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Abstract

The prognosis of leukemia developed in Down syndrome (DS) patients has improved markedly.
Most DS leukemia occurs before 3 years of age and is classified as acute megakaryocytic leukemia
(AMKL). Mutations in the GATAI gene have been found in almost all DS patients with AMKL. In
contrast, it has been shown that occurrence of DS acute myeloid leukemia (DS-AML) after 3 years
of age may indicate a higher risk for a poor prognosis, but its frequency is very low. Age is one of
the significant prognostic indicators in DS-AML. The prognostic factor of gene alterations has not
been reported in older DS-AML patients. We here describe the case of a 7-year-old DS boy with
AML-M2, who had no history of transient abnormal myelopoiesis or any clinical poor prognostic
factors, such as high white blood cell counts or extramedullary infiltration. We molecularly ana-
lyzed the GATAI, FLT3, MLL-partial tandem duplication, NRAS, and RUNX]I (previously AMLI)
genes and did not detect any alterations. The patient has lived for more than 5 years after treatment
on the AML99-Down protocol in Japan. This suggests that a patient lacking these genes alterations
might belong to a subgroup of older DS-AML patients with good prognosis. Accumulation of more
data on older pediatric DS-AML patients is needed. © 2008 Elsevier Inc. All rights reserved.

1. Introduction

Children with Down syndrome (DS) have a ~20-fold
higher incidence of leukemia than do unaffected children.
Most DS leukemia is diagnosed as acute megakaryocytic
leukemia (AMKL), which occurs before 3 years of age,
and the prognosis has markedly improved [1—3]. Infants
with DS and transient abnormal myelopoiesis are at high
risk for later development of AMKL, usually by 3 years
of age. Recently, it has been reported that mutations of GA-
TAI are present in virtually all cases of DS acute myeloid
leukemia (DS-AML) [4.5]. The same mutations are seen
in transient abnormal myelopoiesis cases as well [5].
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Furthermore, in paired samples from transient abnormal
myelopoiesis and AMKL in the same children, identical
GATAI mutations were found [4—6], suggesting that DS
with transient abnormal myelopoiesis and AMKL are
within a biologically homogeneous group. GATAI mutation
is a very early event in the development of DS-AMKL and
in the process of multistep leukemogenesis [4.7].

On the other hand, DS-AML occurring after the age of 3
years may be completely different from that occurring be-
fore the age of 3 years, and may instead be biologically
similar to de novo AML in non-DS patients. Multivariate
analysis of data showed that children with DS aged =2
years at diagnosis had an increased risk of relapse after
treatment [2]. There has been no good classification of
DS-AML patients between the age of 2 and 4 years. Clas-
sification of the biological differences would probably be
more useful than a better age cut.
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Here we describe the case of a 7-year-old boy with DS-
AML who lacked mutations of GATAI, FLT3, MLL-partial
tandem duplication (PTD), NRAS, and RUNX! (previously
AMLI) genes. The prognostic factors for DS-AML, partic-
ularly in older children, are still unknown. The present case
supports the hypothesis that DS-AML patients who do not
have alteration of these genes have a good prognosis.

2. Case report

A 7-year-old boy with DS presenting with a persistent
fever was admitted to our hospital because of anemia and
thrombocytopenia. On admission, he had a pale face and
systemic petechiae and purpuras. No cervical lymphade-
nopathy or hepatomegaly was noted. Blood testing revealed
a white blood cell count of 7,500/uL with 9% myeloblasts,
8% segmented neutrophils, 15% monocytes, 49% lympho-
cytes, and 6% blasts, a hemoglobin concentration of 6.1 g/
dL, and a platelet count of 41.2 x 10%/uL. Bone marrow ex-
amination revealed 66% blasts (Fig. 1a) with 39.2% mono-
cytoid blasts and 18.8% myeloblastic cells with Auer
bodies (Fig. 1b) and azurophilic granules. The diagnosis
of AML-M2 was made according to the morphological
and immunophenotypic criteria of the French—American—
British (FAB) classification in combination with other
laboratory data.

Even though the differential count showed a predomi-
nance of monocytic cells, myeloblasts (15.2%) and myelo-
blastic cells (18.8%) were 34% of total. These cells were
positive for peroxidase staining (73.5%), and both nonspe-
cific (5.8%) and specific (55%) esterase staining. Nonspe-
cific esterase-positive cells were <20% among blasts,
which matches the criteria of FAB-M2. Immunophenotypic
analysis of CD45+ cells showed the presence of CDI13
(56.8%), CD33 (86%), CD38 (95.2%), and HLA-DR
(26.7%) antigens and the absence of CD34 (2.7%),

CD11b (11.7%), and CD14 (0.6%). CD11b and CD14 pre-
sented on monocytes were negative in this patient. Cytoge-
netic analysis demonstrated the 47,XY,+21c karyotype in
20 bone marrow cells.

The serum and urine lysozyme level has been used as an
aid in distinguishing AML with maturation (FAB-M2) from
acute myelomonocytic leukemia (M4). In this patient, the
count of monocytes in peripheral blood was 1,125/uL,
which is less than the 5,000/uL of the FAB-M2 criteria.
The serum lysozyme level was 25 pg/mL (normal range,
5—10 pg/mL) and the urine lysozyme level was 0 pg/mL.
The level of lysozyme of this patient in peripheral blood
was less than threefold of the normal range. Collectively,
these data led us to diagnose this patient with AML-M2.

The patient was treated on the Japanese Childhood AML
Cooperative Study Group Protocol for DS patients
(AML99-Down protocol), which consists of pirarubicin
(THP-ADR) (25 l'nglrn2 on days 1 and 2), etoposide (150
mg/m® on days 3—S5), and cytosine arabinoside (Ara-C)
(100 mg/m> on days 1-7) at five cycles every month
[8.9]. No prophylaxis for the central nervous system was
performed.

On the first cycle of chemotherapy, he had severe muco-
sitis and high fever for 5 weeks. On the second cycle, he
had high fever during therapy. We considered this fever
a side effect of Ara-C, and therefore methylprednisolone
was given for 30 minutes prior to drip infusion of Ara-C.
The patient obtained complete remission after the first cycle
of chemotherapy and has continued in complete remission
for 5 years without any reoccurrence.

3. Analysis of GATAI, FLT3, MLL, NRAS, and RUNX1
genes

Written informed consent was obtained from the parents
of the patient. RNA extracted from his bone marrow cells at

Fig. 1. Initial bone marrow smear at diagnosis. (a) Bone marrow aspirate showing hypercellularity (Giemsa staining). (b) Leukemic cells with Auer bodies

(arrowhead).
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diagnosis was reverse transcribed to cDNA and alterations
of GATAI, FLT3, MLL-PTD, NRAS, and RUNX! genes
were examined as previously described [10—13]. Briefly,
mutational analysis of GATAI within exon 2, where there
are hot spots, was performed with reverse transcription-
polymerase chain reaction (RT-PCR) followed by direct se-
quencing [11]. Point mutations of FLT3-D835/1836 were
examined with restriction fragment length polymorphism
(RFLP)-PCR [12] and FLT3-internal tandem duplication
(ITD) was analyzed with RT-PCR [11.13]. MLL-PTD was
examined with simple first-round RT-PCR using the primer
pair located between exon 9 and exon 4 [14]. Mutation of
NRAS and RUNXI genes was examined with PCR-single
strand conformation polymorphism analysis (SSCP) and di-
rect sequencing |15].

4. Discussion

Lange et al. [16] studied 1,206 children with AML, in-
cluding 118 (9.8%) DS patients. Among these, >95% of
AML patients with DS were <5 years old. FAB-M7
(AMKL) was found in 62%, and FAB-Mlor M2 in 10%.
Children under 2 years (n = 94) treated on Children’s Can-
cer Group (CCG) studies 2861 and 2891 had a 6-year EFS
of 86%: those aged 2—4 years (n = 58), 70%; and those
older than 4 years (n = 9), 28%. Outcome of children with
DS-AML is excellent with standard induction therapy, but
declines with increasing age: this report, however, gives
no information about patients >4 years old [16].

Although white blood cell count at diagnosis is a signif-
icant predictor of outcome in non-DS AML, this is not the
case for either DS or antecedent myelodysplastic syndrome
patients. Extramedullary infiltration, which includes tumor
nodules, skin infiltration, meningeal infiltration, gingival
infiltration, or hepatosplenomegaly, has been discussed as
a prognostic factor and is generally thought to indicate poor
outcome in non-DS AML [&].

Monosomy 7 (—7) or deletion of the long arm of chromo-
some 7 [del (7q)] is found in only 4—5% of pediatric patients
with AML. Although, cytogenetically, —7 is generally asso-
ciated with a dismal prognosis in AML, even this may not be
as unfavorable in those with DS [17]. Our patient did not have
an acquired chromosomal abnormality in addition to trisomy
21 at diagnosis. Having no additional chromosomal abnor-
malities, including absence of —7, might be one of the good
prognostic factors.

Our patient had no prior history of transient abnormal
myelopoiesis or of the GATAI mutation in leukemic cells.
In this respect, the leukemogenesis of this patient may differ
from that typical of DS-AMKL patients <3 years old. DS-
AMKL patients > 3 years old at diagnosis often show the ab-
sence of a prior history of transient abnormal myelopoiesis.
An age of > 3 years at diagnosis may indicate only a different
biological origin from those with a prior history of transient
abnormal myelopoiesis and the GATAI mutation. In other

words, there may be age-related biologic differences in the
nature of AML in DS patients. We suggest that a better
way to predict their prognosis would be by analyzing for
the presence or absence of GATA/ mutations and screening
for the groups with good prognosis, rather than by the age
at diagnosis, because the GATAI mutations are tightly asso-
ciated with AMKL in DS patients, who are mostly younger
children and have a good prognosis [1].

There is little clinical and genetic information on older
pediatric patients with DS-AML with a poor prognosis.
AML-M7 with GATAIl mutations has a good prognosis
among DS patients. This patient was 7 years old and his
prognosis was good, suggesting that leukemogenesis in this
case was not due to GATA] mutation.

DS-AML in older pediatric patients is considered to be
similar to de novo non-DS AML. We therefore analyzed
the same genetic prognostic factors in this patient as have
been reported in de novo pediatric AML. There are no large
studies of the genetic prognostic factors associated with older
pediatric DS-AML, however, which made it difficult to com-
pare the incidence of those mutations between non-DS AML
and DS-AML among children. Particularly for older children
with DS-AML, more accumulation of data is needed.

We examined ITD and D835/1836 mutations of FLT3.
The prevalence and prognostic significance of these fea-
tures are unknown in DS-AML. FLT3-ITD occurs in
~30% of adult AML patients and ~20% of pediatric AML
patients [18—21]. FLT3-ITD is considered to predict poor
prognosis in adult and pediatric AML patients [19.22—24].
On the other hand, ~10% of adult and pediatric AML patients
have FLT3-D835/1836 mutations. AML patients with FLT3-
D835/1836 mutations tend to have a poor prognosis as adults,
but not as children [25.26]. Alterations of FLT3 were not
detected in the present patient. Given that this case was
considered to be the same as de novo AML in a non-DS pa-
tient, the absence of FLT3 alterations suggests a good
prognosis.

We analyzed other possible prognostic factors, such as
MLL-PTD, NRAS, and RUNXI mutations. MLL-PTD was
detected in ~10% of AML patients with normal karyotype
and in 90% of AML patients exhibiting trisomy 11 as the
sole chromosome abnormality. The MLL-PTD was reported
to be a subgroup of patients with an unfavorable prognosis
in adult AML [14]. In a study of the Japanese Childhood
AML Cooperative study group, AML patients with MLL-
PTD comprised 13.3% and correlated with poor prognosis
[21]. The prognostic impact of NRAS mutations, reported
in 11-30% of AML patients, is still under discussion
[27.28]. As for RUNXI mutation, we have reported that
the mutations in pediatric hematologic malignancies are in-
frequent, but may be related to AML-MO, acquired trisomy
21, and leukemic transformation [10]. Furthermore, non-
constitutional chromosome 21 in the leukemic clone may
also lead to an unfavorable prognosis. No mutations of
these genes were found in our patient, suggesting a good
Prognosis.
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Table 1
Frequency of Down syndrome acute myeloid leukemia and myelodysplastic syndrome patients in published studies, including pediatric patients older than
4 years

DS-AML/AML patients, DS-AML patients

Study group Accrual period, mo/yr no./no. (%) >4 yr old, no. References
POGB498 July 1984—July 1989 12/285 (4.2) 0 Ravindranath et al., 1992 [29]
Nagoya Sept. 1986—Aug. 1992 9/NI 0 Kojima et al., 2000 [1]
NOPHO84/NOPHOS88 July 1984—Dec. 1992 23/223 (10.3) 2 Lie et al., 1996 [30]
BFM 87/BFM 93 July 1987—Dec. 1994 40/633 (6.3) 3 Creutzig et al., 1996 [31]
CCG 2861/2891 Mar. 1988—0Oct. 1995 118/1206 (9.8) : Lange et al., 1998 [16]
Japan AT group/Down Sept. 1987—Aug. 1997 33/NI 0 Kojima et al., 2000 [1]
CCG 2891 Oct. 1989—0ct. 1999 161/1108 (14.5) 9 Gamis et al., 2003 [2]
AML9Y Jan. 2000—Dec. /2003 66/418 (15.8) e Kobayashi et al., 2006 (8]

Abbreviations: DS-AML/MDS, Down syndrome acute myeloid leukemia and myelodysplastic syndrome; NI, no information.
* Nine patients are older than 5 years; data are shown separately for patients aged 2—5 years and older than 5 years.

Table | presents the frequency of DS-AML/MDS in chil-
dren >4 years old from previous reports [1,2.8,16,29—=31].
In BFM 87/BFM93, there were three such patients among
40 patients with DS-AML [31]. These three patients were
12, 15, and 16 years old at diagnosis, their FAB classification
was M0, M2, and M4, and their white blood cell count at di-
agnosis was 2,600/uL, 22,600/uL, and 1,400/uL, respec-
tively. The 12-year-old girl died from sepsis after four
weeks of consolidation therapy; the other two patients were
not treated [31]. In the CCG-2861 and CCG-2891 studies,
three patients were reported to be > 5 years old [16], two
of whom died of disease and one from toxicity. On the
AML99-Down protocol, there were two patients >4 years
old (one being the present patient) [8]. A 4-year-old boy with
AML FAB-M5a who failed to obtain complete remission af-
ter two courses of induction therapy and received cord blood
stem cell transplantation was, at writing, still alive [32].

To date, there are only a few individual case reports of
children >4 years old [32,33]. For DS patients, immuno-
logic disorders, congenital heart disease, and other factors
possibly caused disease-related and treatment-related mor-
tality. Considering the high incidence of therapy-related
mortality, overtreatment should be avoided.

No alterations in GATAI, FLT3, MLL-PTD, NRAS, or
RUNX1 were found in our patient, suggesting that he be-
longs to a subgroup, among older DS-AML patients, with
good prognosis. Because the prognostic factors for
DS-AML are still unknown, particularly in older children,
further data accumulation is needed.
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Expression of KIT and PDGFR Is Associated With a Good
Prognosis in Neuroblastoma

Akira Shimada, mp," Junko Hirato, mp,?> Minoru Kuroiwa, mp,® Akira Kikuchi, mp,*
Ryoji Hanada, mp,* Kimiko Wakai, ct,® and Yasuhide Hayashi, mo'*

Background. The clinical outcome of neuroblastoma (NB)
depends on age, stage, and MYCN amplification. Receptor tyrosine
kinases (RTKs) promote cell growth, migration, and metastasis in
cancer cells, including NB. However, the correlation of the
expression profile of RTKs with prognosis in NB remains contro-
versial. Procedure. Expression and mutation analysis of KIT, PDGFR,
FLT3, RET, and TRKA mRNAs were performed in 24 NB cell lines
and 40 tumor samples using RT-PCR followed by direct sequencing.
Immunohistochemical analysis of KIT and PDGFR protein expres-
sion was also examined in 38 paraffin sections of NB tumor samples.
Results. The expression of KIT, PDGFRB, and FLT3 mRNA was
associated with NB in patients under 1 year (P<0.02) and TRKA

Key words:  FLT3; KIT; neuroblastoma; PDGFR; receptor tyrosine kinase

expression (P < 0.001). The loss of expression of these kinases was
associated with MYCN amplification (P < 0.02) and advanced stages
of disease in patients over 1 year of age (P <0.005). PDGFRx mRNA
expression was detected in all cell lines and tumor samples, and RET
mRNA expression was not associated with any clinical parameters.
Immunohistochemistry results showed the similar findings. We did
not find any activating mutations in KIT, PDGFR, FLT3, or RET.
Notably, the GNNK™ isoform of KIT was predominant in all cell lines
and clinical samples. Conclusion. Expression of KIT, PDGFR, and
FLT3 was associated with a good prognosis in NB. The loss of
expression of these RTKs might correlate to the disease progression of
NB. Pediatr Blood Cancer 2008;50:213-217. © 2007 Wiley-Liss, Inc.

INTRODUCTION

The receptor tyrosine kinases (RTKs) play an important role in
the growth, migration, metastasis and angiogenesis in varieties of
malignancies [1-3]. KIT is one of the type III RTKs and is well
known to have roles not only in hematopoiesis, but also in germ
cell and melanocyte development and differentiation as well as in
neuroectodermal tumor cells [1-9]. Recently, KIT expression in
NB has been reported to be associated with a poor prognosis with
MYCN amplification [4,9]. On the other hand, another report
suggested that KIT expression was associated with a good prognosis
[7]. Moreover, a tyrosine kinase inhibitor, imatinib, has been shown
to have an inhibitory effect for NB cell growth in vitro and in vivo
[4—-6]; however, imatinib was suggested not to inhibit the stem
cell factor (SCFY/KIT pathway in NB cells [6]. Therefore, the
therapeutic mechanism of imatinib in NB remains undetermined.
KIT mutations have been frequently found in gastrointestinal
stromal tumor (GIST) [10] and a subtype of acute myeloid leukemia
(AML) [11], but not in NB [8]. The platelet derived growth factor
receptor (PDGFR)-a has important roles in the development of
neural crest-derived cells [12]. PDGFRa mutation has been
frequently found in GIST [13]. PDGFRp is overexpressed in
metastatic medulloblastoma, and has been considered to have a
more oncogenic potential than PDGFR« [ 14]. The roles of PDGFRx
and PDGFRf remain to be elucidated in NB.

FLT3 and RET have been reported to have roles in proliferation
and differentiation in NB [15,16]. Although FLT3-internal tandem
duplication (ITD) is a poor prognostic factor in AML [17], FLT3-
ITD or kinase domain mutations have not yet been reported in NB.
The RET receptor signal pathway is functional in most NB [16,18].
RET gene mutations have been identified in multiple endocrine
tumors [19]. The expression of TRKA has been associated with
good clinical outcome in NB. On the other hand, Tacconelli et al.
[20] reported that the alternative spliced isoform [II of TRKA has
oncogenic potential. Therefore, we performed expression and
mutation analysis of these 5 RTK (KIT, PDGFRs, FLT3, RET, and
TRKA) genes in 24 NB cell lines and 40 clinical specimens.

Here we described that the expression of KIT, PDGFRf, and
FLT3 is associated with NB in patients under 1 year of age and with a

© 2007 Wiley-Liss, Inc.
DOI 10.1002/pbc.21288

good prognosis. The loss of expression of these RTKs may be
associated with NB disease progression.

MATERIALS AND METHODS
Cell Lines and Clinical Samples

Twenty-four NB cell lines were examined in this study
(Supplemental Table I). RNAs were extracted from 40 frozen
tumor samples using a QIAGEN RNA extraction kit (Qiagen,
Chatsworth, CA), which were obtained before chemotherapy from
January 2001 to December 2005. Twenty of these samples were
taken from patients under 1 of age, and they received surgical
resection and chemotherapy. All patients except for one are
alive. Five patients were stages I or II and over 1 year of age and
received surgical resection and chemotherapy and were alive.
Fifteen patients had advanced stage and were over 1 year of age; they
received surgical resection, radiation therapy, and intensive chemo-
therapy including autologous-SCT [21] (Table I); however, five
patients (33.3%) died due to the disease progression after
autologous-SCT. Informed consent was obtained from parents.
The institutional review board of Gunma Children’s Medical Center
approved this project.

This article contains Supplementary Material available at http://
www.interscience.wiley.com/jpages/1545-5009/suppmat.
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TABLE I. Expression of KIT, PDGFRp, FLT3, RET in 40 Clinical NB Samples by RT-PCR

No. of patients KIT (%) PDGFR (%) FLT3 (%) RET (%)
Age
<1 year 20 20 (100) 19 (95) 19 (95) 8 (40)
>1 year 20 12 (60) 10 (50) 13 (65) 9 (45)
(P =0.0016) (P=0.0014) (P=0.0177) ns
MYCN status
>5 copies 6 2/(333) 2 (33.3) 2(33.3) 1(16.7)
1 copy 34 30 (88.2) 27 (79.4) 30 (88.2) 16 (47.1)
(P = 0.0006) (P =0.0198) (P=0.0019) ns
Clinical stage
III, 1V, and over 1 year old 15 7 (46.7) 7 (46.7) 8 (53.3) 4 (26.7)
L II, IVs at any age 25 25 (100) 22 (88) 24 (96) 13 (52)
(P < 0.0001) (P = 0.0046) (P=0.0011) ns
TRKA
Positive 28 27 (96.4) 25 (89.3) 27 (96.4) 12 (42.9)
Negative 12 5417 4 (33.3) 5(41.7) 5417
(P < 0.0001) (P =0.0003) (P <0.0001) ns
Total 40 32 (80) 29 (72.5) 32 (R0) 17 (42.5)

P-value is analyzed for the correlation between RTK expression and age, MYCN amplification, clinical stage, and TRKA expression, respectively. ns

represents not significant.

Expression and Mutation Analysis of KIT and PDGFR

The procedure was reported previously. Briefly, a total of 4 pg of
RNA was reverse transcribed to cDNA. Using 1 pl of the cDNA,
polymerase chain reaction (PCR) was performed using primer pairs
for extracellular (EC), juxtamembrane (JM), transmembrane (TM),
and the second tyrosine kinase (TK2) domains of KIT and PDGFR
using an ABI 2700 thermal cycler (Applied Biosystems, Tokyo,
Japan; Supplemental Table II) [11,22]. If the PCR-product was
found as the estimated size and confirmed by sequencing directly,
we evaluated it as positive expression of mRNA.

Mutation analyses of KITand PDGFR in 24 NB cell lines were
performed by direct sequencing using an ABI prism 310 sequence
analyzer (Applied Biosystems). The mRNA expression of each
ligand (SCF, PDGFA, and PDGFB) was also analyzed by RT-PCR.

Expression and Mutation Analysis of FLT3

Using 1 pl of the cDNA, PCR amplification was performed for
the JM or TK2 domain of the FLT3 gene. The PCR procedure has
been reported previously using primer pairs R5, R6 and 17F, TKR
[23]. If more than two bands were found, the amplified products
were cut from the gel, purified with a QIAquick gel extraction kit
(Qiagen) and directly sequenced.

Expression and Mutation Analysis of RET

Using 1 pl of the cDNA, PCR amplification was performed for
the TM and TK domain of the RET gene. PCR was performed using
previously reported condition and primer pairs RET-TM(+) and
RET-TK2(—) [24]. RET isoforms, RET9 and RET51, were analyzed
as previously reported [25].

Expression and Mutation Analysis of TRKA

TRKA mRNA expression was analyzed using newly designed
primer pairs, TRKA-F and TRKA-R (Supplemental Table II). This
primer pair could distinguish the alternative spliced form I (deleted
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exon 9), II (no-deletion), and III (exons 6, 7, and 9) [24] by the
forward primer in exon 5 and reverse primer in exon 10.

Protein Expression Analysis

Paraffin sections were obtained from 38 NB samples (Table II).
Eight samples were classified as advanced stage and older than
1 year old. Ten RNAs and ten paraffin sections were obtained from
the same patients. The expression of KIT, PDGFRa and PDGFRf
proteins was analyzed using the avidin—biotin—peroxidase complex
method on paraffin sections [26]. Antibodies of KIT (DAKO,
A4502, diluted 1:80), PDGFRa (SantaCruz, CA, USA, sc-338,

TABLE II. Expression of KIT and PDGFRp in NB Tumor
Specimens by Immunohistochemistry

Number
of patients KIT (%) PDGFRp (%)
Age
<1 year 27 20 (74) 20 (74)
>1 year 11 3(27.3) 4 (364)
(P=0.0074) (P=0.019)
MYCN status
>5 copies 6 1(16.2) 0
1 copy 32 22 (68.8) 24 (75)
(P=0.017) (P=0.0052)
Clinical stage
I, IV, and over 1 year old 8 2(25) 1(12.9)
I II, IVs in any age 30 21 (70) 22 (73.3)
(P=0.014) (P=0.0011)
Shimada’s Histology
Favorable 27 19 (70.4) 21(77.8)
Unfavorable 11 4(364) 3(27.3)
(P=0.052) (P=0.0021)
Total 38 23 (60.5) 24 (63.2)

P-value is analyzed for the correlation between each RTK expression
and age, MYCN gene amplification, clinical stages, and histology.



diluted 1:200) and PDGFRp (SantaCruz, sc-6252, diluted 1:200)
were used. We also analyzed the expression of KIT and PDGFRP in
6 ganglioneuroma samples (Table III). GIST specimens were used
for the positive controls. The evaluation of immunohistochemistry
was performed by two independent observers (AS and JH). We
evaluated the complete cytoplasm and membrane staining in more
than 30% of cells as positive, and cytoplasm or membrane staining
in less than 30% of cells as negative. We considered that the positive
specimens showed the expression of the protein.

Statistical Analysis

Statistical analysis was performed using Statview software
(SAS). The y*-test was used to correlate the categorical variables.
The prognostic significance of the clinical variables was assessed by
using Cox proportional hazards model. For all analyses, the P values
were 2-tailed, and a P-value of less than 0.05 was considered
statistically significant.

RESULTS
Expression and Mutation Analysis of KIT

KIT mRNA expression was found in 22 (91.7%) of 24 cell lines
with RT-PCR (Supplemental Table I). All cell lines predominantly
showed a 12 bp (GGTAACAACAAA) deleted product (GNNK™
isoform) at the end of the extra cellular domain (exon 9) compared to
the wild-type of KIT (Supplemental Fig. 1) [27]. We could not find
any activating mutations as previously reported in GIST and AML
[10,11]. Two single nucleotide polymorphisms (SNPs) were found
[541aa, A >C of 1642 bp in exon 10 (Reference SNP (refSNP)
Cluster Report: rs 3822214 by NCBI) in SCMC-N4 and SKNSH,
862aa, G > C of 2,607 bp in exon 18 (rs 3733542) in SINB-5 and
SKNSH]. A silent mutation was also found (17981, ATC > ATT of
2,414 bp in exon 17 in SINB-8). All cell lines, except for one,
expressed SCF. Both soluble and membranous bound forms of KIT
mRNA were found.

KIT expression was detected in 32 (80.0%) of 40 tumor samples
by RT-PCR (Table I) and 23 (60.5%) of 38 paraffin sections of tumor
samples by immunohistochemistry (Table II). The expression of
mRNA and protein was measured in ten patients using both RT-PCR
and immunohistochemistry. The expression of KIT mRNA and
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protein was associated with NB patients under 1 year (P = 0.0016,
0.0074, respectively) and inversely associated with MYCN
amplification (P =0.0006, 0.017, respectively) and Stages 3 or
4 NB patients over 1 year old (P < 0.0001, 0.014, respectively). KIT
mRNA expression was significantly associated with TRKA
mRNA expression (P < 0.001). Multivariate analysis showed the
coefficient of correlation between KIT mRNA and TRKA mRNA
was 0.627 (0.398-0.785, P < 0.001) and between KIT mRNA and
survival was 0.665 (0.446-0.809, P < 0.001). The KIT protein
expression was found in two of four differentiating NB samples and
five of six samples of ganglioneuroma (Table III). The difference
of expression rate of KIT protein between neuroblastoma
(NB) and ganglioneuroma or between differentiating and poorly
differentiated NB were not statistically significant.

Expression and Mutation Analysis of PDGFRs

PDGFRx mRNA was detected in all cell lines and tumor samples
by RT-PCR (Supplemental Table I). As for the mutation of
PDGFRua, no activating mutations were found. Three SNPs were
found (567aa A > G of 1,849 bp in exon12 (rs 1873778) in SINB4,
603aa G > A of 1957 bp in exon13 (rs 10028020) in SINB4, NB16,
NB69, LAN2, and SKNSH, 824aa C>T of 2,620 bp in exon
18 (rs 2228230) in SINB-5, SINB-8, NB-19, LAN-1, LAN-5,
and SKNSH). Silent mutation was found in GOTO (V533V,
GTG > GTA of 1,747 bpinexon 11). PDGFRa protein was strongly
expressed in almost all tumor samples by immunohistochemistry.

PDGFRP mRNA was expressed in 14 (58%) of 24 cell lines and
29 (73%) of 40 NB samples using RT-PCR (Tables I and II).
PDGFRf was expressed in 24 (63%) of 38 tumor samples by
immunohistochemistry (Table III). The expression of PDGFRf
mRNA and protein was associated with NB patients under 1 year
(P=0.0014 and 0.019, respectively) and inversely associated
with MYCN amplification (P =0.0198 and 0.0052, respectively),
advanced stage patients one year old and over (P =0.0046 and
0.0011, respectively). The correlation between PDGFRf and TRKA
mRNA expression was significant (P=0.0003). Multivariate
analysis showed the coefficient of correlation between PDGFRf
mRNA and TRKA mRNA was 0.574 (0.320-0.751, P < 0.001) and
between PDGFRS mRNA and survival was 0.525 (0.256-0.719,
P =0.004). The correlation between PDGFRJ protein expression
and a favorable histology was also significant (P =0.0021). The

TABLE III. Correlation of KIT and PDGFRB Expression to Histopathology of NB According to

INPC System
INPC system Number of patients KIT (%) PDGFR (%)
Neuroblastoma (Schwannian stroma-poor)
Undifferentiated 1 0 0
Differentiating 4 2(50) 4 (100)
Poorly differentiated 27 17 (63) 16 (59.3)
Ganglioneuroblastoma
Intermixed (Schwannian stroma-rich) 4 2 (50) 4 (100)
Nodular 2 2 (100) 1 (50)
Total 38 23 (60.5) 25 (65.8)
Ganglioneuroma (Schwannian stroma-dominant) 6 5(83.3) 6 (100)

The difference of expression rate of KIT or PDGFR  protein between neuroblastoma and ganglioneuroma
was not statistically significant. The difference of expression rate of KIT or PDGFRJ protein between

differentiating and poorly differentiated neuroblast.
Pediatr Blood Cancer DOI 10.1002/pbc
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expression of PDGFRP was found in all four differentiating NB
samples and all five ganglineuroblastoma samples (Table III).
The difference of expression rate of PDGFRp protein between
NB and ganglioneuroma or between differentiating and poorly
differentiated NB were not statistically significant.

Expression and Mutation Analysis of FLT3

FLT3 mRNA expression was detected in 19 (79.2%) of 24 cell
lines and in 32 (80%) of 40 tumor samples by RT-PCR (Table I and
Supplemental Table I). No ITDs or kinase domain mutations were
observed in any cell lines. FLT3 expression was associated with
NB patients under 1 year (P=0.0177) and TRKA expression
(P < 0.0001; TableI). Inverse correlations were observed for MYCN
amplification (P=0.0019) and advanced stage patients over
one year old (P=0.0011). FLT3 protein expression was not
examined.

Expression and Mutation Analysis of RET

RET expression was detected in 22 (91.6%) of 24 cell lines and in
17 (42.5%) of 40 tumor samples by RT-PCR (Table I and
Supplemental Table I). However, no mutations were found in this
study. We identified SNPs (691aa or 769aa) of the RET gene. RET
expression was not associated with any clinical findings (Table I).
Furthermore, we examined the expression of both isoforms RET51
and RET9. There were no correlations between the RET isoforms
and the clinical findings.

Expression and Mutation Analysis of TRKA

TRKA expression was detected in 7 (29.2%) of 24 cell lines and
in 28 (70.0%) of 40 tumor samples by RT-PCR (Table I and
Supplemental Table I). TRKA expression was associated with NB in
patients under age 1 year (P =0.0006) and with good prognosis
(Table I). We examined the expression of the TRKA isoform, but did
not detect isoform III in any cell lines or tumor samples [20]. On the
other hand, we found another novel isoform (deletion of exons 7-9)
in 6 (25%) in 24 cell lines (SINB-2, SINB-6, NB1, TGW, SKNSH,
SCMC-N4) with the coexpression of isoforms I or II, which we
refered to as isoform IV in this article (Supplemental
Fig. 2). However, we could not find this isoform IV in any of 40
tumor samples.

DISCUSSION

The aberrant expression of KIT and SCF has been reported in
several solid tumors, such as small cell lung cancer [28],
gynecological tumors [29], and breast cancer [30]. However, KIT
mutations are rarely reported in other cancers [31-33] except for
GIST [10] and the core-binding factor AML [11]. An autocrine or
paracrine loop of KIT and SCF has been hypothesized in NB cell
proliferation [34]. Moreover, the GNNK ™ isoform of KIT has been
shown to be predominantly expressed in varieties of tumors, such as
AML and germ cell tumor [35,36], and the GNNK ~ isoform has a
growth advantage compared with the GNNK' isoform and
phosphorylates downstream signals, such as MAP and STAT
kinases [27]. In this study, KIT expression was associated with
NB patients under 1 year of age and good prognosis as previously
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reported [7]. The GNNK™ isoform was predominantly expressed in
NB patients. An inverse correlation between KIT expression and
MYCN amplification was observed and it supported the observation
of Krams et al. [7]. On the other hand, KIT expression has been
reported to be associated with a poor prognosis and with MYCN
amplification in NB [4,9]. These different results may due to the
differences of experimental method, race or the number of patients
analyzed. Moreover, the loss of KIT expression has also been
reported in advanced cancer, including breast cancer [32],
melanoma [37], thyroid cancer [38], and ovarian cancer [39]. The
loss of KIT expression may be associated with NB tumor
progression.

PDGFRs and their ligands, PDGFA and PDGFB, have an
important role not only in embryogenesis, but also in the progression
of some tumors, suggesting the presence of an autocrine or paracrine
mechanism [40,41]. PDGFRs can become potent oncoproteins
when they are overexpressed or mutated [40-42]. The intensive
expression of PDGFRa protein was detected in this study,
suggesting that expressed PDGFRa may be the therapeutic target
for the kinase inhibitor, imatinib. On the other hand, the expression
pattern of PDGFRP was associated with good clinical outcome in
NB similar to KIT. PDGFR has been considered to have oncogenic
potential compared to PDGFRx [14].

FLT3 expression was associated with a good clinical outcome of
NB in our study. Our results may provide the evidence that
neuroectodermal and hematopoietic cells share common regulatory
pathways, as previously reported [15]. It was reported that the RET
and TRKA pathways collaborate to regulate NB differentiation [ 16],
but RET expression was not associated with TRKA expression or
any clinical parameters in present study. We could not find the
alternative spliced variant form of TRKA, TRKAIII, which was
reported to have the oncogenic potential [20]. We found another new
isoform (deletion of exons 7-9) in 6 (25%) of 24 cell lines. Further
study is needed to clarify the function of this new isoform.

In conclusion, our data suggest that the loss of expression of
several RTKs may be related to disease progression and poor clinical
outcome in NB.
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Abstract

Patients with infant acute myeloid leukemia (AML) who carry a 1(7;12)(q36:;p13) translocation
have been reported to have a poor clinical outcome. MNX]—ETV6 fusion transcripts (previously
HLXB9—ETV6) were rarely detected in AML patients having 1(7;12)(q36;p13). A 23-month-old girl
with acute megakaryoblastic leukemia (AMKL) exhibited chromosome abnormalities, including
add(7)(q22), and del(12)(p12p13). Southem blot analysis of bone marrow cells showed an ETV6
gene rearrangement. Reverse transcriptase-polymerase chain reaction (RT-PCR) followed by
sequence analysis revealed the presence of an MNXI—ETV6 fusion gene. The patient responded
well to chemotherapy, achieved complete remission, and at writing had been in complete remission
for 60 months. The MNX] expression by RT-PCR was significantly more frequent in Epstein—Barr
virus—transformed B-cell lines derived from normal adult lymphocytes than in leukemic cell lines.
This represents a novel case of an AMKL patient with MNX/—ETV6 fusion transcripts who had

a good prognosis. © 2008 Elsevier Inc. All rights reserved.

1. Introduction

Many recurrent chromosomal translocations are
involved in acute myeloid leukemia (AML) [1]. AML with
12p13 translocations have been reported to involve the ETS
variant gene 6 (TEL oncogene) (ETV6) [2]. In cases of
AML carrying 12pl13 abnormalities, a recurrent transloca-
tion t(7;12)(q36;p13) is found in 20%—30% of infant cases
[3—5]. Fluorescence in situ hybridization assay is needed to
evaluate this translocation, because it is difficult to detect
by conventional karyotyping [3—5]. AML patients with this
translocation are characterized by age under 20 months at
diagnosis, thrombocytosis, high percentage of CD34-
positive cells, presence of additional chromosomal abnor-
malities, including trisomy 19 or trisomy 8 (or both), and
a poor prognosis [3—5]. An MNX1—ETV6 fusion gene (pre-
viously HLXB9—ETV6) was identified in two pediatric
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AML patients having t(7;12)(q36;p13) [6]; however, het-
erogeneity of the 7q36 and 12pl3 translocations was
reported [5.7.8]. Thus, MNXI—ETV6 fusion gene in AML
patients having t(7;12) is infrequently reported [7.8].

We describe the case of a 23-month-old AML patient
with add(7)(q22), del(12)(p12p13), and MNXI—ETV6 fu-
sion transcript; the child has remained alive for 5 years.
We also report the expression of the MNX] gene in several
leukemic and normal Epstein—Barr virus-transformed cell
lines.

2. Case report

A 23-month-old girl was admitted to Osaka City General
Hospital because of appetite loss and pallor. Blood exami-
nation showed a white blood cell count of 10,520/uL with
55.5% blasts, a hemoglobin level of 7.0 g/dL, and a platelet
count of 164,000/uL. She had a mediastinal mass, but no
hepatosplenomegaly. Bone marrow examination revealed
a nuclear cell count of 30,000/uL with 71.2% blasts. The
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blasts were negative for myeloperoxidase staining and
platelet peroxidase staining electron-microscopically. Flow
cytometric analysis showed that the blasts expressed CD41,
CD36, CD13, CD33, CDI5, and CD7 antigens, suggesting
megakaryoblastic origin. Conventional G-banding chromo-
somal analysis revealed a karyotype of 46,XX.add
(7)(q22).del(12)(p12p13) in all 20 bone marrow cells
examined (Fig. 1).

The patient was diagnosed as having AMKL (M7 sub-
type, based on the French—American—British classifica-
tion), and was treated on the Japanese Childhood AML
Cooperative Study Group Protocol, AML99 [9]. She ob-
tained complete remission with induction chemotherapy
(cytarabine, etoposide, and mitoxantrone). Thereafter, she
was treated with five additional courses of intensive chemo-
therapy (high-dose cytarabine, etoposide, idarubicin, and
mitoxantrone). As of writing, she had been in complete
remission for 60 months after diagnosis.

3. Materials and methods
3.1. Southern blot analysis

High molecular weight DNA was extracted from bone
marrow cells of the patient by proteinase K digestion and
phenol—chloroform extraction [10]. Ten micrograms of
DNA was digested with EcoRI, subjected to electropho-
resis on 0.7% agarose gels, and transferred to nylon mem-
brane, and hybridized to cDNA probes **P-labeled by the
random hexamer method [10]. The probes used were
a 516-bp MNXI cDNA fragment (nucleotide nt598 to
ntl114; GenBank accession no. NM_005515; previously
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3.2. Expression of WT1 mRNA and mutation of FLT3

WT'1 mRNA was examined for detection of minimal re-
sidual disease as previously reported |11]. Internal tandem
duplication and mutation of FLT3 were examined as previ-
ously reported [10].

3.3. Reverse transcriptase—polymerase chain reaction
and nucleotide sequencing

MNXI1—ETV6 chimeric mRNA was detected by reverse
transcriptase—polymerase chain reaction (RT-PCR) as de-
scribed previously |12]. Total RNA was extracted from
the leukemic cells of the patient using the acid guanidine
thiocyanate—phenol chloroform method [12]. Total RNA
(4 pg) was reverse-transcribed to cDNA, using a cDNA
synthesis kit (GE Healthcare Bio-Science, Piscataway,
NI) [12]. PCR was performed with AmpliTaq Gold DNA
polymerase (Applied Biosystems, Foster City, CA; Tokyo,
Japan), using the reagents recommended by the manufac-
turer. The primers used and PCR conditions were as de-
scribed previously |6]. The PCR products were subcloned
into pCR2.1 vector (Invitrogen, Carlsbad, CA) and se-
quenced by the fluorometric method using the BigDye Ter-
minator cycle sequencing kit (Applied Biosystems).

3.4. Expression of the MNX1 gene by RT-PCR
in leukemic cell lines

To analyze the expression pattern of the MNX] gene in
leukemic cell lines, RT-PCR was performed. Fifty-nine cell
lines were examined, as follows [12]; 10 B-precursor ALL
cell lines (LC4-1, NALM-6, NALM-24, NALM-26, UTP-2,
RS4:11, SCMC-L10, KOCL-33, KOCL-45, KOCL-69), 9
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Fig. 1. G-banding karyotype of the leukemic cells in a pediatric patient with acute megakaryoblastic leukemia: 46, XX add(7)(q22),del(12)(p12p13).
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Fig. 2. Detection of the MNX1—ETV6 fusion gene (previously HLXB9—ETV6). (A) Rearrangement of the MNX/ gene by Southern blotting with EcoRI di-
gestion. The arrow indicates a rearranged band of the MNX/ gene; C, control; Pt, patient. (B) The MNX/—ETV6 fusion transcript identified by reverse tran-
scriptase—polymerase chain reaction (RT-PCR). Lanes 2 and 3, MNX]—ETV6 fusion transcript; lanes 4 and 5, ETV6—MNX fusion transcript. C, control; M,
size marker; Pt, patient; (C) Nucleotide and amino acid sequencing of two MNX/—ETV6 fusion transcripts.

B-ALL cell lines (BALM-1, BALM-13, BALM-14, BJAB,
DAUDI, RAJI, RAMOS, BAL-KH, NAMALLA), 9 T-ALL
cell lines (RPMI-8402, MOLT-14, THP-6, PEER, H-SB2,
HPB-ALL, L-SAK, L-SMY, KCMC-T), 8 AML cell lines
(YNH-1, ML-1, KASUMI-3, KG-1, inv-3, SN-1, NB4,
HEL), 6 acute monocytic leukemia cell lines (THP-1,
IMS/M1, CTS, P31/FUJ, MOLM-13, KOCL-48), 5 chronic
myelogenous leukemia cell lines (MOLM-1, MOLM-7,
TS9:22, §89:;22, K-562), 2 acute megakaryoblastic leuke-
mia cell lines (CMS, CMY), and 10 Epstein-Barr virus
transformed B lymphocyte (EBV-B) cell lines derived from
normal adult peripheral lymphocytes. Five normal BM
samples were also examined. RT-PCR mixtures and condi-
tions were the same as described |10]. The primers used for
RT-PCR were HLXB9-658F (5'-GGCATGATCCTGCC-
TAAGAT-3') (sense primer) and HLXB9-1092R (TGCT
GTAGGGGAAATGGTCGTCG) (antisense primer) [6].

4. Results and discussion

The karyotype of the patient’s leukemic cells was
46,XX,add(7)(q22),del(12)(p12p13), suggesting that both
ETV6 and MNX 1 were involved in this chromosomal abnor-
mality. With informed consent from the patient’s parents,
DNA and total RNA were extracted from bone marrow cells
of the patient. Southern blot analysis of DNA from leuke-
mic cells of the patient using the MNXI probe showed a re-
arranged band (Fig. 2A). We performed RT-PCR for
MNX1—ETV6 chimeric mRNA and obtained two RT-PCR
products, of 311 bp and 181 bp (Fig. 2B). Sequence analy-
sis of these PCR products showed that one product was an

in-frame fusion transcript of exon 1 of MNX! to exon 3 of
ETV6, and the other was an out-of-frame fusion transcript
of exon 1 of MNXI to exon 2 of ETV6 (Fig. 2C). These
transcripts were the same as previously reported [6]. The
reciprocal ETV6—MNXI transcript was not detected
(Fig. 2B).

The WTI mRNA level was 3,400 copies/pg RNA at di-
agnosis, but decreased to <50 copies/ug RNA after remis-
sion. Neither internal tandem duplication nor mutation of
FLT3 were found in this patient, suggesting that the prog-
nosis is not poor [1].

Table 1
Expression of the MNX/ gene in leukemia and EBV-B cell lines by reverse
transcriptase—polymerase chain reaction

Cells expressing

Cell line Cells examined, no. MNX1, no. (%)

ALL 28 5(17.9)

B precursor 10 0 (0)
B 9 2(22.2)
T 9 3(33.3)

AML 16 3 (18.8)
AML 8 1(12.5)
AMoL 6 2(333)
AMKL 2 0

CML 5 1 (20

EBV-B 10 7 (70)

normal BM 5 0 (0)

Abbreviations: ALL, acute lymphoblastic leukemia; AMKL, acute
megakaryoblastic leukemia; AML, acute myeloid leukemia; AMol., acute
monocytic leukemia; B, B-cell; BM, bone marrow; CML, chronic myelo-
genous leukemia; EBV-B, Epstein—Barr virus-transformed human B lym-
phocytes; T, T-cell.
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Fig. 3. Expression of the MNX/ gene in leukemia and EBV-B cell lines by RT-PCR. ALL, acute lymphoblastic leukemia; AMKL, acute megakaryoblastic
leukemia; AML. acute myeloid leukemia; AMOL., acute monocytic leukemia; B, B-cell; BM, bone marrow; CML., chronic myelogenous leukemia; EBV-B,

Epstein—Barr virus-transformed human B lymphocytes; T, T-cell.

We next examined the MNXI/ expression by RT-PCR
analysis in 49 leukemic cell lines, and 10 EBV-B cell lines.
MNX1 was not frequently expressed in lymphoid or mye-
loid leukemic cell lines (Table 1; Fig. 3). MNXI] was ex-
pressed in 7 of 10 EBV-B cell lines, but not in 5 normal
BM cells. The MNX! expression was significantly more
frequent in EBV-B cell lines than in leukemic cell lines
(P = 0.0015) or in normal BM cells (P = 0.0256). The
MNX1 was frequently expressed in CD34-positive cells pu-
rified from normal BM cells, acute leukemia cells, and
AML cells having t(7:12)(q36;p13) [5.13.14]. It is un-
known whether the incidence of MNX] expression differs
among leukemia cell lines. Mature B-lineage cells are
likely to frequently express MNX/ transcripts, and the tran-
scripts were more prevalent in several human B lineage cell
line and tonsil B cells [15]. The present findings are com-
patible with previous reports. MNX/ may be associated
with differentiation of B cells.

MNX1—ETV6 fusion transcript has so far been detected
in only four out of the many AML patients who carry the
t(7;12) anomaly [5.6]. Difficulty of detection of this fusion
transcript is due to breakpoint heterogeneity of the 7q36
and 12p13 in this translocation [7.8]. Clinical features of
AML patients having t(7;12) did not differ between the
presence and absence of MNX/—ETV6 fusion transcripts
|5]. Notably, clinical characteristics of the present patient
were different from those of AML patients having t(7;12)
previously reported. Our patient was diagnosed as having
AMKL, although most AML patients having t(7;12) were
identified as poorly differentiated FAB subtypes [5]. Only
one patient was reported to be diagnosed with AMKL;
however, MNX1—ETV6 fusion transcript was not examined
in that case [4]. An additional cytogenetic abnormality is
trisomy 19 [3—5]. Chromosomal analysis of the present
patient showed absence of additional chromosomal abnor-
malities, suggesting long-term disease-free survival with
chemotherapy alone. All AML patients, except one who
had both t(7;12) and trisomy 19, died [3—6]. These findings
suggest that t(7;12) is associated only with leukemogenesis,
and that other factors including trisomy 19 and FLT3 muta-
tions, may affect the prognosis of AML patients having
t(7:12).

In conclusion, an AMKL patient with MNX/—ETV6
fusion transcripts had a good prognosis. Further accumula-
tion of clinical and molecular data of AML patients having
t1(7:12) is needed to clarify this result.
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To identify the genomic profile and elucidate the pathogenesis of
hepatoblastoma (HBL), the most common pediatric hepatic tumor,
we performed high-density genome-wide single-nucleotide
polymorphism (SNP) microarray analyses of 17 HBL samples. The
copy number analyzer for GeneChip® (CNAG) and allele-specific
copy number analysis using anonymous references (AsCNAR) algo-
rithms enabled simple but sensitive inference of allelic composition
without using paired normal DNA. Chromosomal aberrations were
observed in 15 cases (88%). Gains in chromosomes 1q, 2 (or 2q), 8,
17q, and 20 and losses in chromosomes 4q and 11q were frequently
identified. High-grade amplifications were detected at 7q34, 14q112,
and 11q22.2. Several types of deletions, except homozygous deletion,
were identified. Most importantly, copy-neutral loss of heterozygosity
(uniparental disomy [UPD]) at 11p15 was detected in four of the
17 HBL samples. Insulin-like growth factor Il (IGF2) and H19 genes
were located within this region. The methylated status of this region
indicated the paternal origin of the UPD. The expression patterns of
IGF2 and H19 were opposite between genes with and without the
UPD. This difference in the expression patterns might influence
the clinical features of HBL. (Cancer Sci 2008; 99: 564-570)

H epatoblastoma (HBL) is the most common pediatric
hepatic tumor predominantly observed in infants and
children aged less than 3 years." ¥ The dramatic increase in the
survival of patients that has been observed during the last three
decades is mainly due to advances in the use of chemotherapy
and surgical techniques." Currently, approximately 75% of
children with HBL can be cured completely, although a large tumor,
a multifocal tumor, and metastatic spread are all associated with
a fatal outcome.”® The etiology of HBL remains unknown. Most
HBL are sporadic; however, an association with prematurity or
low birth weight,”” and genetic disorders such as familial adenomatous
polyposis (FAP),”” or Beckwith-Wiedemann syndrome (BWS) has
been documented.'” These findings imply that an alteration at 11p15,
which is the critical region in BWS and critical to the wingless
signaling pathway involving the adenomatosis polyposis coli (APC)
gene that is constitutionally mutated in FAP patients,”® could
also play a role in the genesis of sporadic HBL. Indeed, the loss
of heterozygosity (LOH) at 11p15 and mutations in the APC and
B-catenin genes have also observed in some sporadic HBL.“'®

LOH and deletion of tumor suppressor genes are observed
frequently in malignant cells and can be associated with the
deregulation of cell fate and apoptosis.'"” Similarly, amplification
of the chromosomal regions can increase the expression of
oncogenes during tumor progression. Conventional cytogenetic

CancerSc | March2008 | vol.99 | no.3 | 564-570

analyses of chromosomal aberrations in HBL performed using
standard karyotyping,"'*'®" fluorescence in situ hybridization
(FISH),""* and comparative genomic hybridization (CGH),?'*?
have been reported. Although these analyses have identified
several chromosomal aberrations in HBL, predominantly the gains
in chromosomes 1g, 2, 8q, 17q, and 20 and the loss in chromosome
4q, the tumor-associated genes of HBL involved in these genomic
copy number (CN) alterations are yet to be identified.

In recent years, a high-resolution genomic approach has been
used for the systematic screening of chromosomal CN alterations.
The availability of microarray-based high-density single-
nucleotide polymorphism (SNP) analysis allows a reproducible
and rapid determination of genome-wide alterations.™ %% The
Affymetrix® GeneChip® platform, originally developed for
large-scale SNP typing, has a unique feature compared with
array-based CGH: it enables the genome-wide detection of LOH
in addition to extremely high-resolution CN analysis of cancer
genomes by using large numbers of SNP-specific probes. The
density, distribution, and allele specificity of SNP render them
an excellent candidate for the high-resolution analyses of LOH
and CN alterations in cancer genomes.?**” Conventionally, LOH
analyses require the comparison of the genotypes of the tumor
and its normal germline counterpart. However, for the analysis
of cell line, xenograft, leukemia, and archival samples, paired
normal DNA is often unavailable. In the absence of a paired
normal DNA sample, LOH is inferred only based on the lower-
than-expected frequencies of heterozygous SNP calls in the
tumor samples. However, the low tumor content within the
samples greatly hampers the sensitive detection of LOH due to
increased heterozygous SNP calls. To overcome these difficulties
with the current algorithms, we have recently developed novel
algorithms (copy number analyzer for GeneChip® [CNAG] and
allele-specific copy number analysis using anonymous references
[AsCNARY)) 1o analyze the allelic composition of cancer genomes
based on the microarray data obtained from the GeneChip®
platform.”’?* These algorithms calculate the allele-specific CN
independent of the availability of a paired control DNA, ena-
bling the sensitive detection of both LOH and CN alterations in
a wide spectrum of primary tumor specimens. The performance
of the new algorithm was demonstrated by detecting the neutral
CN LOH or uniparental disomy (UPD) in a large number of
acute leukemia samples.®®
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In the present study, to identify the novel genomic alterations
in sporadic HBL cases, we performed high-resolution analyses
of genome-wide CN alterations such as gains, losses, allelic
imbalances, and amplifications of small chromosomal regions.
Due to the high resolution of the SNP arrays and the new algorithm
AsCNAR, we could systematically identify several amplifications,
deletions, and allelic imbalances, including the UPD.

Materials and Methods

Patients and samples. We obtained 17 primary HBL samples
at the time of diagnosis from five patients treated at the Gunma
Children’s Medical Center and 12 patients treated at different
institutes in Japan, including Saitama Children’s Medical Center.
No patient had received chemo- and/or radiotherapy before the
biopsy of the primary tumors. After obtaining informed consent
from the parents and approval for the study from the institutional
review board of each institute, all the HBL samples were
subjected to genomic DNA extraction using the QIAamp DNA
Mini Kit (Qiagen, Chatsworth, CA, USA) according to the
manufacturer’s instructions. Total RNA was extracted from the
frozen stocked tumors using the Isogen reagent (Nippon Gene,
Osaka, Japan), according to the manufacturer’s instructions. The
total RNA was reverse transcribed to synthesize cDNA using
the Ready-To-Go T-Primed First-Strand Kit (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA).

SNP array analysis. The array experiments were performed
according to the standard protocol of Affymetrix® GeneChip®
Mapping 50K Xbal Array (Affymetrix, Inc., Santa Clara, CA,
USA). In brief, the total genomic DNA (250 ng from each
sample) was first digested with a restriction enzyme (Xhal).
The digested DNA was then ligated to an appropriate adapter
that recognized the four cohesive base pair (bp) overhangs, and
polymerase chain reaction (PCR) amplification was performed
using a single primer that recognized the adapter sequence.

Table 1. Primers used for polymerase chain reaction (PCR) analyses

After fragmentation with DNase I, the PCR products were
labeled with a biotinylated nucleotide analog using terminal
deoxynucleotidyl transferase, and the labeled products were
hybridized to the GeneChip® Human Mapping 50K Array for
17 h. Subsequently, the arrays were washed, stained, and scanned.

The genotype calls and the intensity of the SNP probes were
determined using GeneChip Operation software (GCOS;
Affymetrix, Inc.). The SNP CN and chromosomal regions with
gains or losses were individually evaluated using the CNAG™"
and AsCNAR algorithms,”® which enabled an accurate determi-
nation of allele-specific CN as well as the sensitive detection of
LOH even in the presence of normal cell contamination of up
to 70-80% without requiring constitutive DNA (Fig. 1; hup://
WWW.genome.umin.jp).

Validation of CN alterations using the interphase ASH. We performed
FISH to validate the CN status obtained using the SNP array
analysis. FISH probes were prepared using the BAC clones
RP11-185M22, RP11-80P10, and RP11-86M15. Each BAC
DNA was purified, and 100 ng of the clone was labeled with
digoxigenin-dUTP using random primers; these labeled clones
were used as probes for FISH analysis by following the
established protocols,'?**"

Quantitative real-time PCR and reverse transcription (RT)-PCR. Real-
time quantitative PCR (RQ-PCR) and real-time quantitative RT-PCR
(RQ-RT-PCR) analyses were carried out to quantify the relative
CN of several amplifications in the HBL samples and the
expression levels of the defender against cell death 1 (DADI),
EPH receptor B6 (EphB6), ErbB4, insulin-like growth factor Il
(IGF2), and HI9 genes using a Power SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA) with an ABI
prism 7700 real-time PCR detection system (Applied Biosystems).
The primer pairs were designed using PrimerExpress software
(Applied Biosystems) and synthesized by Invitrogen (Carlsbad,
CA, USA).The primer sets used for the RQ-PCR experiments
are listed in Table 1. Data were captured using Sequence Detection

Gene

(Genomic RQ-PCR)

Primer forward

EphB6 GGACTGCAACTGAACGTCAA TCTGGAAAGGAAGCAAAGGA
DAD1 GTTATGTCGGCGTCGGTAGT GTCCCCACGAGGAGACAGTA
(RQ-RT-PCR)

ERBB4 AACAGCAGTACCGAGCCTTG CCAGAGGCAGGTAACGAAAC
DAD1 CGAGCCTTTGCTGATTTTCT TCCAATAAGCTGCCATCTCC

IGF2 CTCTCCGTGCTGTTCTCTCC TATCGGGAAATGAGGTCAGC
H19 GAAGGAGGTTTAGGGGATCG TTGCTCTTTCTGCCTGGAAC
(Bisulfite PCR/RQ-PCR)

H19DMR (Methylated) GGTACGGTTTTTTTAGGTTTATGTC ACCCCTACAACCTCCTTACTACG
H19DMR (Unmethylated) TATGGTTTTTITAGGTTTATGTTGG ACCCCTACAACCTCCTTACTACAC

Primers and probes were designed using Primer Express software and MethPrimer software. RQ-PCR, real-time quantitative PCR; RQ-RT-PCR,

real-time quantitative reverse transcription-PCR.
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Fig. 2. Overview of the DNA copy number (CN) gains and losses detected in 17 hepatoblastoma (HBL) samples. A gain is indicated by the red bar
above the chromosome ideogram, and a loss is indicated by the green bar under the chromosome ideogram. Each horizontal line represents an

aberration detected in a single tumor.

software (version 1.7a; Applied Biosystems). For each primer pair,
a standard curve was generated from five-fold serial dilution
from approximately 50-80 pg of control DNA from a healthy
individual. The amounts of genomic DNA and cDNA used in
each test and the reference marker for all HBL samples were
calculated using the appropriate standard curve. Normalization
was performed using the B-actin gene as the internal control.

Sodium bisulfite modification and methylation-specific PCR. The
genomic DNA from the tumor samPles was treated with sodium
bisulfite as described previously.“" Briefly, 1 ug of DNA was
denatured with sodium hydroxide and modified with sodium
bisulfite. The modified DNA was then purified with the Wizard®
DNA Clean-Up System (Promega, Madison, WI, USA), pre-
cipitated with ethanol, resuspended in Tris-EDTA (TE) buffer
(pH 8.0), and either used immediately or stored at —20°C until
use. The bisulfite-modified DNA was amplified with primer
pairs for the methylated and unmethylated complete sequences
upstream of the H/9 promoter CpG islands in the HBL samples
with UPD in 11pl5. The primer pairs were designed using
MethPrimer software,“ and synthesized by Invitrogen. The primers
for methylation-specific DNA and unmethylation-specific primers
are listed in Table 1. Normal lymphocyte DNA was used as the
control. PCR was carried out in a 25 pL reaction volume using
Ex Taq Hot Start Version (TaKaRa Bio Inc., Kyoto, Japan). The
PCR conditions were as follows: 1 cycle at 95°C for 10 min;
followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for
2min; and a final extension at 72°C for 5 min. The PCR
products were separated on 3% agarose gels and visualized
under UV illumination after ethidium bromide staining. To
quantify the ratio of the methylation status, we also carried out
the methylation-specific RQ-PCR analysis.

Results

Detection of CN alterations in HBL samples. We investigated 17
HBL samples obtained from the sporadic cases of HBL by using
the Affymetrix® GeneChip® 50K Xhal Mapping Array. Although
these specimens did not contain paired control DNA and had
varying degrees of normal tissue contamination, the genomic

alterations were accurately determined in most specimens by
our CNAG/AsCNAR program (Fig. 1). The real CN and LOH
status was inferred from the observed signal ratios of the tumor
to the reference, based on the hidden Markov models implemented
in the CNAG/AsCNAR program; these are summarized in
Fig. 2. The CN data were validated at a number of SNP sites
using FISH analysis of the cell nuclei extracted from the HBL
samples (Fig. 3). The CN data obtained using the FISH analyses
were consistent with those obtained using SNP mapping.
Numerical chromosomal aberrations were observed in 15 HBL
samples (88%), excluding two HBL samples (HBL_22 and HBL _250).
These 15 cases had variable degrees of CN gains and losses;
however, the gains including the amplifications were more frequent
than the losses (Table 2 and Fig. 2). Total or partial gains in
chromosomes 1q and 2 were the most frequent aberrations detected
in eight of the 17 patients (47%). The gain in chromosome 8
was the second most frequent aberration detected in five of the
17 samples (29%). The gains in chromosomes 17q and 20 were
observed in 24% of the cases (four of 17 cases). The LOH in
chromosomes 4q and 11q was observed in three (18%) and two
(12%) of the 17 samples, respectively. However, these regions
were usually large, and we could not determine the presence or
absence of alterations in specific genes within these regions.
High-grade amplification and common deletion. High-grade amplifi-
cations are of particular interest because they may indicate the
loci of oncogenes. The regions with high-grade amplification
were defined as segments with at least five SNP loci with an
inferred CN of >5. High-grade amplifications of 7¢34 and 14q11.2
were observed in five (29%) and nine (53%) HBL samples,
respectively. For the validation of the amplifications observed
using the SNP array, FISH analysis and genomic RQ-PCR were
performed. To determine the genes that are potentially affected
at 14q11.2, several genes localized at the 14q11.2 chromosomal
region with overlap or proximity to the BAC-RP11-85M16 were
examined using the UCSC browser (www.genome.ucsc.edu).
Genes that map to these regions include EphB6 and DADI,
which are identified as the negative regulators of apoptosis. These
two genes were subjected to RQ-PCR. FISH analysis with
RP11-85M16 BAC clone probe showed multiple signals, confirming
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Table 2. Chromosomal aberrations in 17 primary hepatoblastoma (HBL) samples

Copy number loss Uniparental disomy

Sample Copy number gain

HBL_4 1q, 2q34, 5p13.1, 17q23.3-qter

HBL_7 1q, 2, 8, 14q11.2, 20

HBL_8 7q34

HBL_9 1q, 2q14.1-gter, 6p, 7, 14q11.2

HBL_12 8q11.23, 10921.3, 10g26.13, 14q11.2, 22q13.31

HBL_14 2p16.3-p22.3, 2p23.1, 2q11.2-q14.1, 2q33.1-q34,
3p21.33-p22.1, 3p24.2, 3p25.1, 3p25.2, 4q32.2-q32.3,
5p13.2, 6q14.3-q16.1, 7q, 11p15.1, 10p13-pter,
11922.2-q22.3, 12p13.2-pter, 14923.3-q31.1,
15q22.31-q26.2, 16p12.3, 20p11.23

HBL_22 Not detected

HBL_27 1q, 2q24.2-24.3, 7q34, 14q11.2

HBL_28 3p26.1, 7934, 14q11.2, 20

HBL_34 1q, 2, 7934, 14q11.2, 17

HBL_36 1q32.1-qter

HBL_37 1q, 2, 5, 6, 7934, 8, 10, 12, 14, 14q11.2,
15, 16g22.1-pter, 17, 19, 20

HBL_184 2q14.2-qter, 3p24.3, 4q33, 10p14, 11p14.3, 14q11.2

HBL_185 6p, 21q21.2

HBL_231 8, 14q11.2, 19, 20

HBL_246 19. 2,5, 6, 8,10, 12, 13, 16, 17, 19, 20, 21, 22

HBL_250 Not detected

3p13-pter, 3q13.11, 6q14.1-gter, 11g23.1-gter

Not detected
not detected 11p15.4-pter
not detected Not detected
6p12.1, 9p21.1 Not detected
7935 Not detected
1q31.1-qter, 2p12-14, 3, 4q, Sp14.1-pter, Not detected
5q32-qter, 6p12.13-pter, 6q11.1, 6g25.1-qter,

8,9, 12p11.1-13.1, 17q24 3, 18p11.21-11.32,
18q21.1-qter, 19, 22
Not detected Not detected
4q32.3-gter, 16p12.1 Not detected
2p24.1 11p14.3-pter
4q34.1-qter Not detected
1p13.3-pter, 4q21.22-qter, 5p13.1 Not detected
Not detected 11p15.2-pter,
16q22.2-gter
Not detected Not detected
Not detected Not detected
Not detected 11p15.4-pter
Not detected 4,9
Not detected Not detected

CN gains at 14q11.2 (Fig. 3). Further, in RQ-PCR analysis, the
CN gain of EphB6 and DAD] was evident in all samples that
showed high-grade amplification in SNP array (data not shown).
Other high-grade amplifications are listed in Table 3. The size of
these amplicons was typically less than 1 Mb, and the possible
genes present in these regions are summarized in the same table.
All these candidate genes, except MMP7, have not been reported
previously with regard to HBL.®*

Homozygous deletions are also of particular interest because
they may indicate a tumor suppressor gene. However, homozygous
deletions were not identified in any sample.

CN neutral LOH (UPD). LOH can be more sensitively detected
with the CNAG/AsCNAR algorithms by evaluating the allele-specific
CN than from the grossly reduced heterozygous SNP calls,

Suzuki et al.

particularly when the SNP shows no CN losses. The UPD
regions were identified in five of the 17 samples. In four samples
(HBL_7, HBL_28, HBL_37, and HBL_231), 11p15 was the
common UPD region (Fig. 4a). Other UPD regions were observed
within chromosomes 4, 9, and 16q22 (Table 2). The candidate
target genes that map to the UPD region located within 11pl15
include /GF2 and H19. Methylation-specific PCR analysis was
performed for the four HBL samples having UPD within 11p15
to identify the origin of the amplified allele. The methylation
status of the differential methylated region (DMR) of HI9 is
shown in Fig. 4b. Hypermethylation of the H/9 DMR was detected
in all HBL samples having UPD within 11p15; however, normal
lymphocyte DNA showed the mosaic methylation pattern. In
general, the H/9 DMR is hypermethylated on the paternal allele
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Table 3. High-grade amplifications in hepatoblastoma (HBL) samples

Implicated region (base pairs)

Cytoband Candidate target genes in the region
Start-end Size
2q34 211193 864-212 239 181 1045 318 ErbB4
3p25.2 11 888 124-12 876 175 988 052 RAF1
7q34 141 721 559-142 076 238 354 680 EphBé6
11q22.2-q22.3 101 394 973-102 830 195 1435 223 MMP1, 7, 20
14qg11.2 21426 631-22 130 392 703 762 DAD1
(a) HBL_7 HBL_37
N § 1N 2
ascn § AscN 1
‘HBL_ZS‘I % HBL_28
tCN 2 - tCN %
\eN a lc-ﬁ; Fig. 4. (a) Copy numbers (CN) of chromosome
] 0 11p in four hepatoblastoma (HBL) samples with
SNT— —— S S il uniparental disomy (UPD). Although complete
AsCN 1 ACN 2 CN alterations are not observed, UPD is clearly

predicted based on the allele-specific CN alterations

(green lines). (b) Methylation-specific polymerase
chain reaction (PCR) analysis of the H19 differential
methylated region (DMR). Modified DNA was

and hypomethylated on the maternally expressed allele in humans.
This indicates that the UPD within this region is considered to
be derived from the patemal allele. Furthermore, a low expression
level of the non-methylated allele was also observed; methylation-
specific RQ-PCR analysis revealed that the ratio of the methylation
status ranged from 66.6% to 91.8%.

Expression analyses using RQ-RT-PCR. In order to examine the
impact of the abovementioned amplifications and UPD on gene
expression, we measured the expression levels of four genes
(DAD1, ErbB4, IGF2, and H19) through RQ-RT-PCR (Fig. 5).
Normal liver total RNA served as the non-neoplastic reference
and control. HBL_184 and HBL_231 for which RNA were
available showed a high expression of the ErbB4 gene. However,
the expression of DAD] was down-regulated in both these
samples. The /GF2 and HI9 genes were oppositely expressed
between HBL_184 and HBL_231, having UPD within 11p15.

Discussion

The present study represents the application of the SNP array
technology for the genome-wide analysis of CN aberrations
in HBL. Several recent studies and our previous research have
demonstrated that this technology provided a unique opportunity to
assess the DNA CN alterations and LOH simultaneously throughout
the entire genome.**#"* As shown in the present analysis, the
use of high-resolution SNP arrays improved the ability to identify
structural chromosomal aberrations in cancer cells and detect
genes affected by these aberrations. Additionally, high-density
SNP array analysis with the CN analyzer software can also

amplified with primer pairs for methylated and
unmethylated complete sequences of the H19
DMR. H19 DMR hypermethylation was detected
in all HBL samples; however, normal lymphocyte
DNA exhibited the mosaic methylation pattern.
The results of quantitative real-time methylation-
specific PCR analysis are shown below the image
depicting the results of electrophoresis.
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Fig. 5. The results of the expression levels of four genes (defender
against cell death 1 [DAD7), EPH receptor B6 [EphB6], ErbB4, insulin-like
growth factor Il [IGF2], and H19 genes) through real-time quantitative
reverse transcription-polymerase chain reaction (RQ-RT-PCR) analyses.

doi: 10.1111/}.1349-7006.2007.00710.x
© 2008 Japanese Cancer Association



