Sterol carrier protein 2
N=>T APQOAS AF202890 Apolipoprotein A-V
N=>T AADAC L32179 Arylacetamide deacetylase
N=T SAA4 M81349 Amyloid A protein
Transcription
N>T BZW1 NM_014670 Basic leucine zipper and W2 domains 1
N=>T CREB-H NM_032607 CREB/ATF family transcription factor
RNA biogenesis,
metabolism
N=>T HNRPDL AB017018 Heterogeneous nuclear ribonucleoprotein D-like
Homeostasis, heat shock protein, metabolic enzymes
N>T UGTIA AF297093 UGT! gene locus
N=T ALPL X14174 Liver-type alkaline phosphatase
N>T SLCI0A1 L21893 Solute carrier family 10
N>T CESI AFLTT7T75 Carboxylestelase
N=>T AKRIDI Z28339 Aldo-keto reductase family 1, member D1
N>T AKRIC2 105598 Aldo-keto reductase family 1, member C2
N>T Cp D45045 Ceruloplasmin
Others
N=>T DGCR6L NM_033257 DiGeorge syndrome critical region gene 6 like
N=T AlBG AF414429 Alpha-1-B glycoprotein
T> N: highly expressed in the tumors as compared to normal livers. N >T: highly expressed in normal livers as compared to the tumors
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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 livers. The expression levels of PLKJ were determined by
quantitative real-time RT-PCR analysis using 74 HBL tissues and
29 normal livers (see Materials and methods). The PLKI
expression values were normalized by GAPDH. Open 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

Differential screening of hepatoblastema cDNA libraries
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Figure 4 Kaplan—Meler survival curves {n = 59) in relation to the
expression levels of PLK! (median cutoff). The arbitrary median
cutoff value was set as [3. The patients with high expression of
PLKI represented significantly poor prognosis than those with its
low expression

Table 4 Univariate Cox regression analysis using PLKI(log) and
dichotomous factors of f-catenin mutation, age, stage, and histology
(n=1759)

R P-value

Factor HR (95% CI)

PLKlog) 59 0.015
B-catenin (mutant vs wild type) 58 0.27
Age (> 1 vs <1 year) 55 0.76
Stage (3,4 wvs 1, 2) 56 0.083
Histology (poorly vs well) 53 0.025

1.62 (1.10, 2.40)
1.85 (0.62, .5.56)
1.22 (0.33, 4.52)
3.81 (0.84, 17.2)
4.48 (1.21, 16.6)

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

or histology, but marginally related to survival after
controlling both histology and stage (Table 3).

Discussion

HEL 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
prognosis.

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

5907
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