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cells with telomerase activity. Recently, it was reported that
telomere maintenance by the existence of telomerase activity is
necessary for the proliferation of normal human cells (Masutomi
et al, 2003). Thus, low levels of telomerase activity may reflect the
proliferation of normal hepatocytes in children, To solve this false-
positive problem, in situ evaluation is necessary to analyse the
origin of telomerase expression in clinical samples using hTERT
mRNA ISH {Chou et al, 2001; Kumaki et al, 2001; Kotoula et al,
2002} or hTERT immunchistochemistry (Yasui et al, 1999; Hiyama
et al, 2001).

In summary, we show that an increased level of ATERT
mRNA expression or telomerase activity is a prognostic indicator
of poor outcome in patients with hepatoblastoma, independent
of disease stage and histological classification, Although it would
need large series to clarify the correlation between clinical

variables and the levels of ATERT mRNA “or telomerase -

activity, high telomerase activity may stratify patients that
are likely to have cancer recurrence requiring postoperative
aggressive chemoadjuvant therapy, or, in the future, telomerase-

targeting therapy.
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Abstract. It is widely accepted that telomerase, which
compensates for telomere shortening, is finally activated in
almost all kinds of human malignant neoplasms, and ectopic
expression of telomerase may endow some kinds of human
somatic cells with indefinite proliferation capacity, i.e.,
immortality. To clarify the intrinsic responses required in
acquiring immortality, we investigated the chronological
changes in the expression levels of the cell cycle and
apoptosis-related genes by real-time RT-PCR in human
normal fibroblasts and endothelial cells after ATERT
transfection. We found that fibroblast MJ90 required
intrinsic responses including reversible upregulation of cell-
cycle promoting genes and down-regulation of apoptosis-
inducing genes in early phase after transfection, whereas the
endothelial cell HUE142-2 did not. In addition, the
microarray analysis of the fibroblast strains revealed that the
dysregulated genes during cellular immortalization were
different from those reported in fibroblasts probably having
acquired telomere maintenance mechanism concomitant with
ATERT induction. These findings indicate that cell-type
specific differential gen¢ expression after telomerase
activation may be important to acquire telomere-maintenance
capacity and immortality in some non-cancerous human
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cells. Investigation of these molecules may elucidate the
differences in the capacity of acquiring immortality in cancer
and normal somatic cells in future.

Introduction

Most cancer cells in advanced malignancies and established
cancer cell lines have the capacity to undergo indefinite cell
divisions. However, most normal somatic cells ¢an divide no
more than several dozens of times. Thus, cellular immortality
is one of the hallmarks of cancer cells in vivo and in vitro.

Recent research has shown that telomerase, a highly
conserved reverse transcriptase that adds G-rich nucleotide
repeats onto the ends of chromosomal DNAs (i.e., telomeres),
can endow some kinds of mortal cells with the immortal
capacity (1,2). Telomerase expression has been observed in
almost all immortal cell lines, proliferating germ-line cells,
and about 85% of human tumors (3). Furthermore, normal
somatic cells with self-renewal capacity over lifespan, such
as lymphocytes and hematopoietic progenitor cells, can
upregulate telomerase activity upon proliferation (4). Except
for rare cases like alternative lengthening of telomere (ALT)
cells {5), activation of telomerase is a prerequisite for human
cells to acquire immortal capacity.

However, induction of telomerase activity by transfection
of hTERT gene, which encodes telomerase protein component,
does not always provide immortality (6). Although inactivation
of the Rb/pl6 pathway but not p53 was proposed to be
necessary for human cultured cells to be immortalized (7),
recent reports searching the genes responsible for the
immortalization of ATERT-transfected somatic cells
demonstrated different genes as candidates (8,9). As the
dominancy of cellular senescence over the immortal phenotype
was demonstrated (10), these findings indicate that induction
of telomerase activity is not sufficient to acquire immortality
but requires some intrinsic responses in each cell, Until now,
upregulation of a subset of growth inhibiting genes or pro-
apoptotic genes at the onset of the senescence and frequent
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inactivation of cell cycle-related genes during immonrtalization
have been proposed (11-13).

The above information led us to the hypothesis that
differential expression of some apoptosis- or cell cycle-related
genes in addition to the activation of telomerase are required
for cellular immertalization. We therefore investigated the
chronological changes in the expression levels of the genes
involved in cellular proliferation and apoptosis, during cellular
immortalization of human fibroblasts and endothelial cells.

Materials and methods

Cell culture. A normal neonatal human diploid fibroblast strain
MJ90 was kindly provided by Dr J.R. Smith (University of
Texas, Health Science Center, San Antonio, TX) and a normal
human umbilical vein endothelial cell strain HUE142-2 was
isolated by Dr Y. Mitsui. The fibroblasts were cultured in
Dulbecco's modified Eagle's minimal essential medium
(DMEM; Sigma-Aldrich Japan, Tokyo, Japan) supplemented
with 2 mM L-glutamine (Life Technologies, Rockville, MD,
USA) and 10% fetal calf serum (FCS; Life Technologies) as
previously described (12). Endothelial cells were grown in
MCDB151 medium (Sigma:Aldrich Japan) supplemented
with 15% fetal bovine serum, 5 pg/ml of heparin (Sigma-
Aldrich Japan), and 5 ng/ml of recombinant acidic fibroblast
growth factor in a plastic flask (Coming, NY, USA) precoated
with bovine fibronectin solution {1 pg/cm?, Wako, Osaka,
Japan) {14).

Transfection of hRTERT, The human telomerase reverse trans-
criptase (hTERT) expression plasmids hTRT/FLAG and
hTERTn2 were kindly provided by Dr F. Ishikawa (Kyoto
University, Kyoto, Japan) (15). The 40 pg of plasmid hTRT/
FLAG or hTERTn2 with single cut by a restriction enzyme
BglIl or Nrul, respectively, was transfected into 107 MJ90
cells at PDL (population doubling level) 41 and the HUE142-2
cells at PDL 35 by electroporation (Invitrogen, San Diego,
CA, USA) at 330 V. Clones harboring the plasmids were
obtained by 400 pg/ml of G418 selection (Wako) and named
as TF1 from the MJ90 and nTE4-5 from the HUE142-2 cells.
The TF1 cells at PDL 104, 148, and 216 and nTE4-5 cells at
PDL 105, 145, and 216 were collected and stored at -80°C
until used. Expression of ATERT and telomerase activity in
TF1 and nTE4-5 cells and absence of them in MJ90 and
HUE142-2 cells were confirmed by real-time RT-PCR and
telomeric repeat amplification protocol (TRAP) assay,
respectively.

Preparation of RNA. Total RNA was extracted from the
cultured cells at each PDL using an RNAeasy™ Mini kit
(Qiagen, Hilden, Germany) according to the protocol of the
manufacturer. The extracted RNA was stored at -80°C until
used. }

TRAP assay (16). Using a TRAPeze™ telomerase detection
kit (Serological Co., Gaithersburg, MD, USA), frozen cell
pellet was lysed in ice-cold CHAPS lysis buffer™. After

30 min of incubation on ice, the lysate was centrifuged at’

16,000 g for 20 min at 4°C, and the supernatant was stored at
-80°C. An aliquot of the extract equivalent to ~2x10* cells

KUMAZAKI et af: DIFFERENTIAL GENE EXPRESSIONS DURING CELLULAR IMMORTALIZATION

was used for each TRAP assay using the TRAPeze kit: after
30 min of incubation at 30°C for telomerase mediated
extension of the TS™ primer, the reaction mixture was
subjected to PCR for 30 cycles of 94°C x 30 sec, 59°C x 30 sec,
and 72°C x 30 sec. The PCR preduct was electrophoresed on
a 12.5% acrylamide gel, and the telomerase signals were
detected as 6-bp ladders after staining with SYBR™ Green
(Molecular Probes, Eugene, OR, USA).

Southern blot analysis. Terminal restriction fragment (TRF)
length was determined by Southern blot analysis. For MJ90
and TF1 strains, genomic DNA was extracted from the cell

_pellets using DNA Extractor WB Kit™ (Wako). DNA (5 ug)

was digested to completion with Hinfl, subjected to
electrophoresis on a 0.8% agarose gel, blotted onto a nitro-
cellulose filter, and then hybridized to a [y-*P]ATP labeled
(TTAGGG), probe at 50°C. The filter was washed in 4X SSC
(1X=10.15 M NaCl, 0.015 M sodium citrate) and 0.1% SDS at

" 55°C four times and exposed to X-ray film. For HUE142-2

and nTE4-5 strains, TRF lengths were measured as previously
described (11). The mean length of TRFs was visually
determined as the peak size of the smear signals and conﬁrmed
by BAS™ 2000 (Fuji, Tokyo, Japan).

Sequence analysis. For TP53, exons 1-11 were amplified
from the cDNA of each strain using primers located in exons 1
and 11: 5"TTCCACGACGGTGACACG-3' and 5'-GTGGG
AGGCTGTCAGTGGGGAACAA-3'. After confirming the
existence of 1.3-kb normal-size band, 1 pl aliquot of the first-
step PCR product was subjected to the nested PCR for exons 5-
8, the hot spots of mutations, to carry out sequence analysis
using primers located in exons 4 and 9: 5“TCTGTCCCTTC
CCAGAAAACC-3 and 5-AGAGGAGCTGGTGTTGTT
GG-3'.

In addition, for MJ90 and TF1 cells, exons 3-4, 5-6, 7, 8-9
were amplified from the genomic DNA for confirmation
using primers located in introns as follows: exons 34, 5'-GG
ACTGACTTTCTGCTCTTG-3' and 5TGAAGTCTCATGG
AAGCCAG-3'; exons 5-6, 5-TGTTCACTTGTGCCCTGA
CT-3' and 5-GAGGTCAAATAAGCAGCAGG-3'; exon 7, 5'-
CTTGCCACAGGTCTCCCCAA-3 and 5-AGGGGTCAGC
GGCAAGCAGA-3'; exons 8-9, 5'-TGGGACAGGTAGGAC
CTGAT-3' and 5ACTTGATAAGAGGTCCCAAG-3'. The
PCR products purified by QIAquick™ Gel Extraction Kit
(Qiagen) were amplified using BigDye™ Terminator Cycle
Sequencing Kit (Applied Biosystems, CA, USA), purified,
and subjected to automated sequencer ABI PRISM™ 310
(Applied Biosystems), as recommended by the manufacturer.

For RBI, exons 10-27 were amplified from the cDNA of
each cell strain using primers as follows: for exons 10-19, 5™
CTAATGGACTTCCAGAGGTT-3 and 5-CGGAGATAGG
CTAGCCGATA-3'; for exon 20-5'site of exon 27, 5-TACT
GCAAATGCAGAGACAC-3 and 5GAAGAGGAAACAA
TCTGCTA-3, to cover the tumor-suppressor pocket domain
where most of the Rb-binding cellular and viral protems make
thelr pnma.ry contacts (17)

" Real-time RT-PCR. Total RNA (2 p,g) extracted from each

cell strain was reverse-transcribed using High-Capacity
cDNA Archive™ Kit (Applied Biosystems). One hundred
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Figure 1. Growth curve of the TF1 and the nTE4-5 strains. The growth of
the TF! strain (closed triangles) was slow until ~120 PDL, +80 PDL after
the ATERT transfection, and turned rapid thereafter. The growth of the
nTEA4-5 strain (closed circles) was comparably rapid at any PDL.

aliquot of the cDNA (equivalent to 20 ng total RNA) was
subjected to real-time RT-PCR using Assays-on-Demand™
Gene Expression products (Applied Biosystems) for PCNA,
RBI, TP53, APAF1, CDKNIA, CCNDI, and internal controls
ACTB, GAPD, and TBP, Pre-Developed TagMan™ Assay
Reagents (Applied Biosystems) for BAX, FAS, MYC, BCL2,
and BCL2L1, and originally designed TagMan probe and
primer set for ATERT. The feasibility of using ACTB as the
internal control was confirmed by the comparison of the
amount of total RNA and real-time RT-PCR results of 4CT3B,
GAPD and TBP in each strain. mRNA expression level was
calculated by the ratio in the value of target gene to ACTB,
and relative quantity was expressed compared to that of
control cDNA consisting of the same amount of cDNA of the
8 cell strains examined. Each reaction was carried out in
duplicate using ABI PRISM 7900 or triplicate using ABI
PRISM 7700 Sequence Detection System (Applied
Biosystems).

Microarray analysis. Biotin-labeled cRNA was synthesized
from 5 ug total RNA of each MJ90 or TF1 (PDL 216) strain
using First and Second Strand cDNA Synthesis Kit™
(CodeLink), In vitro Transcription (IVT) Kit™ (CodeLink),
and Biotin-11-UTP (Perkin-Elmer), according to the
manufacturer's protocols. After purification, each ¢cRNA
sample was fragmented, and hybridized with a CodeLink
UniSet Human 20K I Bioarray™ using Parallel Processing
Kit™ (CodeLink) for 18 h at 37°C in an Innova™ 4080
incubator (New Brunswick Scientific) at 300 rpm. The
hybridized arrays were rinsed with 0.75 x TNT buffer at
46°C for 1 h, labeled with Streptavidin-Cy5 at room
temperature for 30 min, rinsed with TNT buffer and 0.05%
Tween-20, dried by centrifugation, and then scanned using
GenePix 40008 Array Scanner™ (Amersham Biosciences,
Tokyo, Japan) and/or Agilent DNA Microarray Scanner™
(Agilent, Palo Alto, CA, USA). The experiment was carried
out twice independently.

Statistical analysis. Statistical significance was analyzed
using the software package Statview™ 5.0 (Abacus Concepts,
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Figure 2. Telomerase activity and hTERT mRNA expression in ATERT
transfected cells. The ATERT transfected endothelial cells {nTE4-5) and
fibroblasts (TF1) showed 6-base ladder signals by TRAP assay (leit) and
KTERT mRNA expression by real-time RT-PCR using full-length mRNA
specific primer set (right), while no ATERT mRNA was detected in either
strain before l:ansfectxon. MI90 and HUE142-2,

Berkeley, CA, USA) for Student T analysis on the mRNA
expression levels between the strains before and after the
RTERT transfection.

Results

Cell growth. After the transfection of the A”TERT-expression
plasmids into the MI90 cells at PDL 41 and the HUE142-2
cells at PDL 35, the isolated clones TF! and nTE4-5 were
serially passaged until 216 PDL. The growth curve of the TF1
strain was slow until ~PDL 120 and turned to rapld growth
thereafter, while it was straight and rapid from just after the
hTERT transfection in the nTE4-5 cells (Fig. 1). -

Telomerase activity. By TRAP assay, the 6-bp ladders were
observed in both TF1l and nTE4-5 strains (Fig. 2, left),
indicating the existence of telomerase activity in A7ERT
transfected cells.

TRF length. The TRF length of each strain was measured by
Southern blot analysis. The mean TRF lengths determined by
the peak sizes of the TRF smear signals were 8.1, 6.1, 6.8, and
8.4 kb for MJ90, TF1 PDL 104, 148 and 216 cells, respectively
(Fig. 3, left), while that in HUE142-2 was 8.0 kb and no
significant change was observed after the A/TERT transfection.
The senescent HUE142-2 cells without 2TERT transfection
showed telomere shortening to 4.9 kb at 73 PDL (Fig. 3, right).

Differential gene expressions. In the experiment of real-time
RT-PCR, ACTB was used as an internal control, after the
confirmation of its feasibility comparing the amounts of ACTB,
GAPD, and TBP mRNA estimated by the real-time RT-PCR
with the amount of total RNA (data not shown). The ATERT
mRNA expression was detected in TF1 PDL 104, 148 and
216 cells and nTE4-5 PDL 105, 145 and 216 cells but not in
MJ90 and HUE142-2 cells, by real-time RT-PCR using
originally designed TaqMan probe which is specific for the
full length ATERT mRNA distinguishing the a- and B-splice
variants (18) (Fig. 2, right). While the h2TERT expression levels
in the nTE4-5 strains were comparable among the PDL 105,
145 and 216 cells, those of TF1 cells at PDL 148 and 216
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HUE142-2 nTE4-5
3173 56138

MJQO TF1

PDL 36 104148 216
hTERT

- S

Figure 3. Sourthern blot analysis for TRF length., The peaks of the TRF
smear signals are indicated by white arrowheads at 8.1, 6.1, 6.8 and 8.4 kb
in MI90, TF1 PDL 104, 148 and 216 cells, respectively (left), and 8.0 kb in
HUE142-2 cells before and after ATERT transfection (right). That of the
senescent HUE142-2 cells at 73 PDL is shown with black arrowhead at 4.9
kb.

were somewhat higher than that at PDL 104. This pattern”

was similar to the expression levels of PCNA (Fig. 4) and the
growth curve (Fig. 1). Also, the expression level of TP53 was

KUMAZAKXI ef al: DIFFERENTIAL GENE EXPRESSIONS DURING CELLULAR IMMORTALIZATION

dramatically repressed at PDL 104 and gradually recovered
thereafter in the TF1 strains, while such repression was not
observed in the nTE4-5 strains (Fig. 4).

The expression levels of RBI, BAX and MYC were some-
what repressed in TF1 cells, while they were upregulated in-

general in nTE4-5 cells (Fig. 4). On the contrary, expression
level of BCLZ was apparently upregulated in the TF1I cells at

- PDL 104 and gradually decreased to the baseline, while no such
transient upregulation was observed in nTE4-5 cells. Though,

the upregulation of BCL2L! was only observed in nTE4-5
cells. The expression level of CDKN24, encoding pl6, was
once upregulated at PDL 104 and dramatically down-regulated

both strains, fibroblasts and endothelial cells. Progressive
down-regulation of CDKNIA was observed in TFI cells, but
not in nTE4-5 cells.

Sequence of RB1 and TP53. By the sequence analysis of the

RBI cDNA from exon 10 to the 5'-site of exon 27 and TP53

c¢DNA in exons 5-8 of both TF1 and nTE4-5 strains, no
sequence abnormalities were observed at any PDL. The
sequences of the TP353 exons 4-% and corresponding splice
sites were also examined in the genomic DNA of the TFI
strains, which showed dramatic change in the P53 mRNA
expression levels, and no abnormalities were detected.

N PCNA 5 RB1 y TP53
*
13 'I‘ 2
B I g 10
10 .
as
[£]
[1:] [-1.]
. BAX - . FAS y APAF1 s _CDKN1A
1
g 10 . 10 H
5 *
E - ] i :I’EE
§ 09 0.0 L
BCL2 BCL2A1 CCND1
1 = 25 rait]
|20 T L »
oo -
10
5
10 e 1 15 - 0
™ %]
L o5 «_an an| 08
a0 00 00 a0
PDL 30 104 148 218 35 104 145215 30 104148 218 38 104145 245 3D 104148 216 3B 104 145 215 30 104148 216 38 104 145215
Stain MBS0 TF) HUE nTESS MG TF HUE nTE4S MBS  TFY HUE nTE4S M0 TH HUE nTE45

Figure 4. Relative levels of the mRNA expression in each strain. The expmésmn level éf each gene wes evaluated by real-time RT-PCR using ACTB as an
internal control, and expressed as mean + SD. The levels in a strain after ATERT transfection {closed bar) were statistically compared with those before

transfection (open bar). "P<{. 05 ’PQO 01,

i

" after then in TF1 strains. The expression levels of FAS and %~ *
'APAF1 wete comparable during cellular immortalization in
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Table 1. Upregulated genes in TF1 at PDL 216 compared
with MJ90 by microarray analysis.

Gene UniGene ID Cytogenetic
RAGE Hs.104119 14932
CLIC2 Hs.54570 Xq28
MCOLN3 Hs.49344 1p22.3
PODXL Hs.16426 7q32-q33
SPP! Hs.313 4q21-q25
CEBI Hs.26663 4q22.1-q23
FOLR3 Hs.352 11q13
HLA-DRB! Hs.308026 6p21.3
AK3 Hs.10862 9pter-pl13
RAB334 Hs.56294 Xq26.1
LGALS3BP Hs.79339 17925
LOC91752 Hs.159528 2q32.1
Hs.926

MX2 21q22.3

Microarray analysis. To investigate intrinsic responses
required in the immortalization of fibroblast strain MJ90
other than the upregulation of cell-cycle promoting genes and
down-regulation of apoptosis-inducing genes, microarray
analysis using oligoarrays were carried out between the MJS0
cells, normal mortal cells, and the TF1 cells at PDL 216,
definitely immortalized cells. After global normalization of
the spot intensity, the TF1/MJ90 ratio was calculated for each
spot. The genes whose TF1/MJ90 ratios of the normalized
intensity were 24 or <0.25 are listed in Tables I (13 genes) and
I1 (101 genes), respectively.

Discussion

By the transfection of ”TERT gene into fibroblasts MJ%0 and
endothelial cells HUE142-2, immortal cell strains TF1 and
nTE4-5 were obtained. During this immortalization course,
no abnormalities were detected in the core regions of RB! or
TP53 genes, but the differential expression of the TP53 was
characteristic. It dramatically decreased at PDL 104 in the TF1
cells, but showed recovery after that, indicating that this down-
regulation may not be due to a mutational event in the promoter
region. The p53 is widely accepted to inhibit cell growth
through activation of cell-cycle arrest and apoptosis, and its
disruption with inactivation of Rb would provide normal human
somatic cells to escape the Hayflick limit, the replicative
senescence checkpoint, endowing the cells with elongated
lifespan (2).

The TF1 at PDL 104 cells, where telomere maintenance
mechanism seems insufficient with shortened telomeres, also
showed transient down-regulation of BAX and upregulation
of BCL2, which were not observed in nTE4-5 strains. BAX is
a p33 primary-responsc gene (19) and was reported to be
essential for death receptor-mediated apoptosis in cancer
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cells (20). BCL2 was reported to control a cell-death pathway
independently of Apaf-1, which was not differentially
expressed either in the present study, in the upstream of
initiator caspases in mice (21). Thus, the repression of TP33
and BAX expression and transient upregulation of BCL2 around
PDL 104 might have promoted the resistance to apoptosis in
the TF1 cells.

Down-regulation of MYC and CDKNI!A was observed in
all TF1 strains, which was absent in nTE4-5 strains. Whereas
Myc is known to be a transcriptional activator of the ATERT
promoter (22) and promotes cell growth and proliferation, it
also induces apoptosis under certain conditions (23). More
recently Myc was proved to switch the p53-dependent
response of cancer cells to DNA damage from: cytostatic to
apoptotic, inhibiting p21(cipl/wafl) induction by p53 and
other activators (24). The p21, encoded by CDKNIA, is the
effector of p53 cell cycle control and both appeared to be
essential for maintaining the G2 checkpoint (25).

The pl6, encoded by CDKN24, was once upregulated at
PDL 104 and dramatically down-regulated thereafter in TF1
strains. The expression of plé was previously found to be
repressed during cellular immortalization in Epstein-Barr
virus-transformed human B-lymphoblastoid c¢ll tines (26).
The dramatic down-regulation of the CDKN24 expression
between PDL 104 and 148 in TF1 strains may, indicate that
cellular immortalization may have occurred between these
PDLs, but the repression of this gene does not seem to be
universally required in immortalization, e.gi, in nTE4-5
strains. '

Thus, repression of MYC, CDKNIA, TP53 and/or
CDKN2A in TF1 strains would have promoted their
continuous proliferation and the resistance to apoptosis.
Thus, the upregulation of anti-apoptotic genes and down-
regulation of pro-apoptotic or apoptosis-related genes were
observed in the TF1 cells in general, especially in early phase
after RTERT transfection where telomere-maintenance
mechanism has not been completed, while no such findings
were observed in the nTE4-5 cells. Only the CCNDI, which
encodes cyclin D1 and is frequently overexpressed in a broad
range of human tumor types as a positive regulator of
progression through the G1 phase of the cell cycle interacting
with cdk4, pRb, and some transcription factors (27), was
overexpressed in both strains. _

To investigate other intrinsic responses required in the
immortalization of the fibroblast strain, microarray analysis
was carried out between the MJSQ cells and the TF1 cells at
PDL 216, and the 13 genes and 101 genes were found to be
upregulated or down-regulated more than 4-fold (Tables 1
and ). The CDKNIA, whose expression was found to be
dramatically repressed after immortalization in real-time RT-
PCR analysis was also included as the down-regulated gene
in microarray analysis (Table II), supporting the reliability of
the analysis. The sequence of the hTERT-oligo spotted on the
array located near the poly A site, which hybridizes both full
length and splice variant A”TERT mRNAs. So it is reasonable
that the ATERT expression evaluated by oligoarray analysis
was only slightly upregulated (data not shown), whereas it
revealed to be clearly upregulated from none to positive after
hRTERT transfection by real-time RT-PCR analysis using full-
length hTERT-specific primers.
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Table II. Down-regulated genes in TF1 at PDL 216 compared
with MJ90 by microarray analysis. :

Gene UniGene ID Cytogenctic
NDN \ Hs.50130 15q11.2-q12
PSMB3 Hs.82793 17q12
GDFI5 Hs.296638 19p13.1-13.2
SEPPI Hs.275775 5q31
CYBA Hs.68877 16q24
KRT19 Hs.309517 17q21.2

.. PRGI Hs.1908 10q22.1

“ PTPNI2 - Hs.62 - 7q11.23
FOXFI Hs.155591 16424
PPPIRI44 Hs.348037 19q13.1
LAMA4 © Hs.437536 6q21
PDLIM4 Hs.424312 5q31.1
ALDHIAI Hs.76392 9q21.13
TNA Hs.65424 3p22-p21.3
COL3A! Hs.443625 2931
PTGIS Hs.302085 20q13.11-q13.13
GABARAPLI Hs.336429 12p13.31
IFITM! Hs.458414 11p15.5
CCRLI Hs.310512 3q22
AEBPI Hs.439463 7pl13
GALNT6 Hs.528445 12q13
F3 Hs.62192 1p22-p21
ACAA2 Hs.172506 189211
BSTI " Hs.169998 4pl5s
EFEMPI Hs.76224 2pl6
TAGLN Hs.410977 11g23.2
CASC3 Hs.350229 17q11-q21.3
CDKNIA Hs.370771 6p21.2
HAK Hs.388674 18¢21.31-q21.32
WNT2 Hs.89791 7q31
AQPI0 Hs.259048 1q22
GPX7 Hs.43728 1p32
SERPINB2 Hs.75716 18q21.3
COX741 Hs.421621 19q13.1
BEXI Hs.334370 Xq21-q23
TPKI Hs.127548 7q34-q35
EPB4IL3 Hs.103839 18p11.32
HAPLNI Hs.2799 5q14.3
GAL Hs.278959 11q13.1
TIA2 Hs.468675 1p36
GW112 Hs.273321 13q14.2
SERPINGI Hs.384598 11q12-q13.1
ROBO2 Hs.13305 3pl3
POSTN Hs.136348 13q13.3
SULFI Hs.409602 8q13.2
SUCLA2 Hs.182217 13q12.2-q13.3
SLCI247 Hs.172613 5pls
BGN Hs.821 Xq28
DOKS Hs.127751 20q13.2

KCNE4 Hs.348522 2q36.3

Table II. Continued.

Gene UniGene ID Cytogenetic
HOXDII Hs.421136 2q31.1
NCAGI Hs.124673 18q22.1
CDCPI Hs.146170 3p21.32
RAC2 Hs.301175 22q13.1
PTGER! Hs.159360 19p13.1
TRO Hs.434971 Xpl1.22-p11.21
CCDC8 Hs.97876 19q13.33
ARHGDIB .. Hs292738  12pl23
MRVII Hs.251385 11pl5
NETO2 Hs.6823 16q11
LTC4S Hs.456 5935
QPCT Hs.79033 2p223
MGC3036 Hs.284135 7q31-q35
POFUTI Hs.178292 20q11
RAMPI Hs.32989 2936-q37.1
C200rf59 Hs.512686 20q13.33
GPR51 Hs.198612  9g22.1-q223
IsLr _ Hs.505 5q11.2 -
DKFZP434B044 Hs.262958 16q24.1 -
FLII1I75 Hs.33368 15q26.1-q26.2
SH2D24 Hs.103527 1921
"DF o Hs.155597 19p13.3 -
ZDS52FI0 HsA417795 19q13.13
NLGN4 - Hs21107 Xp22.33
SLC3845 Hs.195155 Xpll.23
FLI10847 Hs.48403 17p112
MST4 Hs.23643 Xq26.2
COorf67 ... . - Hsl34292 . . 9q34.2-q343 -
NFATC! Hs.96149 18q23
- PTGDS Hs.446429 9934.2-q343
HSD17B2 Hs.155109 16q24.1-q24.2
- STMN2 ' Hs.90005 8q21.11-g21.12
GASI =~ Hs65029° - 9q213-q22
GGTLAI Hs.437156 2q11.23°
STAP2 Hs.194385 19p13.3
ILI7RB Hs.5470 3p21.1
SUSD2 Hs.131819 22q11-q12
TSPAN-2 Hs.234863 1p13.1
ELN Hs.252418 7q11.23
KISS1 © Hs.95008 1932
CXCL6 © Hs.164021  4q21
LRRNI Hs.126085  3p26.2
PTPRD Hs.323079 9p23-p24.3 -
RGMA Hs.271277 15q26.1
AGXT2L! Hs.106576 4q25
Cl2orfl14 Hs.356223 12pl1
HOXDI10 Hs.123070 2¢31.1
EPSTII Hs.343800 13q13.3
ACVRLI Hs.410104 12q11-ql4 - ..
TUSA - Hs.8022 3p21l .
NTNGI Hs.111224 1p13.3
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Interestingly, among the 36 reportedly 24-fold dysregulated
genes, including 11 upregulated and 25 down-regulated genes,
during immortalization of normal human foreskin fibroblasts
BJ cells (8), only LAMA4, COL3A41 and T142 were commonly
down-regulated 24-fold and one third was oppositely dys-
regulated, Although both MJ90 and BJ cells are derived from
the same organ, acquisition of telomere maintenance
mechanism after ATERT transfection seems different between
them, straightforward in the BJ cells acquiring telomere
maintenance mechanism (1) and not straight in the MJ90 cells
with telomere shortening (Fig. 3).

The inconsistency of the dysregulated genes during ATERT-
induced immortalization between the cell strains derived
from the same origin with differences in the acquisition of
telomere maintenance mechanism may also support the idea
that some specific intrinsic responses are necessary for
hTERT-induced immortalization in some kinds of non-
cancerous cells. Since no report has found that once
telomerase-activated cancer cells lose their proliferation
capacity without artificial manipulation, the intrinsic
responses required in the immortalization of ATERT-induced
non-cancerous cells may be the specific characteristics that
distinguish cancerous and non-cancerous cells.

It was reported that the telomerase catalytic subunit KTERT
was expressed at low level in cycling human fibroblasts,
which were previously believed to lack ATERT expression
and telomerase activity (28), indicating that expression of
ATERT is not necessarily the rate-limiting step for cellular
immortalization. Moreover, it was reported that there are at
least three tumor suppressor pathways regulating ATERT
expression (29), suggesting that it is not straightforward but
there are different settings for human somatic cells to acquire
immortality through telomerase activation.

In conclusion, we propose that immortalization of normal
human somatic cells by RTERT expression is not straight-
forward but requires some specific intrinsic responses including
upregulation of cell-cycle promoting genes and down-
regulation of apoptosis-inducing genes, not in a mutational
event manner, in early phase after transfection in some non-
cancerous cells. These requirements seem to be decreased after
continuous culture concomitant with acquisition of telomere-
elongation capacity, and may be the specific characteristics
that distinguish non-cancerous cells from cancer cells.
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Expression profiling and differential screening between hepatoblastomas
and the corresponding normal livers: identification of high expression of the
PLK] oncogene as a poor-prognostic indicator of hepatoblastomas

Shin-ichi Yamada', Miki Ohira', Hiroshi Horie?, Kiyohiro Ando!, Hajime Takayasu',
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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 f-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 molecular mechanism of the
tumorigenesis, a large-scale cloning of ¢DNAs and
differential screening of their expression between hepato-
blastomas and the corresponding normal 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 tissne
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 PLK1 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 PLKI expression is a novel marker to predict
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Cancer Center Research Institute, 666-2 Nitona, Chiba 260-8717,
Japan; E-mail: akirznak@chiba-ccri.chuo.chiba.jp
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the prognosis of hepatoblastema. Thus, the differentially
expressed genes we have identified may become a useful
tool to develop new 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 et 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 et al., 1996; Kinzler and Vogelstein, 1996). In
the former, loss of heterozygosity of chromosome
11pl5.5 is frequently observed, and the abnormal
regulation of the insulin-like growth factor 2 (IGF2)
and the H19 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 er 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 ef al., 1999; Wei et al., 2000; Takayasu
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et al., 2001; Buendia, 2002). Mutant S-catenin proteins
accumulate in the nucleus; resulting in stimulating
transcription of the target genes such as ¢-myc and
cyclin DI (Morin et al., 1997; Polakis, 1999). Mutation
in the Axin gene, whose product is an antagonist of
nuclear accumulation of f-catenin, has also been found
in HBL and may contribute to the pathogenesis of the
tumors without f-catemin mutation (Taniguchi et al.,
2002; Miao er al, 2003). However, the molecular
mechanism underlymg the pathogenesxs of HBL is still
largely unknown. -

Recent progress in therapeutic strategies including
intensive chemotherapy and liver transplantation im-
proved the outcome of the patients with HBL. However,
the prognosis of a significant fraction of the tumors still
remains poor. The clinical markers currently used for
HBL include staging, which is a major instrument for
assessing prognosis (Hata, 1990), serum alpha-fetopro-
tein (AFP) (Mann er al., 1978), mitotic activity (Haas
et al., 1989), DNA ploidy (Hata et al., 1991), nuclear
localization of B-catenin (Park et al, 2001), p53
mutation (Oda et al., 1995), and chromosomal altera-
tion (Weber et al., 2000). Serum AFP level is used as a
diagnostic marker to monitor the tumor progression,
responsiveness to the therapy, and recurrence after the
treatment. Extremely high levels of serum AFP are
reported to be associated with aggressiveness of the
tumors with unfavorable outcome (van Tornout et al.,
1997), except some reports showing that there is no
significant relationship between initial serum AFP levels
and prognosis of the patients with HBL (Ortega et al,,
1991; von Schweinitz et al., 1994). Moreover, the tumor
with low levels of serum AFP often grows rapidly and is
often reluctant to chemotherapy (von Schweinitz et al.,
1995). The other genetic markers including DNA ploidy,
chromosomal azberration, and pj3 mutation are not so
powerful clinical indicators. Even the nuclear localiza-
tion of f-catenin and/or mutation of the f-catenin gene
appear to lose their impact as a prognostic factor when
combined with the grade of histological differentiation
because of its close correlation with the latter (Takayasu
et al., 2001). Therefore, we may need to find novel
markers to predict the patient’s outcome in a compre-
hensive way.

To understand the molecular mechanism of the

genesis and progression of HBL, as well as to develop
a novel diagnostic and therapeutic system for the tumor,
we have randomly cloned 10431 cDNAs expressed in
primary HBL tissues and a normal infant’s liver by

using full-length-enriched oligo-capping cDNA li-
braries. In the present study, we have identified 86
genes differentially expressed between HBLs and their ~
corresponding normal livers. One of such genes, PLKI,
showed a significantly high expression in the formers as
compared with the latters, and its high expression was
significantly associated with poor prognosis of HBLs.

Resalts

Expression profiles of primary HBLs and a normal liver

To obtain the genes expressed in primary HBLs and
normal infant’s liver, we constructed oligo-capping
¢DNA libraries from two primary HBLs with increased
AFP secretion (HMFT, HYST), a primary HBL with-
out AFP secretion (HKMT), and a corresponding
normal liver (HMFN). After cloning 3000 cDNASs from

each of the four cDNA libraries, 2289, 2837, 2537, and =~~~

2768 clones from the libraries of HMFT, HYST,
HKMT, and HMFN, respectively, were successfully
end-sequenced. Homology search against the public
databases of those 10431 clones by BLAST program
revealed that 847 clones (8.1%) in total contained novel
sequences which had not been annotated (Table 1).

To elucidate the gene expression pattern in each
¢DNA library, we compared expression profile of the
known genes that appeared in three different kinds of
libraries, a HBL with positive AFP (HMFT), a HBL
with negative AFP (HKMT), and an infant’s liver
(HMFN) (Table 2). BodyMap (Okubo et al.,, 1992) and

a serial analysis of gene expression (SAGE) (Velculescu o

et al., 2000) are very good methods to quickly provide
quantiﬁcation of the levels of all mRNAs in certain
tissues and cell types by high throughput end-sequencing
of cDNA clones. In this study, we applied the former
method by counting ¢cDNA clones to show each
expression profile of HBL tumors or a non-tumorous
tissue. Although each library consists of 3000 clones,
which may be a rather small number, the frequency of
each cDNA appearance provides a hint to understand
each tissue’s genetic background.

Overall, the most frequently appeared gene was
albumin as expected which was extremely low in the

" turnor with negative AFP. Genes involved in cellular -

structure and/or maintenance, glucose and lipid meta-
bolisms, and a part of protein synthesis and its transport
were frequently found in the normal liver library. On the

Table ] Summary of the aumber-of genes cloned from the cDNA libraries of hepatoblastomas and a normal infant liver of hepefobiastozﬁé.s

Oligo-capping cDNA library No. of the clones No. of the genes . ‘No. of the .
successfully ‘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%)

Oncogene
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Table2 Comparison of the krown 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 8
AFP NM_001134 Alpha-feto protein 67 0 0
AGT NM_00002% Angiotensinogen : . 43 16 0
EEF1Al X03558 Eukaryotic translation elongation factor 1 alpha 1 35 2 -87
RPL27A NM_000990 6083 ribosomal protein L.27a k] 4 52
FTL M11147 Ferritin 24 i1 3
FGA NM_021871 Fibrinogen, A alpha polypeptide 20 38 2
HP K01763 Haptoglobin 19 6 1
ORM]1 X02544 . Oresomucoeid-1 12 8§ 0
RPS527 NM_001030 Ribosomal protein §27 11 4 31
F2 Joo3o7 Coagulation factor 2 il 26 1]
TF NM_001063 Transferrin 8 6 0
PAH U49897 Phenylalanine hydroxylase 6 6 0
PLG NM_000301 Plasminogen 5. 8 0
SERPINA1 X01633 Serine proteinase inhibitor, clade A, member 1 5 6 0
GC NM_000583 Group-specific component 4 21 1
RPS29 NM_001032 Ribosomal protein 529 3 1 0
CTSB NM_147783 Cathepsin B 2 5 3
SERPINGI BCO011171 Serine proteinase inhibitor, clade G, menber 1 2 33 0
CRP X 56692 C-reactive protein 1 8 0
ITIH2 NM_002216 Inter-alpha (globulin) inhibitor, H2 polypeptide 0 25 1]
Growth factor .
MST1 M74178 Macrophage stimulating | 8 16 0
Cell signaling
WIFL NM_007191 Wnt inhibitory factor 1 0 0 1
DKK!1 NM_012242 Dickkopf 0 0 7
Cell structure, adhesion
VTN NM_000638 Vitronectin 7 30 0
ACTB BCO13380 Actin 6 17 6
LRG AF403428 Leucine-rich alpha-2-glycoprotein 6 11 0
VIM NM_003380 Vimentin 0 -3 38
Cell cycle
RBM4 NM_002896 RNA binding motif protein 2 0 21
RAFIB NM_015646 RAPIB 0 0 11
Organism defense
BF L15702 B-factor, properdin 5 13 0
GPX1 NM_000581 Glutathione peroxidase 4 0 0
CIR NM_001733 Complement component | 1 21 1
Glycometabolism
LDHA NM_005566 . Lactate dehydrogenase 19 28 7
ADHIB AF153821 Alcohol dehydrogenase 15 29 1
CESl L07764 Carboxylesterase 9 22 2
ALDHIAI NM_000689 Aldehyde dehydrogenase 2 13 2
Lipid metabolism
EPHX]1 NM_000120 Epoxide hydrolase 1 7 12 0
APQA2 NM_001643 Apolipoprotein A-II 6 2 ¢
ADFP BC005127 Adipose differentiation-related protein 5 14 1
Heat shock protein, metabolic enzyme
UGT2B4 YO00317 UDP-glucuronosyltransferase 1§ 32 2
HSPAS NM_006597 Heat shock 70kDa protein 1 .6 1
Unknown, others
ATP5Al NM_004046 ATP synthase 18 11 23
SEPPI NM_005410 Selenoprotein P 7 10 2

. .Of_moggrlo
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Table 2 (continued)

No. of appearance of the genes

Gene symbol Ace. no. Gene name HBL with  Normal HBL with
positive infant’s negative
AFP  liver AFP
CYP3A4 M18%07 P450 6 81 3
AHSG b MIs961 Alpha-2-HS-glycoprotein 6 5 2
TPT1 ¢ X16064 Translationally controlled tumor protein - 6 G 3
CYP2C9 M61855 P4502C9 1 10 1
other hand, genes involved in protein synthesis such as a’ . . Hepatoblastomas with Hepatoblastomas with - '
elongation factors and ribosomal proteins were ob- wild type f-catenin geno mutant § catenin gens

served more frequently in HBLs than in normal liver.
The expression profile in the library of the tumor
without AFP secretion was very different from that with
positive AFP (HMFT vs HKMT). As expected, AFP
gene did not appear in the HKMT library. Intriguingly,
Wt Inhibitory factor-I and dickkopf, both of which are
inhibitors of Wat signaling (Hsieh er al., 1999; Wang
et al., 2000), frequently appeared in the HKMT library.
In addmon vimentin, RNA- bmdzrzg 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
between HBLs and normal livers

To identify differentially expressed genes between HBLs
and their corresponding nortnal livers, 1188 independent
genes which included all of the 847 genes with unknown
function and 341 known genes that were related to
cellular functions including cell growth and differentia-
tion among the 10431 cDNAs were selected and
subjected to semiquantitative RT-PCR analysis
(Figure 1a). The complementary DNAs reverse-tran-
scribed from total RNA obtained from eight tumors and
their corresponding normal livers were used as PCR
templates after normalization with GAPDH expression.
As a result, we found that;75 genes were expressed at
higher levels in normal hvers than in HBLs, whereas
only 11 genes were expressed at higher levels in the

tumors than in normal livers. Figure la shows the |

representatives of the results of differential screening
using semi-quantitative RT-PCR and Table 3 lists 46
differentially expressed genes with known functions. We
classified those differentially expressed genes into 12
categories according to their known functions. The
genes preferentially expressed in normal liver showed
the profiles which reflected normal liver function.
Consistent with the previous reports about HBL and
hepatocellular carcinoma’ (yon Horn et al., 2001; Xu
et al., 2001; Kinoshita andMiyata, 2002), Insulin-like
growth factor binding protein-3 (IGFBP-3), aldolase B,
ceruloplasmin, and c-reactive protein were downregu-
lated in HBLs as compared with the normatl livers. The
expression of IGF2, whose product has mitogenic

Oncogene
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” Figure 1" Expression of the representdtive genes by semi-quanti-

tative RT-PCR. (a) Differentially expressed genes between HBLs
with or without §-catenin mutation and the corresponding normal
livers. cDINA was synthesized from RNAs prepared from eight
pairs of tumors and their corresponding normal livers, and was’~
“used as a PCR template. Amount of cDNAs was normalized to .
that of GAPDH. Four tumors (cases 14, 67, 78, and 81) were with-
wild-type B-catenin gene, while the other four tumors (cases 10, 58,
77, and 85) were with mutant S-catenin gene. Gene symbols were
shown on the left; CRP: C-reactive protein, ALDOB: aldolase, CP:
ceruloplasmin, NPCI: Niemann-Pick disease, type Cl, OLRI:
oxidized low-density lipoprotein receptor 1, LAK: lymphocyte
alpha-kinase. N: normal, T: tumor. (b) Semiquantitative RT-PCR
of muluple human tissues. HMFT060] exhibited ubiquitous
expression in all tissues examined, whereas HMFNI655 and -
HMFT1272 showed specific expression in liver and t'etal [n'er

activity, is upregulated in HBLs, suggesting that the
IGF axis may be involved in development of the tumor
(Gray et al., 2000).

Four known genes which were expressed at hlgh levels
in HBLs (tumor>normal liver) include GTP-binding
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Figure 2 Increased expression of PLKI in HBLs. (a) Semiquanti-
tative RT-PCR of PLKI gene in eight HBL cases. Preferential
expression of the PLKI was seen in all sample pairs with and
without B-catenin mutation. (b) Northern blot analysis of PLKI in
primary HBLs, The 28S ribosomal band is shown as a control of
each RNA amount

nuclear protein gene RAN, PLKI onocgene, and two
cholesterol metabolism-associated protein genes, low-
density lipoprotein (LDL) receptor 1 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 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., 1'992) NPClis 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 et 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: ABO7
3346-AB073347, AB073382-AB073387, AB07359%-AB0
73614, and AB(075869-AB075881). Interestingly, only
one known gene, Iymphocyre alpha-kinase (LAK),

showed distinct expression pattern between HBLs with
mutant fB-catenin and those with wild type f-catenin
(Figure 1a).

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-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 PLKI 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 HBLs and
human placenta as a control, and probed with the
PLK1-specific DNA fragment. However, we failed to
find any clue of rearrangements or amplification of the
PLKI gene locus (data not shown). f

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 (Fxgure 3a) The
average arbitrary values of PLKI expression in HBLs
and norma! livers were 28.9+6.7 and 4.110.76,
respectively (mean+s.e.m., P<0.01). The average va-
lues in alive and dead cases were 21.7+ 5.2 (n=61) and
62.4428.2 (n=13), respectively (p=0.021). When we
compared the expression levels of PLKI 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 B-catenin
mutation did not show a stanstical significance with
PLKI expression.

To further examine whether the PLK] 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 PLKI
expression was based on the median .value (low,
PLK1<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 sugvival rates of
the groups with high and low PLKI 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=10.025) have a significant prognostic
importance (Table 4). The multivariate analysis demon-
strated that PLKT expression was significantly related to
survival, after controlling f-catenin mutation, age, stage,

5905
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Table 3 The known genes differentially expressed between hepatoblastomas and normal livers

Gene syribol Acc. no Gene name
Protein synthesis, metabolism, tronsport L .
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 K01763 Haptoglobin
N=>T HPX NM_000613 Hemopexin
. N>T SQSTMI NM_003%00 Sequestosome 1 o
] N>T PHDGH AF171237 A2-53-73 3-phosphoglycerate dchydrogenase
. 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 Gip2 M13755 Interferon-induced 17-kDa/15-kDa protein
i
Cytokine, growth factor, hormones ; . _ L L
N>T HABP?2 | D49742 Hyaluronan binding protein 2
N>T IGFBP3 . NM:_000598 Insulin-like growth factor binding protein 3
. N>T GOTt AFQ52153 Glutamic-oxaloacetic transaminase 1
Cell signaling - S
~ N=>T CSNK2B M30448 ] Casein kinase II, beta polypeptide
N>T TPDS2 | NM_005079 Tumor protein D52
H
cell cyele ‘ o
T>N PLK1 - X73458 - -0 o CPLKY e o U e
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 Claudin4
N>T VIN i NM_ 000638 Vitronection -
{ T e S, .
Organism defense | . . . . L ..
N>T RODH-4 NM_003708 Retinol dehydrogenase 4
N=>T MASPI | i AF284421 Mannan-binding lectin serine protease 1
N=>T C4BPA M31452 Complement component 4 binding protein, alpha
Glycometabolism L ’
N=>T ADHIB : AF153821 Alcohol dehydrogenase 1B, beta polypepnc[e
N>T ALDOB ' M15657 " Aldolase B -
1
Lipid metabolism . . .
T=>N NPCl NM_000271 Niemann-Pick disease, type Cl
T>N OLR1 !} NM_002543 Oxidized low density lipoprotein {Jectin-like) receptor 1
N=>T DGAT2: AF384161 - Diacylglycerol acyltransferase
N>T scp2 Lt NM_002579 +8terol carrier protein 2
N>T APOAS© AF202890 . Apolipoprotein A-V . .
N>T AADAC L32179 Arylacetamide deacetylase_
N>T SAA4 M31349 Amyloid A protein ’
Transeription S e ! C e
N=T BZw1 NM_014670 Basic leucine zipper and W2 domains 1 L
N>T CREB-(* NM_032607 CREB/ATF family transcription factor .
RNA biogenesis, !
metabolism :
N>T HNRPD?, ABO017018 Heterogeneous nuclear ribonucleoprotein D-like
Homeostasis, heat shock protein, metabolic enzymes
N>T UGTI1A AF297053 UGTI gene locus
N>T ALPL X14174 Liver-type alkaline phosphatase
N>T - SLCI10AL L21893 Solute carrier family 10
N>T CESl AF177775 Carboxylestelase
N>T AKRID] Z28339 Aldo-keto reductase family 1, member Di
N>T AKRIC2 05598 Aldo-keto reductase family I, member C2
N>T CP. .5 D45045 Ceruloplasmin s
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

.-.Oncogene
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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 PLX! mRNA expression in HBLs and
normal livers. The expression levels of PLKI 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
PLK] 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 PLKT (median cutoff). The arbitrary median
cutoff value was set as 13. The patients with high expression of
PLK! represented significantly poor prognosis than those with its
low expression ]

Table 4 Univariate Cox regression analysis using PLKI{log) and
dichotomous factors of §-catenin mutation, age, stage, and histology

(n=59)
Factor n P-value HR (95% CI)
PLKI(log) 59 0.015 1.62 (1.10, 2.40)
B-catenin (mutant vs wild type) 58 0.27 1.85 (0.62, .5.56)
Age (>1vs <1 year) 55 0.76 1.22 (0.33, 4.52)
Stage (3,4 vs 1, 2) 56 0.083 381 (0.84, 17.2)
Histology (poorly vs well) 53 0.025 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;
Cl=confidence interval

or histology, but marginalty related to survival after
controlling 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
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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Table 5 Multivariable Cox regression analysis using PLK!(log) and dichotomous factors of f-catenin mutation, age, stage, and histology {# =.50)

Variable P-value Variable P-value Variable P-vaiue
PLKI(log) 0.005 p-catenin (mutant vs, wild type) 0.51

PLKI(log) 0.005 Age (>1 vs £1 year) 0.92

PLKI(log) 0.019 Stage (3,4vs 1,2) 0.46

PLKI(log) 0.027 Histology (poorly vs well) 0.12

PLElog) 0.052 Histology (poorly vs well) . . . 0.12 0.47

Stage (3,4 vs 1,2) |

All variables with two categories, except PLKI(log)

_are downregulated (Table 2). In the library of the latter

tumor, vimentin, RNA-binding motif protein, Wnt
inhibitory factor-1, dickkopf, and RAP1B are frequently
appeared, whereas they are hardly appeared in the other
libraries. Wissmann et al. (2003) have recently reported
that WIF1 is downregulated in various cancers (prostate
cancer, breast cancer, non-small-cell lung cancer, and
bladder cancer), and suggested that loss of WIF]
expression may be an early event in tumorigenesis in
those tissues. It is notable that, in contrast to AFP-
positive HBLs, the patient’s outcome of the tumor with
negative AFP is very poor, though the incidence of the
latter tumor is low (von Schweinitz et al, 1995). This
suggests that AFP-posmve and AFP-negatlve HBLs

have a different genetic as well as biological back-

ground. In addition, recent reports have demonstrated
that frequent mutation of the f-catenin gene and nuclear
accumulation of its protein product are one of the main
causes of the tumorigenesis of HBL. The 4PC and Axin

genes are also mutated in some HBLs (Oda et al., 1996;

Miao er al., 2003; Thomas; et al., 2003), Indxcatmg that
Wnt s1gna.hng pathway plays an important role in
causing the tumors, mostiof which are AFP-positive.
Therefore, the poor-prognostic HBL without producing
AFP might be caused by the particular mechanism
additional to or other than the abnormality of Wnt
signaling pathway. Although the appearance frequency
of the genes in each library does not always reflect the
actual expression levels of each gene, it may at least in
part show the differences among the tumor subsets with
different genetic abnormalities. As our libraries contain
many genes involved in liver development, normal liver
functions, and carcinogenesis, they must be useful for
making a liver-proper cDNA microarray to analyse
expression profiles of HBL, viral infection-induced
hepatitis, liver cirrhosis, and HCC.

Differentially expressed genes between HBLs and the
corresponding normal livers

cDNA microarray, which i is often applied to a compre-
hensive gene expression analysis, is able to detéct many
genes that are differentially expressed between tumors
and normal tissues (Ckabe er al., 2001; Nagata et al.,
2003). However, it is expensive and needs further
confirmation of the selected genes by a semi-quantitative
RT-PCR or a real-time RT-PCR method. Therefore,
using semi-quantitative RT-PCR and the specific
primers of 1188 ¢cDNAs, we have identified 86 genes
differentiaily expressed between HBLs and their corre-
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sponding normal livers. Surprisingly, 75 out of 86 genes
are preferentially expressed in the latter tissues, and only
11 including RAN, PLKI, NPCl, and OLRI known
genes are expressed at high levels in HBLs. One of the
reasons of this result may be that many gene products,
which are necessary for full function in the' matured liver
metabolism, are dispensable for the malignant growth of
the tumor except for the very limited genes. The results
of some differentially expressed genes are consistent
with those in the previous reports. von Horn et al. (2001)
have shown that the mRNA levels of insulin-like growth
Sfuactor-binding proteins including IGFBP-3 are decreased
in HBLs than in normal livers. Kinoshita and Miyata

(2002) have also reported that aldolase B mRNA is

downregulated in over 50% of 20 HCCs examined. They
proposed that the measurement ‘of aldolase activity in
serum is useful to determine the number of collapsed
hepatic cells in cirrhosis.- Recently, evidences sugpest
that not only mutant f-catenin but also wild-type j-
catenin localize in the cellular nuclei of HBL as well as
some other cancers (Rimm et al., 1999; Takayasu ef al,,
2001). The increased expression of the Ram gene in
HBLs might be correlated with the shuttling -of g-
catenin and/or other related proteins between cytoplasm .
and nucleus in the tumor cells.

Owing to constitutive activation of Wnt s1gna]mg in

. most of the HBLs, the 86 genes differentially expressed

between the tumor and its corresponding normal liver
were expected to contain downstream target genes of
Wnt signaling pathway that might regulate early stage of
the hepatic development, In this study, however, only
the lymphocyte alpha-kinase (LAK) gene was found to be
differentially expressed at high levels in HBLs with wild-
type B-catenin and at low levels in those with S-catenin
mutation. LAK is a new class of-protein kinases with a
novel catalytic domain, but its precise function is
currently unknown (Ryazanov et al., 1999). Thus, our
result may suggest that the target genes of the Wnt
signaling pathway are commonly affected in HBLs,
regardless of t.he presence or absence of f-catenin
mutation.

PLK1 as a prognostic indicator of HBL

PLKI (polo-like kinase 1), the human counterpart of
polo in Drosophila melanogaster and of CDC5 in
Saccharomyces cerevisiae, encodes a serine/threonine
kinase with polo-box domains (Clay et al., 1993). PLK1
is crucial for various events of mitotic progression.

including centrosome maturation (Lane and Nigg, . -



1996), spindle function (Glover et al., 1996), activation
of cyclin B/Cdc2 (Qian et al, 1998; Toyoshima-
Morimoto et al, 2001), and regulation of anaphase-
promoting complex (Kotani et al.,, 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 tumeors, esophageal carcinomas,
melanomas, and colorectal cancers (Wolf et al., 1997,
Knecht et al., 1999; Tokumitsu et al., 1999; Dietzmann
et 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
PLKI expression, though it is one of the critical
prognostic markers. One of the possible réasons 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, PLK! is the only
one known oncogene overexpressed in the HBL tissues.
Smith et al. (1997) have reported that constitutive
expression of PLKI 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 PLKI 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 concluszon our HBL ¢DNA 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 future.

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 et gl., 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 pnor 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)y, 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 oligocapping ¢DNA libraries, two (HMFT, HYST)
derived from HBLs with secretion of AFP, one (HKMT) from
HBL without AFP secrction, and one (HMFN) from the
corresponding normal liver, were constructed according to the
method previously described (Suzuki er al., 1997). These were
approved by the institutional review board The oligo-capping
method enables full- ]cngth ¢DNA cloning with high efficiency.
The 12000 cDNA clones 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 S-catenin, and the others (cases 10,
58, 77, and 85) not. Mutation analy31s for - B-catenin was
performed as described previously (Takayasu et af., 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,
5ug of total RNA was converted to ¢DNA -using random
primers (Takara, Otsu, Japan) with SuperScript II RNaseH-
reverse transcriptase (Gibco BRL, Rockville, MD, USA).
Those cDNAs were at first amplified with GAPDH 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 normatl liver in more than four out of the eight
samples.

Northern blot analysis

In all, 25 gg 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 labeled
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 ug/ml of heat-denatured salmon sperm DNA, and radio-
labeled probe DNA. .

QOuantitative real-time RT—PCR of PLK1

The primer set for amplification of the PLKI/ and probe
sequence are as follows: forward primer, 5-GCTGCACAAG
AGGAGGAAA-3; reverse primer, 5¥-AGCTTGAGGTCTC-
GATGAATAAC-¥; probe, 5-CCTGACTGAGCCTGAGG
CCCGATAC-TA-Y. 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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