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multicenter studies investigating effective chemotherapy regi-

mens for infant ALL (Interfant 99 and POG/COG9407) have

been completed in Europe and in the United States, and these 15
results will be important in designing future protocols for this age

group, as will studies to develop innovative targeted therapies for 16
infants with ML L-rearranged ALL, now underway.?%-*°
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No nucleophosmin mutations in pediatric acute myeloid leukemia with normal
karyotype: a study of the Japanese Childhood AML Cooperative Study Group

Leukemia (2007) 21, 1307. doi:10.1038/sj.leu.2404625;
published online 22 February 2007

" Acute myeloid leukemia (AML) with normal karyotype had a
heterogenous prognosis. In this subgroup, FLT3-internal tandem
duplication (ITD) was strongly associated with a poor prog-
nosis.' Recently, it was reported that mutations of nucleo-
phosmin (NPM) gene occur in 50-60% of adult AML with
normal karyotype and were frequently associated with FLT3-
ITD. In the AML patients with normal karyotype and FLT3-1TD,
patients with NPM gene mutations showed a better prognosis
than those without NPM gene mutations.*® However, the
frequency and clinical impact of NPM gene mutations in
pediatric AML patients with normal karyotype remained
uncertain because there were a few number of reports.”-8

We searched for NPM gene mutations in 33 (20.9%) of 158
patients with normal karyotype who were treated on Japanese
Childhood AML Cooperative protocol, AML 99 (0-15 years old,
median 8 years old).” We amplified exon 12 of NPM gene using
the primers; NPM cDNA Fow, 5-AAAGGTGGTTCTCTTCCC
AAA-3" and NPM cDNA Rev, 5-GCATTATAAAAAGGACAGCC
AGA-3' and directly sequenced on a DNA sequencer (ABI 310;
Applied Biosystems, Foster City, CA, USA) using a BigDye
terminator cycle sequencing kit (Applied Biosystems).® We
could not find any NPM gene mutations in this study.

It was reported that the frequency of NPM gene mutations in
children (<18 years old) was very low (children 1 out of 47
(2.1%) versus adults 32 out of 126 (25.4%), P<0.001).8
Furthermore, they suggested that NPM gene mutations were
also rarely detected in patients younger than 40 years old
(3 (3.5%) out of 85). On the other hand, it was reported that
NPM mutations were found in seven (27.1%) of 26 pediatric
AML patients with normal karyotype from Italy.” These seven
patients ranged from 5.0~-17.9 years old, 10 yearsold (n=2), 1T
years old (n=2) and 5, 8, 17 years old (n=1). Notably, two
AML patients with NPM gene mutations have been reported in
adult Japanese AML study (15 and 16 years old).®

We also analyzed FLT3-1TD and RAS gene alterations in these
patients and found FLT3-ITD in nine (27.3%), NRAS mutation in
two (6.1%) and KRAS mutation in three (9.1%). The frequencies
of these gene alterations were compatible with those of previous
reports.>>

We considered that NPM gene mutations may be infrequent
in Asian pediatric AML patients with normal karyotype,
especially less than 15 years old. Frequency of NPM gene
mutations depends on age and may depend on races. Further
larger studies of NPM gene analysis are needed to clarify
this item. ’
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Acute myeloid leukemia (AML) patients with
1(8;21)(q22;q22) or inv(16)(p13q22) are known to have a
good prognosis. Recently, mutations of the KIT gene have
been found in 12.7% to 48.1% of adult AML patients with
t(8;21) or inv(16) and in approximately 20% of pediatric
AML patients with t(8;21) [1-5]. KIT gene mutations in adult
and pediatric AML patients with t(8;21) and in adult AML
patients with inv(16) have been associated with a poorer
prognosis than in those without KIT gene mutations [1-5].
However, the frequency and clinical impact of KIT gene
mutations in pediatric AML patients with inv(16) remain
unknown. Pediatric AML patients with inv(16) have been
reported to represent 3.4% to 6% of the total number of
pediatric AML patients. Thus, the number of patients in this
subgroup is very small [6,7].

Three hundred eighteen patients were enrolled in the
Japanese Childhood AML Cooperative Study Group
Protocol AML 99 from January 2000 to December 2002, and
12 (3.8%) of these AML patients comprised 11 patients with
inv(16) and 1 patient with t(16;16)(p13;q22) [5,8]. The S-year
overall survival rate was 100%, and the event-free survival
rate was 90.9%. Of these 12 AML patients with inv(16) or
t(16;16), 7 patients were available for molecular analysis (age

Correspondence and reprint requests: Yasuhide Hayashi, MD,
Director, Gunma Children’s Medical Center, 779 Shimohakoda,
Hokkitsu, Shibukawa, Gunma 377-8577, Japan; 81-279-52-3551 ext
201; fax: 81-279-52-2045 (e-mail: hayashiy-tky@umin.ac jp).

range, 11 months to 14 years; median, 10 years) (Table 1). The
5-year overall survival rate for these 7 patients was 100%,
and the event-free survival rate was 85.7% (Table 1). We
used the reverse transcriptase-polymerase chain reaction
method in a mutational analysis of the extracellular domain
(exons 8 and 9), the transmembrane domain (exon 10), the
juxtamembrane domain (exon 11), and the second intracel-

Jlular kinase domain (exons 17 and 18) of the KIT gene and

then carried out a sequencing analysis [5]. Sequencing was
performed directly or, if necessary, after subcloning.

KIT mutation (deletion of D419 in exon 8) was found in an
11-month-old male patient (1 [14.3%] of 7 patients). The initial
white blood cell count for this patient (no. 7) was 199,000/uL,
and a karyotype analysis revealed 46,XY,inv(16)(p13q22).
This patient received a total of 6 consecutive chemotherapies;
however, he relapsed 16 months after the initial diagnosis. He
then underwent unrelated allogeneic stem cell transplantation
during the second complete remission and has been alive for
40 months from the diagnosis. The remaining 6 AML patients
with inv(16) have maintained a complete remission without
relapse for more than 41 months.

As for FLT3 and RAS gene alterations, we found 2
FLT3 D835 mutations (28.6%) and 2 NRAS mutations
(28.6%) in these 7 AML patients with inv(16) (Table 1). No
patient had an FLT3 internal tandem duplication or a
KRAS gene mutation. The majority of these patients (5
{71.4%] of 7) had one of the chimeric CBFS-MYHI1I tran-
scripts, which have most frequently been found in AML
cases with inv(16) (CBFf at nucleotide 495 fused to
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Table 1.
Correlations of Clinical Features with KIT, FLT3, and RAS Gene Mutations in 7 Acute Myeloid Leukemia Patients with inv(16) or t(16;16)*
Patient FAB KIT FLT3 NRAS EFS Time,
No. Age Sex Classification Karyotype CBFB-MYH11 Mt D835 Mt Mt mo
1 14y M M4Eo 46 ,XY,inv(16)(p13q22), t - - +% 63+
add(7)(q32)
2 10y M Ma4Eo 46 XY,inv(16)(p13922) 1 - - - 67+
3 7y M M1 46 XY,inv(16)(p13q22) 1 - - - 63+
4 13y F M1 46,XX,inv(16)(p13q22) 1 - + - 59+
5 3y F M5a 47 XX,+8.1(16;16)(p13;q22) 2 - - +% 43+
6 14y F M5b 46,XX,inv(16)(p13q22) 1 - + - M+
7 1Mmo M M4Eo 46,XY,inv(16)(p13q22) 1 +§ - - 16

*CBFB-MYH11 transcripts were detected by reverse transcriptase—polymerase chain reaction analysis and direct sequencing (1, nucleotide 495 of
CBFp fused to nucleotide 1921 of MYH117; 2, nucleotide 399 of CBFf fused to nucleotide 1201 of MYH17). KRAS mutations were not found in any

of the 7 patients. FAB, French-American-British; Mt, mutation; EFS, event-free survival.

tChimeric transcripts were not detected.
$Codon 12.
§Deletion D419 in exon 8.

MYH]I]I at nucleotide 1921, Table 1) [9,10]. The FLT3 D835
mutation, NRAS mutation, and subtypes of CBF-MYHI11
transcripts were not associated with the clinical outcome.

We also looked for KIT mutations in 11 pediatric AML
patients with inv(16) who were treated with the previous
protocol in Japan (age range, 8 months to 15 years; median,
3 years), but we did not identify KI/T mutations in any of the
patients. Interestingly, 3 of the 11 AML patients with inv(16)
were infants, and 2 of them died, although all 3 exhibited no
mutations in KIT, FLT3, or RAS. These data together with
those described in our previous report [11] suggest that
infant AML patients with inv(16) have a poor prognosis,
regardless of the status of these genes.

A few reports have suggested that adult AML patients who
have inv(16) with KIT mutations were associated with a
poorer prognosis than those without KIT mutations [2,3]. A
recent study by the Berlin-Frankfurt-Miinster Study Group
revealed that 6 (54.5%) of 11 pediatric AML patients with
inv(16) had KIT mutations but that the clinical impact was
limited [12]. The Acute Leukemia French Association
(ALFA) and the Leucémies Aigués Myéloblastiques de
I’Enfant (LAME) cooperative study groups also suggested
that KIT gene mutations were not associated with a poor
prognosis in pediatric and adult AML patients with inv(16)
[4]. We considered the frequency of KIT gene mutations (1
[5.6%] of 18) among the pediatric AML. patients with inv(16)
in this study to be lower than that of adult AML patients with
inv(16) [2-4]. We must await the results of a larger study
regarding the correlation between KIT géne mutations and
prognosis in pediatric AML patients with inv(16).
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Tandem Duplications of MLL and FLT3 Are Correlated With Poor Prognoses in
Pediatric Acute Myeloid Leukemia: A Study of the Japanese Childhood AML
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Background. Mixed-lineage leukemia (MLL)-partial tandem
duplication (PTD) is associated with poor prognosis in adult acute
myeloid leukemia (AML), but its relationship to pediatric AML is
unknown. Procedure. One hundred fifty-eight newly diagnosed
AML patients, including 13 FAB-M3 and 10 Down syndrome (DS)
patients, who were treated on the Japanese Childhood AML
Cooperative Treatment Protocol AML 99 were analyzed for MLL-
PTD, as well as internal tandem duplication (ITD) and the kinase
domain mutation (D835Mt) in the FLT3 gene. Results. We found
MLL-PTD in 21 (13.3%) of 158 AML patients, but not in FAB-M3 or
DS patients. The differences between patients with and without MLL-
PTD were significant for 3-year overall survival (OS) (56.3% vs.
83.2%, P=0.018), disease-free survival (DFS) (41.7% vs. 69.6%,

Key words:

AML; childhood; cytogenetics; FLT3; MLL; tandem duplication

P=0.010), and relapse rate (RR) (54.3% vs. 27.6%, P=0.0085) of
135 AML patients excluding the FAB-M3 and DS patients.
Furthermore, ITD and D835Mt in the FLT3 gene were found in 17
(12.6%) and 8 (5.9%) of these 135 patients, respectively. The
differences between patients with FL73-ITD and the wild-type allele
were significant for 3-year OS (35.3% and 84.3%, P < 0.0000001),
DFS (40.0% and 66.9%, P<0.003), and RR (52.4% and 30.3%,
P < 0.005). Coduplication of both genes was found in only 3 (1.9%)
patients. Conclusion. AML patients with FLT3-1TD, but not D835Mt,
showed a poor prognosis. AML patients with MLL-PTD were also
correlated with poor prognosis in this study. Pediatr Blood Cancer
2008;50:264-269. © 2007 Wiley-Liss, Inc.

- INTRODUCTION

Risk classification of acute myeloid leukemia (AML) patients
based on cytogenetic abnormalities has been widely accepted in
adult and pediatric AML studies [1-4]. AML patients with t(8;21),
inv(16), and t(15;17) have been classified into a low risk (LR) group,
those with monosomy 5 and monosomy 7 into a high risk (HR)
group, and others into an intermediate risk (IR) group [2-4].
Patients with normal karyotype were classified into the IR group and
showed various prognoses. Classification by gene alterations other
than karyotypic abnormalities would be preferable for improving
the treatment outcome of pediatric AML patients.

Chromosome 11¢23 abnormalities involving the mixed-lineage
leukemia (MLL) gene are found in about 5% of adult AML patients
and in ~50% of infants with AML [5-7]. MLL-partial tandem
duplication (PTD) is reported in ~10% of adult AML patients, but in
20-50% of adult AML patients with a normal karyotype and
trisomy 11 [8-13]. MLL-PTD is associated with a poor prognosis in
adult AML patients and a high relapse rate (RR) {10-13]. On the
other hand, the prevalence and prognosis of MLL-PTD in pediatric
AML patients remains obscure, although a relatively high
prevalence of MLL-PTD has been reported in a few articles {14,15].

Fms-related tyrosine kinase 3 (FLT3) is one of the class III
receptor tyrosine kinases that is normally expressed in hemato-
poietic stem cells and early progenitor cells [16,17]. Internal tandem
duplication (ITD) of the juxtamembrane domain (JM) of the FLT3
gene occurs in approximately 30% of adult AML patients [18-20]
and in ~20% of pediatric AML patients [21-23]. FLT3-ITD is
strongly associated with poor prognosis, especially in patients witha
normal karyotype [18-23]. Furthermore, ~10% of adult AML
patients have an activating loop mutation in the kinase domain
specifically, a point mutation in aspartic acid residue at codon 835
(D835Mt). These patients show a poor prognosis {19,20,24]. The
prevalence and prognostic significance of FLT3-D835Mt in
pediatric AML patients are controversial [21,23].
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We have previously reported the existence of the coduplication
of MLL and FLT3 in pediatric AML patients who had poor
prognoses [25]. These results were confirmed in adult patients witha
normal karyotype and trisomy 11 [12,13,26,27]. We here performed
mutation analysis of both MLL and FLT3 genes in 158 unselected
pediatric AML patients treated on the Japanese pediatric AML
collaborative treatment protocol AML99. These data suggest that
FLT3-ITD and MLL-PTD are both important markers of poor
prognosis in pediatric AML patients.

This article contains Supplementary Material available at http://
www.interscience.wiley.com/jpages/1545-5009/suppmat.
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PATIENTS AND METHODS
Patients

The diagnosis of AML was made according to the French-
American-British (FAB) classification. Cytogenetic analysis was
performed using the G-banding method. Among 318 newly
diagnosed de novo AML patients enrolled from January 2000 to
December 2002, 158 samples were available for molecular analysis
(Table I). Among the 158 patients, there were 13 patients with FAB-
M3 and 10 patients with Down syndrome (DS) who were treated
with different treatment protocols [28-30]. There were no
- significant differences between the 135 analyzed patients without
FAB-M3 and DS and the 105 non-analyzed patients in terms of age
(median 6 years (range: 0— 15 years) vs. 6 years (range: 0—15 years))
and initial WBC count (median 24.8 x 10°L (range: 1.65-
621.0 x 10°/L) vs. 13.8 x 10°/L. (range: 1.0-489.0 x 10°/L, P=
0.0764)). Patients who were younger than 2 years old or had an
initial WBC count <100,000/ul were treated with the Induction
A regimen (etoposide (VP16), cytarabine (CA) and mitoxantrone
(MIT), (ECM)). Patients who were older than 2 years old and had an
initial WBC count >100,000/pl were treated with the Induction B
regimen (VP16, CA and idarubicin (IDA), (ECI)). If patients
achieved complete remission (CR), the patients were classified into
three risk groups (62 in low, 57 in intermediate and 10 in high)
according to the results of cytogenetic analyses or the achievement
of CR after initial 2 courses of chemotherapy [28-30] (Supple-

265

mental Fig. 1 which has been reported in Blood [30], http://
bloodjournal.hematologylibrary.org/cgi/data/2005-08-3408/DC1/2).
AML patients with t(8;21) (except for those with WBC counts
>50,000/pl) or inv(16)(p11q22) were classified into the LR group.
Patients with monosomy 7, 5q-, t(16;21), or Ph1 were classified into
the HR group. Patients were treated with additional chemotherapy
or allogeneic stem cell transplantation (allo-SCT) in each risk group
(Supplemental Fig. 1).

Informed consent was obtained from the patients or patients’
parents, according to guidelines based on the tenets of the revised
Helsinki protocol. ‘The institutional review board of Gunma
Children’s Medical Center approved this project.

Detection of MLL-PTD

Total RNA (4 pg) extracted from the bone marrow or peripheral
blood samples at diagnosis was reverse transcribed to cDNA with a
c¢DNA Synthesis Kit (Amersham Bioscience, Tokyo, Japan). MLL-
PTD was examined by simple first round reverse transcriptase-
polymerase chain reaction (RT-PCR) with 35 cycles using the
primer pair 6.1 (located on exon 9) and E3AS (located on exon 4),
according to the conditions previously reported [10,25,31]. We did
not use the nested RT-PCR method because a previous report
suggested that the MLL-PTD transcripts were highly detected in the
healthy controls {31]. We used the CTS cell line as a positive control
for MLL-PTD and water as a negative control for RT-PCR analysis

TABLE 1. Clinical Characteristics of Patients With MLL or FLT3 Gene Alterations

All patients MLL-PTD FLT3-ITD FLT3-D835Mt

Age, median (year) 6 (0-15) 10 (2-15) 9 (2-15) 11 2-14)
WBC count, median (x 10°/L) 20.7 (1.0-620.0) 31.4 (3.6-343.9) 33.2 (3.0-620.0) 45.0 (3.3-440.0)
Male/female 89/69 12/9 8/12 7/4
FAB classification

MO 6 1 1 0

Ml 24 7(2% 42% 2

M2 46 5 4 2

M3 13 0 3 3

M4 : 22 4(1% 1(1%) 1

M5 25 3 °5 3

M6 1 0 0 0

M7 19 1 1 0

Unclassified 2 0 1 0
Karyotypic abnormalities

Normal 33 8(2% 9(2% 2

t(8;21) 46 4 2 1

11923 abnommalities 20 5 0 1

%(15;17)° 13 0 3 3

inv(16) 7 0 0 2

DS® 10 0 0 0

Others® 27 4(1% 5(1%) 2

Unknown 2 0 1 0
Total 158 21 20 11
Risk group

Low 62 4 2 3

Intermediate 57 13(2%) 8(2%) 4

High 10 3 2 0

Non-CR 6 1(1%) 5(1%) 1
Total 135 21 17 8

*Cases who showed MLL-PTD and FLT3-ITD simultaneously; "DS—Down syndrome, patients with FAB-M3 or DS were treated with the different

protocol; “others contain —7, +8 or complex karyotypes.
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Fig. 1. Probabilities of 3-year OS (A) and 3-year DFS (B) in 135 AML

patients excluding those with FAB-M3 and Down syndrome. Kaplan—
Meier method estimates for patients with and without MLL-PTD are
shown. The difference in patient numbers between OS and DFS resulted
from the death of two patients during induction therapy.

[32,33]. Furthermore, we analyzed MLL-PTD in 10 normal bone
marrow samples. Five microliter of the PCR products were
electrophoresed in a 3% agarose gel. The amplified products were
purified and directly sequenced.

Detection of FLT3-1TD and D835Mt

Using 1 pl of the cDNA, PCR amplification was performed for
the JM and tyrosine kinase domain of the FLT3 gene. The PCR
procedure has been reported previously using primer pairs RS, R6,
and 17F, TKR [30,34,35]. If a longer size product was found, the
product was cut from the gel, purified with a QIAquick gel
extraction kit (Qiagen, Chatsworth, CA), and directly sequenced on
a DNA sequencer (ABI PRISM 310 Genetic Analyzer; Applied
Biosystems, Foster City, CA) using a BigDye terminator cycle
sequencing kit (Applied Biosystems). D835Mt was confirmed using
EcoRV digestion and followed by direct sequencing as previously
reported [24,30,34,35].

Statistical Analysis

Estimation of the survival distributions was performed using the
Kaplan—Meier method and the differences were compared using the

Pediatr Blood Cancer DOI 10.1002/pbc

log-rank test. Disease-free survival (DFS) was defined as the time
from diagnosis until the date of relapse. Overall survival (OS) was
defined as the time from diagnosis until death owing to any cause or
the last follow-up. Statistical difference analysis was performed
using the > test. The prognostic significance of the clinical
variables was assessed by using Cox proportional hazards model.
These statistical analyses were performed with statistical software
R. For all analyses, the P-values were two-tailed, and a P-value of
less than (.05 was considered statistically significant.

RESULTS
MLL-PTD

MLL-PTD was found in 21 (13.3%) of 158 pediatric AML
patients (Table I). One type of fusion transcript {exon 9 and exon 3)
was found in 10 patients, and the other type (exon 10 and exon 3) was
found in 11 patients. Only one patient showed both fusion transcripts
corresponding to alternatively spliced exons 10 and 11 to exon 3
(Supplemental Fig. 2). Furthermore, 10 normal bone marrow
samples did not show MLL-PTD transcripts. MLL-PTD was
frequently found in FAB-M1, M4 and patients with normal
karyotype or 11q23 abnormalities (Table I). MLL-PTD was not
found in FAB-M3 and DS patients. Patients with trisomy 11 were
not found in this study. Remarkably, more than half of the patients
with MLL-PTD were classified into the IR group (13 of 21 (61.9%)).
The median age of patients with MLL-PTD was 10 years old (2-15)
and no patients with MLL-PTD under 2 years old were found.
Excluding the FAB-M3 and DS patients, the statistical differences in
the clinical outcome between patients with and without MLL-PTD
were significant for 3-year OS (56.3% vs. 83.2%, P =0.018), DFS
41.7% vs. 69.6%, P=0.01), and RR (54.3% vs. 27.6%,
P =0.0085) (Fig. 1). Allo-SCT was performed in 18 (85.7%) of
21 MLL-PTD patients, and 9 (50.0%) of them have been alive for a
median of 42.0 months. The three patients without allo-SCT are all
alive. Notably, six of the eight patients who received allo-SCT in the
1st CR and three of four patients who received allo-SCT in the 2nd
CR are still alive.

FLT3-1TD and D835Mt

FLT3-ITD was found in 20 (12.7%) of 158 patients (Table I). All
patients except for one showed both FLT3-ITD and FLT3-WT
transcripts by RT-PCR. Half of the FLT3-ITD consisted of an in-
frame tandem repeat of exon 11 (12-147 bp). The other half of
FLT3-ITD showed insertions of 1-15 bp between the duplicated
regions. FLT3-D835Mt was found in 11 (7.0%) of 158 patients.
D835Mtconsisted of D835Y (seven patients), D835V (two patients)
and D835H (two patients). Differences in the median age of patients
with FLT3-ITD, D835Mt, and the wild-type gene (WT) were not
statistically significant (9, 11, and 5 years old, respectively). All
patients with FLT3-ITD or D835Mt were older than 2 years old. The
difference in the median initial WBC count between patients with
FLT3-ITD and WT was significant (P = 0.014). Excluding FAB-M3
and DS patients, the differences between AML patients with FLT3-
ITD, D835Mt, and WT were significant for the 3-year OS (35.3%,
100% and 84.3%, P < 0.0000001), DFS (40.0%, 87.5%, and 66.9%,
P < 0.003), and RR (52.4%, 11.8% and 30.3%, P < 0.005) (Fig. 2).
FLT3-ITD was found in five (83.3%) of six patients who did not
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Fig. 2. Probabilities of 3-year OS (A) and 3-year DFS (B)in 135 AML
patients, excluding those with FAB-M3 and Down syndrome. The
Kaplan—Meier method for patients with FLT3-1TD, D835Mt, and WTis
shown. The difference in patient numbers between OS and DFS resulted
from the death of two patients during induction therapy.

attain CR. Allo-SCT was performed in 12 (70.6%) of 17 FLT3-ITD
patients; of whom 4 (33.3%) were still alive for a median
43.5 months. The remaining eight patients died. Furthermore, four
of seven patients who received allo-SCT in the 1st CR are still alive.
Three of five patients without allo-SCT are also alive.

FLT3-ITD and D835Mt were found in 3 (23.1%) of 13 patients
with FAB-M3. Both alterations of the FLT3 gene did not influence
the clinical outcome of FAB-M3 patients. Furthermore, these FLT3
alterations were not found in DS patients.

Coduplication of the MLL and FLT3 Genes

- Coduplication of the MLL and FLT3 genes were found in only 3
(1.9%) of 158 patients (Table I). Two patients had normal karyotype
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and one patient had +8. All three patients received allo-SCT, and
two of them died because of disease progression.

Multivariate Analysis of Clinical Outcome

Multivariate analysis of FLT3-1TD, MLL-PTD, M1 marrow after
induction therapy and initial high WBC count (more than 100 x 10°/
L) was carried out for 3-year OS and DFS data from 135 AML
patients. Only FLT3-ITD was significant for 3-year OS (hazard ratio
8.4, 95% confidence interval (95% CI) 3.2-21.8, P < 0.0001). For
3-year DFS, FLT3-ITD, and M1 marrow after induction therapy
were significant (hazard ratio 3.6 and 3.1,95% CI 1.7-7.6 and 1.4—
7.0, P <0.001 and 0.007). Moreover, multivariate analysis was
performed for 108 patients excluding those who received allo-SCT
in 1st CR. Only FLT3-ITD was significant for 3-year OS (hazard
ratio 16.0, 95% CI 4.7-54.7, P < 0.00001) (Table II). On the other
hand, MLL-PTD was significant for 3-year DFS (hazard ratio 3.2,
95% CI 1.3-7.7, P < 0.01) (Table III).

DISCUSSION

In this study, MLL-PTD was found in 21 (15.6%) of 135 pediatric
AML patients excluding those with FAB-M3 and DS. We used the
simple first round RT-PCR method and not the nested RT-PCR
method to minimize the possibility of detecting false positive MLL-
PTD transcripts. MLL-PTD in pediatric AML has been reported ata
relatively high frequency in a small number of patients: 2 (20%}) of
10 patients [14] and 5 (9.4%) of 53 patients [15]. These data are
compatible with our results. However, Shih et al. [36] have recently
reported that MLL-PTD was rarely found in pediatric AML patients
(one of 123, 0.8%). The difference of these frequencies in pediatric
AML remains unknown but it may be partially due to the patient’s
age; although the median age of 16 patients with MLL rearrange-
ments, including one MLL-PTD, is 1.3 years (1 day to 5.5 years) in
the paper by Shih et al. [36], that of 21 patients with MLL-PTD is 10
years (2-15 years), and 17 of 21 patients with MLL-PTD is more
than 6 years old in our study.

Patients with MLL-PTD showed a poor prognosis, a short
duration of remission, and a high RR, as previously reported for
adult AML patients [10-14,26]. Multivariate analysis suggested
that MLL-PTD was a marker of poor prognosis for 3-year DFS, but
not for 3-year OS, in AML patients excluding those who received
allo-SCT in 1st CR in this study. This result may be explained by the
effectiveness of allo-SCT in 2nd CR for patients with MLL-PTD.
Indeed, four patients received allo-SCT in 2nd CR, and three of these
patients are still alive.

Regarding karyotypic abnormalities, our results also confirmed
that MLL-PTD was frequently found in AML patients with a normal
karyotype as reported for adult patients [10—14]. Interestingly, MLL-
PTD was found in AML patients with 1123 translocations in this
study. Moreover, MLL-PTD was also found in AML patients with

TABLE II. Prognostic Factors for 3-year Overall Survival in 108 AML Patients Treated on AML99
Protocol, Excluding Those Who Received Allo-SCT in Ist CR '

Variable P-values Hazard ratio 95% CI
FLT3-ITD <0.00001 16.0 4.7-54.7
MLL-PTD 0.25 2.1 0.6-7.4
M1 marrow after induction therapy 0.092 53 0.8-373
WBC > 100 x 10°/L 0.14 0.19 0.02-1.7
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TABLE III. Prognostic Factors for 3 Year Disease-Free Survival in 108 AML Patients Treated on
AML99 Protocol, Excluding Those Who Received Allo-SCT in 1st CR )

Variable P-values Hazard ratio 95% CI

FLT3-ITD <0.0001 7.7 2.9-20.6

MLL-PTD 0.0099 32 1.3-77

M1 marrow after induction therapy 0.028 93 2.1-40.1

WBC > 100 x 10°/L 0.013 31 1.3-7.5
t(8;21), which has not previously been reported in adult AML [10- REFERENCES

14,26}. Unfortunately, we could not analyze DNA because genomic
samples were not available. Two of the 4 t(8;21)-AML patients with
MLL-PTD were also found to have KIT mutations in our previous
study [30], suggesting that some patients possibly had genetic
instability. We must await further studies to clarify these issues.

As for FLT3 gene, multivariate analysis also strongly suggested
that FLT3-ITD was an independent marker of poor prognosis in
pediatric AML as previously reported [18,20,22]. D835Mt did not
represent a poor prognosis in this study, confirming a previous
report of pediatric AML [21], although D835Mthas been reported
to be associated with poor prognosis in adult AML [18-20,24].
The difference between adult and pediatric AML remains
unknown.

The coduplication of both genes was found in 3 (1.9%) of 158
patients in this study, which is compatible with previous reports (4
(1.6%) of 250 and 16 (1.7%) of 956 adult AML patients) [12,26].
The mechanism of formation of MLL-PTD and FLT3-ITD remains
unknown. MLL and FLT3 loci demonstrate similar susceptibilities
to agents that modify chromatin configuration, including top-
oisomerase II inhibitors [27]. We conclude that the coduplication of
MLL and FLT3 genes is rare in pediatric AML as well as adult AML.

There was no definitive result as to the effectiveness of allo-SCT
for the pediatric patients with MLL-PTD or FLT3-ITD. In this study,
the majority of patients received allo-SCT due to the protocol
agreement or relapse (18 (85.7%) of 21 MLL-PTD and 12 (70.6%) of
17 FLT3-ITD). Eight MLL-PTD patients and seven FLT3-ITD
patients received allo-SCT in the 1st CR. Although similar results
for 3-year DFS were found in patients with MLL-PTD (41.7%) and
FLT3-1TD (40.0%), there was a difference in the 3-year OS between
MLL-PTD (56.3%) and FLT3-ITD (35.3%) (P=0.024). This
difference was possibly due to the effectiveness of allo-SCT for
the patients with MLL-PTD rather than those with FLT3-ITD as a
lack of effectiveness of allo-SCT has been recently reported for
patients with FLT3-ITD [37].
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The TEL (ETV6)-AML1 (RUNXT) chimeric gene fusion is the most
common genetic abnormality in childhood acute lymphoblastic
leukemias. Evidence suggests that this chimeric gene fusion constitutes
an initiating mutation that is necessary but insufficient for the

development of leukemia. In a search for additional genetic events.

that could be linked to the development of leukemia, we applied a
genome-wide array-comparative genomic hybridization technique
to 24 TEL-AMLT leukemia samples and two cell lines. 1t was found
that at least two chromosomal imbalances were involved in all
samples. Recurrent regions of chromosomal imbalance (>10% of cases)
and representative involved genes were gain of chromosomes 10
(17%) and 21q (25%; RUNXT) and loss of 12p13.2 (87 %; TEL), 9p21.3
(29%; p16INK4a/ARF), 9p13.2 (25%; PAXS5), 12q21.3 (25%; BTGT),
3p21 (21%: LIMDT), 621 (17%:; AIM1 and BLIMP1), 4q31.23 (17%:
NR3C2), 11922-q23 (13%; ATM) and 19q13.11-q13.12 (13%; PDCD5).
Enforced expression of TEL and to a lesser extent BTG7, both single
genes known to be located in their respective minimum common
region of loss, inhibited proliferation of the TEL-AML1 cell line Reh.
Together, these findings suggest that some of the genes identified
as lost by array-comparative genomic hybridization may partly account
for the development of leukemia. (Cancer 5c¢i 2007; 98: 698-706)

7-EL (ETV6)-AMLI (RUNX!), generated by the chromo-
somal translocation t(12;21) (p13;q22), is the most prevalent
fusion gene in pediatric cancer, occurring in some 25% of
childhood acute lymphoblastic leukemias (ALL)."? Twin studies
and retrospective analysis of archived neonatal blood spots of
patients with ALL indicate that the chimeric gene arises pre-
dominantly during fetal hemopoiesis at a rate that considerably
exceeds that of overt clinical ALL, and that TEL-AML]-harboring
fetal clones expand and can persist in a clinically covert state for
more than a decade.? These observations indicate that additional
‘secondary’ and postnatal genetic events are required for overt
clinical leukemia. Findings obtained with animal models of the
TEL-AML] translocation are consistent with this notion.®>

Fluorescence in situ hybridization (FISH), comparative genomic
hybridization (CGH) and loss of heterozygosity (LOH) studies
have all been used in efforts to identify the genetic events required
for TEL-AMLI-harboring clones to become overtly leukemic.®'¥
Genomic loss of untranslocated TEL and gain of the AMLI gene
have often been found; however, the methods used were not
broadly applied to the genome at large, or the analyses met with
limited resolution.

In the study presented here, we used the array-CGH technique,
which covers genome-wide chromosomal imbalances (gains/
losses) with high resolution, to analyze a total of 24 TEL-AMLI
leukemia clinical samples and two cell lines. The results obtained

CancerS5ci 1 May 2007 | vol.98 | no.5 | 698-706

revealed that all the samples, in addition to the TEL-AMLI
translocation, harbored at least two chromosomal imbalances,
including previously unidentified ones.

Materials and Methods

Patient material and cell lines. Leukemia cell samples were
collected from the National Nagoya Hospital in Japan (16 cases),
and the Japanese Red Cross Nagoya First Hospital (eight cases).
Informed consent was obtained from parents or guardians of all
patients to have their samples used for banking and molecular
analysis. Leukemia cells accounted for at least 70% of all
clinical samples. All samples featured the TEL-AMLI chimeric
transcript as detected by reverse transcription—polymerase
chain reaction (PCR) analysis. The ALL cell lines harboring
the TEL-AMLI translocation, Reh and KOPN41, were obtained
from the American Type Culture Collection (Manassas, VA, USA),
Dr K. Sugita and Dr S. Nakazawa (University of Yamanashi,
Nakakoma, Japan), respectively. Cells were maintained in RPMI-
1640 medium (Gibco-BRL, New York, NY, USA), supplemented
with 10% fetal calf serum, at 37°C under 5% CO,/95% air.

Comparative genomic hybridization. CGH analysis was carried
out as described previously,'® on DNA obtained from bone
marrow cells of 24 patients and the various cell lines. At least
10 metaphases were visualized using a BX-60-RF microscope
(Olympus, Tokyo, Japan) equipped with IP Laboratory Scientific
Imaging Software (Scanalytics, Fairfax, VA, USA). The threshold
sets corresponded to a mean hybridization ratio between tumor
and normal of >1.2:1 for gain and <0.80:1 for loss.”'® Over-
representation was interpreted as high-level amplification when
the ratio exceeded 2.0. Heterochromatic regions in the centromeric
and paracentromeric parts of chromosomes, the short arm of
acrocentric chromosomes, and all regions adjacent to telomeres
were not included in the evaluation. Aberrations of chromosomes
19 and 22 were not evaluated as they have been reported to show
false-positive results in negative controls."® The cut-off value
for the X chromosome of female patients was less than two
copies (Table 1).

Array-CGH. A genome-wide scanning array with 2304 bacteria
artificial chromosome (BAC) and P1-derived artificial chromosome
(PAC) clones, covering the whole human genome at a resolution
of roughly 1.3 Mb, was used in this study,"'” whereas in some
experiments a contig BAC array for chromosome 12p13.2 en-
compassing the TEL gene was used. The contig array contained
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Table 1.
{(CGH) method

Summary of patient characteristics and chromosomal imbalances detected by a conventional comparative genomic hybridization

o

ﬁ:ze/cell (ytgfs) ex cour\:\t/f;:t Dx :::kl CR Relapse Survival Losses by CGH Gains by CGH
1 2 ™M 14 700 SR Y Y N 6q21-q22.1 10, 162
2 4 M 3600 SR Y Y Y None None
3 2 M 11 000 SR Y N Y 12pt1 None
4 5 F 7 400 SR Y N Y None None
5 3 ™M 34 200 SR Y Y Y None 10
6 5 F 3900 SR Y N Y 12p11.2-p13.2 10, 21
7 5 F 77 800 HR Y N Y None None
8 13 F 700 HR Y N Y 12p11.2-pter None
4 M 14 800 SR Y Y Y None 21
10 2 ™M 86 000 HR Y N Y None None
1 3 M 14 000 SR Y U N 6g22 21
12 3 F 39 200 SR Y Y Y 11q13.3-qgter, 12p, 6g26-qter None
13 2 F 159 000 HR N NE N i2p Xp
14 7 M 8 400 SR Y N Y 7q32-qter 10
15 6 F 37 500 HR Y N Y None Xq26-qter
16 2 M 5 100 SR Y N Y None None
17 8 M 11700 HR Y N Y 11q21-qter 21q21-qter, Xg21.3-qter
18 4 F 36 400 HR Y N Y 12p None
19 8 F 10 100 HR Y N Y 6q21-q23 21
20 3 M 10 800 HR Y N Y None None
21 4 F 8 100 SR Y N Y 12pt1-p12 None
22 6 M 51 800 HR Y N Y None 21q22-qter
23 2 F 12 900 HR Y N Y 1p34-pter, 9p, 11g12, None
12p12.1-per, 16p, 17p
24 3 F 16 700 HR Y N Y 12p13 None
Reh NA NA NA NA ‘NA NA NA 3p21.1-p21.3 21q21-qter
KOPN41 NA NA NA NA NA NA NA 12p13.2-pter 21q21-qter

All cases were confirmed to have TEL-AML1 transcripts by reverse transcription-polymerase chain reaction. CR, complete remission; Dx, diagnosis;
HR, high risk; NA, not applicable; NCl, National Cancer Institute; NE, not evaluable; SR, standard risk; U, unknown; WBC, white blood cell count.

19 BAC clones that included four BAC for TEL and its adjacent
genes covering 2 Mb. The location of all clones used for the
array-CGH were confirmed by standard FISH analyses. BAC/
PAC clones were amplified by degenerate oligonucleotide
primer (DOP)-PCR and spotted on glass slides, as described
previously.!'7'® DNA preparation from cells, labeling, hybrid-
ization and scanning analyses were carried out according to the
protocol previously described,"® with minor modifications.®®
The data obtained were processed as described elsewhere to
detect chromosomal imbalances.®

Oligonucleotide array-CGH analyses of some DNA samples
were conducted according to the manufacturer’s instructions.
Briefly, 3 ug of genomic DNA from the reference (46, XY male)
and the corresponding experimental sample were digested with
Alul and Rsal, and then filtered with the aid of QIAprep spin
columns (Qiagen, Hilden, Germany). A genomic DNA labeling
kit (Agilent Technologies, Santa Clara, CA, USA) was used to
label the resultant DNA with Cy3-dUTP or Cy5-dUTP, and
Microcon YM-30 filter units (Millipore, Billeria, MA, USA)
were used for filtering. Experimental and reference DNAs thus
labeled were then mixed and hybridized with Human Genomic
CGH 244K Microarrays (Agilent) in the presence of Cor-/ DNA
at 65°C for 40 h. After washing, the microarray slides were
scanned with an Agilent Microarray Scanner, and the data were
processed with Future Extraction software (Agilent).

Retroviral transduction and celil proliferation assays. cDNA for
INK4a and ARF were kindly provided by Dr Scott Lowe (Cold
Spring Harbor Laboratory, Cold Springs Harbor, NY, USA). cDNAs
for TEL and BTG/ were cloned by the PCR method using primer
sets harboring restriction sites that allowed for subsequent sub-
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cloning; TTTAGATCTAAAGAA-TTCTCTGGGTTGGGGAGA-
GGAA/TTTGTCGACTTCCCGGGTCTCTTCCTTTA for TEL,
and TTTTCTCGAGAATTC TCCCCTAGAACCAGTAGCC/
TTTTCTCGAGACCTGATAC-AGTCATCATATTG for BTGI.
The resulting products were, respectively, digested with Bg/1I/
Sall and Xhol, and then inerted into the BamH I/Xhol or Xhol
site of the pcDNA-Flag vector (Invitrogen, Carlsbad, CA, USA).
Respective cDNAs tagged with Flag at the carboxyl terminus
were then isolated with EcoRI and inserted into the EcoRI site
upstream of the ires-green fluorescent protein (GFP) cassette of
the pMXs-iresGFP retroviral vector (a kind gift from Dr T.
Kitamura, University of Tokyo). Retrovirus was produced by
cotransfection into 293T cells of the respective retroviral vector
and the packaging plasmid with VSV-G envelope, pCGCGP (a
kind gift from Dr A. Abe, Nagoya University). Reh cells were
infected with the virus on retronectin-coated dishes (Takara, Otsu,
Japan), according to the manufacturer’s instruction.

Retrovirally infected cells were monitored for GFP expression
by flow-cytometry on a FACS Caliber (BD Bioscience, San Jose,
CA, USA). In some experiments, infected cells were stained
with PKH-26 dye (Sigma, St Louis, MI, USA) and monitored
for red fluorescence, along with GFP to analyze cell division.

Results

CGH analyses of TEL-AML1 clinical samples. We first applied a
conventional CGH technique to 24 TEL-AML! clinical samples
to identify chromosomal imbalances. The results are summarized
in Table 1. Eighteen cases showed chromosomal imbalances,
including loss of 12p11-p13 (nine cases) and 6q22 (three cases),
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Fig. 1. Array-comparative genomic hybridization (CGH) profiles and
fluorescent in situ hybridization (FISH) analysis of TEL-AML1 cell lines.
Log, ratios of signals of cell lines/sample versus normal control are plotted
for all clones based on their chromosomal position, with chromosomes
separated by vertical lines. Normal range of the log, ratios are within
+0.2. Clones are arranged from chromosome 1-22 and X within each
chromosome on the basis of the Sanger Center Mapping Position, July
2004 version. {a) In the KOPN41 cell line, chromosomal imbalances
detected were loss of 9p21.3, 12p12.3-pter and 12g21.3, and gain of
8p23.2 and 21g22.12-qter. (b) In the Reh cell line, loss of 3p14.3-p22.3,
5q23.2, 9p21.3, 12p13.2, 12921.3 and 18923, and gain of 21q22.12-qter were
detected. (c) FISH analyses of Reh cells for the indicated chromosomal
imbalances. BAC clones used were (a) RP11-509121 (green) and RP11-
33519 (red), (b) RP11-14912 {green) and RP11-30014 (red), (c) RP11-71L1
(green) and RP11-525I3 (red), and (d) RP11-887P2 (green) and RP11-
796€2 (green). Loss of signals by RP11-509121 (3p21.31) in (a), RP11-
14912 (9p21.3) in (b), RP11-52513 (12p13.2) in (), a diminished signal by
RP11-796E2 (12q21.3) in (d), and an extra signal by RP11-71L1 in (0
were clearly detected. Note that BAC RP11-52513 (12p13.2) used in (c) is
not included in the array-CGH analysis shown in (b), but is included in the
contig-array in Fig. 3, where the corresponding region of loss is presented.
1 4

and gain of chromosome 10 (four cases), chromosome 21 (four
cases) and 21q22-qter (three cases), whereas six cases showed
no alterations. These frequently altered genomic regions have
been reported previously.®7222%

Genomic profile of patient samples and TEL-AMLT cell lines. To
analyze genomic alterations in more detail, we next used the
array-CGH technique. Our initial analysis was conducted on cell
lines with the TEL-AML! translocation. Array-CGH profiles
of KOPN41 (Fig. 1a) and Reh (Fig. 1b) cells revealed several
common regions of chromosomal imbalance, including gain of
regions on chromosome 21q22-qter and loss of regions on 9p21.1,
12p13 and 12q21. Among these, gain of 21q22-qter and loss of
regions on 3p21.31, 9p21.3, 12p13.2 and 12q21.3 were subsequently
confirmed in Reh cells by FISH analysis (Fig. Lc). Of particular
note, loss of the region on 12q21.3 (the region where the BTG/
gene resides) was marginally detected by array-CGH (the log?2
ratio was —0.27, whereas the normal limit was within £0.2), but
the loss was subsequently confirmed by FISH analysis as a
partial deletion of BAC, thus demonstrating the high-resolution
capacity of the array-CGH method used.

We then analyzed the 24 TEL-AMLI clinical samples using
array-CGH and found that all cases exhibited at least two chro-
mosomal imbalances. A representative array-CGH profile of a
patient (case no. 12) is shown in Fig. 2a. Loss of regions on chromo-
somes 3q11.2-q13.13, 6q22.1, 6q25-qter, 9p13.3, 9p21.3, 9p23,
1iql4.1-qter, 12p11.22-p13.2, 12q21.33 and 19q13.11-q13.12
were clearly detected. Among these, loss of 3ql1.2-q13.13,
6q22.1, 9p13.3, 9p21.3, 9p23, 12q21.33 and 19q13.11-q13.12
were not detected using conventional CGH (Table 1).

A summary of chromosomal gains and losses identified with
the array-CGH in the 24 TEL-AMLI cases and two cell lines is
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Fig. 2. Summary of chromosomal imbalances. (a) A representative
array-comparative genomic hybridization (CGH) profile of patient
samples (case 12) is presented. Detected were loss of 3q11.2-g13.13,

. 6q22.1, 6g25-gter, 9p13.3, 9p21.3, 9p23, 11qld.1-qter, 12p11.22-p13.2,

12g21.33 and 19q13.11-q13.12. (b) Chromosomal imbalances detected
in all patient samples (red lines) and two cell lines (black lines) are
presented. Regions of loss and gain are represented by vertical lines, on
the left (loss) and right (gain) side of each ideogram.

presented in Fig. 2. Recurrent chromosomal imbalances found
in no less than three patient samples included a gain of 21q
(six cases), 10 (four cases), and loss of 12p13.2 (21 cases), 9p21.3
(seven cases), 9p13.2 (six cases), 12q21.3 (six cases), 3p2l
(five case), 6q21 (four cases), 4q31.23 (four cases), 11q22-q23
(three cases) and 19q13.11-q13.12 (three cases). These findings
suggest that a limited number of non-random genomic alterations
could be causally related to the development of TEL-AMLI
leukemia.

Array analysis of the 12p13.2 chromosome region in TEL-AML1
cases. We next sought to identify minimal common regions within
clustered regions representing genomic deletions. Because deletion
at 12p13 is known to be the most prevalent, occurring in some
60—-80% of TEL-AMLI cases,"”” we initially focused on this
region with special attention to the TEL gene. Our initial arrays
did not contain BAC for TEL, but 10 out of 24 cases (case 3,
6, 7, 8, 10, 13, 18, 21, 23 and 24) showed deletion of BAC
encompassing a minimum of 25 Mb (BAC RP11-277P12, RPI1-
267J23 and RP11-180-M15). This suggests the occurrence of
large-scale deletions including TEL and its neighboring genes at
both the telomeric and centromeric sides (Fig. 3). To analyze
cases that did not show such large deletion areas surrounding
the TEL gene (14 out of 24 cases: cases 1, 2,4, 5,9, 11, 12, 14,
15, 16, 17, 19, 20 and 22, and the Reh and KOPN41 cell lines),
we constructed a new array that included two BAC for the TEL
gene and one BAC each directly adjacent to the TEL gene at
both the telomeric and centromeric sides. Results of the array
analysis of the deleted regions in each of the patient samples
are summarized in Fig. 3. In all, 21 out of 24 cases (87.5%), as
well as the Reh and KOPN41 cell lines, showed deletion at
12p13.2. Case 19 showed gain of TEL and its telomeric regions.
It is known that chromosomal translocations such as TEL-
AMLI fusion often accompany deletion of the chromosomal
regions adjacent to the break point on the allele involved in
the translocation. This type of deletion therefore conceivably
coincides with the TEL-AMLI translocation that represents
the ‘first hit’ event associated with the development of
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location aseicaselcaselcaselcaselcaselcaselcaseicase a aselca aselcase| aselcase KOP
BAC/PAC gene (Mb) 1215|2220 11} 4 2 5 |19{13|23]| 6| 18] 8 [28121|10} 7 3 9 | 16 |Reh| N41

RPCI3-474D1 NM178039 1.3
RP11-543P15 TNES/RPS27 3.1
RP11-792F18 TMEM168 5.6
RP1-96H9 CD9/NM018173 6.2
RP11-273820 CI1RU/RBP5 7.2
RP11-69M1 FOXJ2Z/C3AR1 8
RP11-259018 PHC 1/M6PR/KLRG 1 8.9
RP11-7501 KLRF1/CLECSF2 9.8
RP11-277P12 KLRD1/KLRC3 10.3
RP11-407P10 - 11.5
RP11-434C1 TEL 11.6
RP11-418c2 TEL 11.8
RP11-52513 - 11.97
RP11-267J23 BCL2L14/LRPE 12.2
RP11-180M15 CREBL2/GPR19/CDKN18B 127
RP11-392P7 RAI13/GPRCS5D/HEBP1 12.9
RP11-7249 - 14.1
RP11-174G6 wBP11 14.7
RP11-69C13 LMOX 16.7
RP11-287J11 - 17.2
RP11-387J7 - 18
RP11-405A12 - 19.98
RP11-59N23 KCNJ8 21.8
RP11-268P4 EKI1 22.64
RP11-100C20 BCAT1 24.75
RP11-662113 BCAT1 24.92
RP11-79112 ITPR2/NM0O 18164 26.85
RP11-946L16 29.5
RP11-780A5 29.9
RP11-776A13 30.13
RP11-956A19 32.2
RP11-270C7 327 [ ] [

not done

I l0ss

[Jno aberration P gain

Fig. 3. Common region of loss at 12p13.2 region. Bacteria artificial chromosome and P1-derived artificial chromosome (BACPAC) clones, their
location, and the absence or presence of loss are shown in each case and cell line. Filled-in and hatched boxes represent losses and gains,

respectively. Dotted boxes indicate clones not tested.

leukemia. Deletion of the TEL gene, or part of it, found in our
contig array could therefore be located on the allele involved in
the TEL-AMLI translocation. However, given that deletion of
the TEL gene or part of it is on the allele involved in the TEL-
AMLI translocation, exons 1-5 should be retained as these
exons are contained in the TEL-AMLI fusion gene. Because
BAC RP11-434C1 and RP11-418C2 contain exon | and exons
3-8, respectively, RP11-434C should be retained in this case.
Cases 9 and 16, as well as the Reh and KOPN41 cell lines,
which exhibit deletion of BAC-434C1, can thus be assumed to
have lost the TEL gene or part of it on the allele not involved in
the TEL-AMLI translocation. Along the same lines, the cases
mentioned earlier that showed large-scale deletions (cases 3, 6,
7, 8, 10, 13, 18, 21, 23 and 24) were judged to have lost the
region including TEL on the allele not involved in the TEL-
AMLI translocation. Altogether, 12 of the 24 cases (cases 3, 6,
7, 8.9, 10, 13, 16, 18, 21, 23 and 24) and the Reh and KOPN41
cell lines exhibited loss of the region including the TEL gene
on. the allele not involved in the -TEL-AMLI translocation.
The loss, ipso facto, is unlikely to have coincided with the
translocation. It should be noted that the KOPN41 cell line,
unlike cases 9 and 16 and Reh, did not show deletion of BAC
RP11-418C2, which contains exons 3-8 of the TEL gene, but
exhibited deletion of BAC RP11-434Cl1 and its telomeric
region (Fig. 3). Thus, the minimum region of deletion at 12p13
occurring independently of TEL-AMLI translocation in both the
samples and cell lines analyzed was most likely the TEL gene.
Cases 2, 4 and 5 exhibited loss of a region at BAC RP11-418C2,
but not at adjacent regions (BAC RP11-434C1 and RP11-52513).
These cases may represent intragenic deletion of the TEL gene
on the allele not involved in the TEL-AMLI translocation,®
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and could thus be included in the cases with TEL deletion not
accompanying the translocation.

Consensus regions deleted at 3p21.3, 4q31.23, 6g21, 9p13.2, 9p21.3,
11q22.1-q23.3, 12q21.33 and 19g13.11-q13.12. Our BAC-array-CGH
analysis showed, in-addition to the TEL region, common regions
of loss at 3p21.3, 4q31.23, 6q21, 9p13.2, 9p21.3, 11922.1-q23.3,
12921.33 and 19q13.11-q13.12.

3p21.3. Loss of the 3p21.31 region has been reported in many
solid tumors.® In our array-CGH analysis, the minimum
common region of loss was flanked by BAC RPCI5-1053D16
and RP5-1034C14 (Fig. 4a). This region contains a variety of
genes, including LIMD! (LIM domains-containing protein 1),
LZTFLI (leucine zipper transcription factor-like 1) and FYCO1
(FYVE and coiled-coil domain containing 1), in addition to genes
that code for several chemokines, SMARCCI (SWI/SNF-related
matrix associated actin-dependent regulator of chromatin subfamily
member 1), CDC25A, ZNF589 (zinc finger protein 589), LRRC2
(leucine rich repeat containing 2) and TDGF1 (teratocarcinoma-
derived growth factor 1 presursor). Among these, the LIMDI
product is capable of inhibiting tumor growth by interacting
with the retinoblastoma protein and suppressing E2F1-mediated
transcription.®” LRRC2?® is a relative of ras suppressor protein 1
(RSP-1), which inhibits ras-mediated transformation of NIH3T3
cells. These findings suggest that the 3p21.31 region deleted in
our patient samples contained tumor suppressors.

4931.23. Loss of the 4q31 region has been reported in solid
tumors.?39 Four of the cases included in our study exhibited loss
of the region flanked by BAC RP11-364M6 and RP11-64M20
(Fig. 4b). This region contains genes including EDNRA (endothelin-1
receptor precursor), TMEM34 (transmembrane protein 34),
ARHGAPI0 (Rho GTPase activating protein 10), NR3C2
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(mineralocorticoid receptor), DCAK2-HUMAN (serine/threonine-
protein kisase DCAMKIL2) and LRBA (lipopolysaccharide-
responsive and beige-like anchor protein). It is speculated that
deregulated intracellular signaling through loss of these genes
may facilitate the development of leukemia.

6q21. Deletion of the 6q21 region has been found in lymphoid
malignancies,®'** and contains genes including AF6q21 (FOX03A)
implicated in cell cycle and apoptosis,®® a putative tumor suppressor
AIMI (absent in melanoma protein 1),°® and BLIMPI (B
lymphocyte-induced maturation protein 1),%? implicated in
plasma cell differentiation. Among these, AIM! and BLIMPI
were included in the region commonly lost in our patient samples
and flanked by BAC RP11-363F12 and RP1-60019 (Fig. 4c).
-Case 12 showed a loss only at BAC RP11-126M14, which was
shared by cases 1, 11.and 19; however, this BAC contains no known
cancer-related genes, and does not fall in the reported regions
of loss or LOH in lymphoid leukemia.©2-39

9p13.2. Results of an LOH study of small lung cancers suggest
that the 9p13 region contains tumor suppressors.“*? Qur array-
CGH analysis revealed that six cases showed loss of the region
flanked by BAC RP11-8N6 and RP11-113024 (Fig. 4d). This
region contains the PAX5 gene that encodes the transcription
factor B cell-specific activating protein (BSAP), essential for B cell
lineage commitment,*”® whereas overexpression of Pax5 has
been linked to the development of lymphoma.** In our study,
this region containing PAX5 was unexpectedly deleted. The region
also contains miscellaneous genes including ZCCHC?7 (zinc finger
CCHC domain containing 7), ZBTBS (zinc finger and BTB domain
containing protein 5), FRMPDI (FERM and PDZ domain
containing 1), RGIMTD3 (RNA guanine-9-methyl transferase
domain containing 3), WDR32 (WD repeat domain 32) and SHB
(Src homology 2 domain containing adoptor protein B), although
their involvement in relation to leukemia remains unknown.

9p21.3. Seven cases and two cell lines exhibited loss of 9p21.3,
and the common region of loss was flanked by BAC RPI1-
380P16 and RP11-214L15 (Fig. 4d). This region contains genes
for the interferon alpha precursors CDKN2A (cyclin dependent
kinase 4 inhibitor A; INK4a) and CDKNZB (cyclin dependent
kinase 4 inhibitor B; INK4b). The latter two genes are frequently
deleted or inactivated in many tumors.“®

11q22.1-g23.3. Three cases in our study exhibited loss of the
11¢22.1-g23.3 region spanning approximately 15 Mb. The limited
number of cases available for analysis made it impossible to identify
the respective genes in this large chromosomal area, although
this region overlaps with the region deleted in some lymphoid
malignancies,*4? and contains the ATM gene as a candidate tumor
suppressor. Mutations of the ATM gene have also been implicated
in the development of acute lymphoblastic leukemia.“8-39

12q21.33. Six cases and two cell lines exhibited loss of the
region flanked by BAC RP11-1041F24 and RP11-864A19 (Fig. 4e).
This region contains BTG/ as the only known gene. BTG/ belongs
to the anti-proliferative (APRO) gene family, the product of
which is capable of inhibiting cell proliferation.®'-®

19g13.11-q13.12. Loss of the 19q13 region has been reported
in some cancers.®*>® Three of our cases showed loss of this
region flanked by BAC RP11-257B17 and RP11-32H17 (Fig. 4f).
This region contains miscellaneous genes including PDCDS5
(programmed cell death protein 5), the product of which is
capable of enhancing apoptosis,®® ANKRD27 (ankyrin repeat
domain 27), ULEIB-HUMAN (ubiquitin-like 2 activating enzyme
E1B) and RHPN2 (Rhophilin 2). Loss of these genes may lead
to resistance to apoptosis and deregulated cellular signaling.

Regions of loss presented here are relatively large in size,
thus precluding accurate delineation with the BAC artay-CGH
method of the genes responsible in their respective regions. We
therefore next used the oligonucleotide array-CGH method for
selected samples (cases 2, 5, 11, 12, 14, 17, and cell lines Reh
and KOPN41) for further narrowing down of genes responsible.

Tsuzuki et al.

Because 3p21.31, 6q16 and 19q13.11 exhibited large regions of
loss, it was unlikely that the genes responsible could be singled
out there. We therefore focused on the 4q21.23, 9p21.3 and
12q21.33 regions. Figure 5 illustrates the oligonucleotide
array-CGH profiles of each of these regions. The results showed
that NR3C and ARHGAPI0 in 4q31.23, BTG! in 12q21.33,
and CDNK2A, CDNK2B and MTAP in 9p21.3 were the genes
responsible for the respective region of loss. Among these,
deletion of NR3C in cases 2 and 5, and MTAP/CDNK2A/CDNK2B
in Reh and KOPN41, were homozygous, as indicated by their
respective log? ratios.

Enforced expression of TEL and BTG1 is capable of limiting
proliferation of Reh cells. Finally, we sought to determine which of
the deleted genes are likely to be associated with the
development of leukemia. To this end, the products of the genes
involved were expressed using a retroviral expression system.
We focused on TEL and BTG, as these genes were found to be
single genes commonly deleted in 12p13.2 and 12q21.3, respectively.
Reh cells were infected with retrovirus for TEL or BTGI that
coexpress GFP by virtue of the ires-GFP cassette (Fig. 6a), and the
percentage GFP expression in the bulk culture was then monitored
by flow cytometry; we were unsuccessful in our efforts to
infect KOPN41 cells. Arf and Ink4a, often deleted in many
cancers including TEL-AMLI leukemia, were also included in
the analysis. Expression of exogenously transduced genes
was confirmed by western blotting (not shown). Figure 6b
shows typical FACS data immediately following infection and
4 weeks thereafter. Reh cells infected with GFP-only control
virus displayed 18.5% GFP immediately following infection,
and remained largely unchanged over 4 weeks. In contrast,
Reh cells infected with Arf- and Ink4a-virus, as expected,
resulted in decreased GFP expression over time, suggesting that
enforced expression of Arf and Ink4a compromise cell growth.
Of particular note, enforced expression of TEL, and to a lesser
extent of BTG/, also compromised cell growth. The time-course
of GFP expression is summarized in Fig. 6c. Because Arf and
Ink4a are well-established tumor suppressors, we next focused
on TEL to further examine its effect on cell growth. Reh cells
were infected with TEL- and GFP-only control viruses, cell
membranes were stained with PKH-26 dye, and GFP expression
monitored together with dye fluorescence (Fig. 6d). Reh cells
infected with the GFP-only control virus displayed equal
PKH-26 fluorescence intensity over time when comparing GFP-
positive and GFP-negative fractions, suggesting equivalent cell
division in both fractions. In contrast, in the case of TEL-virus-
infected Reh cells, the GFP-positive fraction displayed higher
PKH-26 fluorescence compared with the GFP-negative fraction,
although it was noted that fluorescence levels were equivalent
immediately following infection. Cell death as detected by
7-AAD (amino-actinomycin D) staining was similar over time
in TEL-virus-infected cells (not shown). These findings suggest
that inhibited cell proliferation, but not enhanced cell death, is
the primary cause of the compromised cell growth observed.

Discussion

Postnatal secondary genetic events have been postulated as being
crucial for TEL-AMLI-harboring clones to become overtly
leukemic."» FISH analysis using probes for TEL and AML!
has frequently detected deletion of non-translocated TEL and
amplification of AMLI, suggesting that these genomic alterations
are candidates for the secondary genetic events.!%

In a search for additional genomic abnormalities, detailed
cytogenetic studies and CGH analyses have been conducted,
albeit with low resolution, thus making the detection of chromo-
somal imbalances limited. Here we used a genome-wide array-CGH
method with proven higher resolution to identify genomic
alterations in 24 TEL-AMLI patient samples. Our findings
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Fig. 5. Oligcnucleotide array-comparative genomic hybridization (CGH) profiles. DNA from cases 2, 5, 11,

12, 14, 17, and cell lines Reh and

KOPN41 were used for the oligonucleotide array-CGH analysis of the 4q21.23, 9p21.3 and 12q21.33 regions. Horizontal and vertical axes,
respectively, represent the positions of the oligonucleotide probes and log, ratios of the hybridized signals. Locations of genes are presented as
solid bars, with the genes contained in the minimum region of loss shown in red.

showed that: (1) all patients had, in addition to the TEL-AMLI
translocation, at least two chromosomal imbalances, including
gain of chromosomes 10 and 21q and loss of chromosomes 3p21,
4q31, 9pl3, 9p21, 12pl3, 12q21 and 19q13; (2) 12 out of 24
patients (50%) showed deletion of the TEL gene on the allele not
involved in the TEL-AMLI translocation; and (3) genes responsible
for cell cycle regulation were also frequently deleted (45.8%).
Using a conventional CGH method, Ma et al. (two cases)®
and Kanerva et al. (eight cases)” demonstrated the loss of 6q,
8p, 9p, 11q21qter and 12p, and gain of 7plS-pter, 8q22-qter,
10p12-pter, Xq23-q26 and 21 in TEL-AMLI leukemia samples.
CGH analysis of our patient samples also identified loss of 6q
(four cases), 9p (one case), 11q (three cases), 12p (nine cases),
and gain of 21q (six cases) and Xq25-qter (two cases). Loss of
7q32-qter (one case), 1p34 (one case), 16p (one case) and 17p
(one case), and gain of 16 (one cases), 10 (four cases) and Xp
(one case) were additionally identified in our CGH study, although
some of these were reported by cytogenetic analyzes.*** Six cases
had no abnormalities, as indicated by the CGH method used.
Our array-CGH analysis revealed chromosomal imbalances in
more detail than was possible using conventional CGH. The region
encompassing the TEL gene on the allele not involved in the
TEL-AMLI translocation is reportedly deleted in TEL-AMLI
leukemia. The findings of LOH studies using PCR-mediated
detection of microsatellite markers and expression analysis of

704

genes involved in the deleted region of leukemia samples
suggest that TEL is most likely the gene in the minimum com-
mon region of deletion, although these studies are not necessarily
confined to TEL-AMLI leukemia.®'¥ In the study presented
here, we used TEL-AMLI leukemia samples and cell lines
exclusively for the array-CGH analysis and found that TEL is
indeed the gene in question. It is known that chromosomal
translocations such as the TEL-AMLI fusion often accompany
deletion of the chromosomal regions adjacent to the break point
on the allele involved in the translocation. Indeed, through
detailed FISH analyses of Reh and KOPN41 cell lines (S. Tsuzuki
and S. Karnan, unpublished observations, May 2005), we
found that in the case of the Reh cell line, TEL on the allele not
involved in the TEL-AML! translocation was translocated to
chromosome 5, which then became associated with the partial
deletion of TEL. The other TEL allele in Reh cells was translo-
cated to the AMLI gene, and was accompanied by deletion of
regions centromeric to the TEL gene (RP11-525I3 and RP11-
267123). Similarly, in the case of KOPN41, TEL not involved in
the TEL-AMLI translocation was found to be fused to material
of chromosome 21 (and did not generate a TEL-AML1 chimera),
which accompanied deletion of regions telomeric to the break
point, although the TEL gene and its neighboring genes on
the allele involved in the TEL-AML! translocation remained
undeleted. Thus, both the Reh and KOPN41 cell lines showed

-
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Fig. 6. Effect of enforced expression of TEL and BTG? on growth of

Reh cells. (a) Schematic drawing of the retroviral vectors used (not to
scale). (b) Typical FACS profile showing green fluorescent protein (GFP)
expression of Reh cells infected with the indicated virus. Note that the
GFP-control essentially displayed constant GFP expression over 28 days,
in contrast to TEL-, INK4a-, Arf- and BTG1-virus infected cells, where GFP
expression decreased with time. (c) Time-course of GFP expression. % GFP
expression relative to that of day 0 is shown. Typical data of five
independent experiments is presented together with the mean and SD
of triplicate samples. (d) Inhibited cell division of TEL-expressing Reh
cells. Reh cells were infected with GFP-only control-viruses or TEL-
viruses, and immediately stained with PKH26 fluorescent dye. FACS
profiles for GFP and PKH-26 fluorescence of infected cells are shown.
Two independent experiments yielded similar resuits.

partial deletion of the TEL gene and its adjacent chromosomal
regions on the allele not involved in the TEL-AML] translocation.
The overlapping region of the deletion was in BAC RP11-
434C1, which contained exon 1 of the TEL gene exclusively.
When combined with the findings of our patient sample analy-
sis, these results suggest that the minimum common region of
loss at 12p13.3 is the TEL gene. Cases 2, 4 and 5 may feature
intragenic deletions of the TEL gene on the allele not involved
in the TEL-AML] translocation, as previously reported.® Impor-
tantly, loss of TEL is not confined to leukemia, but has also been
reported for a subset of solid tumors, such as prostate cancer.®’-®
These findings suggest that TEL might act as a tumor suppressor.
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Along the same lines, it should be noted that most of the
chromosomal losses found in our study are also found in non-
hematopoietic malignancies.®® In addition to the INK4a/ARF
and ATM regions, the 3p21.3, 4q31.23, 6q21, 9p21.2 and
19q13.12 regions are often found to be deleted in many tumors.
It is not clear which genes are responsible for tumor develop-
ment in these regions, but LIMDI®? and LRRC2¢® in 3p21.31,
AIM®® in 6q21 and PDCDS5 in 19q13.11-q13.125% are plausible
candidates. Detailed analyses to determine the minimum com-
mon region of deletion should provide a better understanding
of the genes and mechanisms involved in the development of
leukemia.

The development of leukemia is thought to require at least
two mutations comprising class I mutations, which deregulate
cell proliferation, and class II mutations, which restrict cell dif-
ferentiation.®® The TEL-AMLI translocation has been classified
as a class I mutation with inhibitory effects on B cell differen-
tiation.” As for class I mutations, gain-of-function mutations of
tyrosine kinases, such as c-kit and fit-3, have frequently been
found in myeloid leukemia,® but not in TEL-AML! leukemia.®"
Thus, loss of cell cycle inhibitor genes observed in our study
may represent a class I mutation; LIMD1, INK4a/ARF, BTGI
and TEL are included in the region of loss. Of these, we focused
on TEL and BTGI!, which are both single genes known to be
located in the minimum common region of loss, and set out to
examine effects on the cell growth of TEL-AMLI-harboring
Reh cells. Results show that TEL and BTGL inhibit cell growth,
just as the well-established tumor suppressors Ink4a/Arf; the
ability of BTG1 to inhibit cell growth was less marked compared
with other inhibitors, but was reproducible.?$ These findings
suggest that deletion of TEL and BTG/ could partly account for
the class I mutation in TEL-AML! leukemia.

In conclusion, the study presented here demonstrated that, in
addition to previously described abnormalities such as deletion
of TEL and amplification of the AMLI gene, ALL with t(12;21)
contains a limited number of non-random chromosomal imbal-
ances. The chromosomal imbalances found in our study suggest
pathways for tumor development that are also involved in
cancers other than TEL-AML! leukemia. Identification of some
of the genes located in each region associated with the chromo-
somal imbalances was possible using array-CGH, with its
attendant high resolution, coupled with functional analysis. The
data presented here should help to further our understanding of the
molecular mechanisms leading to the development of leukemia.

Acknowledgments

We are grateful to Dr H. Asou (Hiroshima University) for information
concerning the KOPN41 cell line. This work was supported in part by a
Grant-in Aid for Scientific Research from the Japanese Society for the
Promotion of Science (S.T. and M. S.), a Grant-in-aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science and
Technology (M. S.), the Japan Leukemia Research Fund (S. T.), and the
Aichi Cancer Research Foundation (S. T.).

5 Morrow M, Horton S, Kioussis D, Brady HJ, Williams O. TEL-AMLI
promotes development of specific hematopoietic lineages consistent with
preleukemic activity. Blood 2004; 103: 3890-6.
Ma SK, Wan TS, Cheuk AT er al. Characterization of additional genetic
events in childhood acute lymphoblastic leukemia with TEL/AMLI gene
fusion: a molecular cytogenetics study. Leukemia 2001; 15: 1442-7.
Kanerva J, Niini T, Vettenranta K et al. Loss at 12p detected by comparative
genomic hybridization (CGH): association with TEL-AMLI fusion and
favorable prognostic features in childhood acute lymphoblastic leukemia
(ALL): A multi-institutional study. Med Pediatr Oncol 2001; 37: 419225,
8 Cave H, Cacheux V, Raynaud S er al. ETV6 is the target of chromosome 12p
deletions in t(12;21) childhood acute lymphocytic leukemia. Leukemia 1997,
11: 1459-64.

=)}

~

CancerSci | May2007 | vol.98 | no.S | 705

© 2007 Japanese Cancer Association

—187—



27

28

706

Montpetit A, Larose J, Boily G, Langlois S, Trudel N, Sinnett D. Mutational
and expression analysis of the chromosome 12p candidate tumor suppressor
genes in pre-B acute lymphoblastic. leukemia. Leukemia 2004; 18: 1499-504.
Raimondi SC, Shurtleff SA, Downing JR et al. 12p abnormalities and the
TEL gene (ETV6) in childhood acute lymphoblastic feukemia. Blood 1997,
90: 4559-66.

Raynaud S, Cave H, Baens M et al. The 12;21 translocation involving TEL
and deletion of the other TEL allele: two frequently associated alterations
found in childhood acute lymphoblastic leukemia. Blood 1996; 87: 2891-9.
Patel N, Goff LK, Clark T et al. Expression profile of wild-type ETV6 in
childhood acute leukaemia. Br J Haematol 2003; 122: 94-8.

Wlodarska I, Baens M, Peeters P et al. Biallelic alterations of both ETV6
and CDKNIB genes in a i(12;21) childhood acute lymphoblastic leukemia
case. Cancer Res 1996; 56: 2655-61.

Attarbaschi A, Mann G, Konig M et al. Austrian Berlin-Frankfurt-Munster
cooperative Study Group. Incidence and relevance of secondary chromosome
abnormalities in childhood TEL/AML!+ acute lymphoblastic leukemia: an
interphase FISH analysis. Leukemia 2004; 18: 1611-16.

Hu J, Khanna V, Jones M, Surti U. Chromosomal imbalances in uterine
leiomyosarcomas: potential markers for clinical diagnosis and prognosis.
Genes Chromosomes Cancer 2001; 31: 117-24.

Franke S, Wlodarska [, Maes B er al. Lymphocyte predominance Hodgkin
disease is characterized by recurrent genomic imbalances. Blood 2001; 97:
1845-53.

Tagawa H, Kaman S, Suzuki R et al. Genome-wide array-based CGH for
mantle cell lymphoma: identification of homozygous deletions of the
proapoptotic gene BIM. Oncogene 2005; 24: 1348 -58.

Kameoka Y, Tagawa H, Tsuzuki S et al. Contig array CGH at 3pl4.2 points
to the FRA3B/FHIT common fragile region as the target gene in diffuse
large B-cell lymphoma. Oncogene 2004; 23: 9148-54.

Pinkel D, Segraves R, Sudar D er al. High resolution analysis of DNA copy
number variation using comparative genomic hybridization to microarrays.
Nat Gener 1998; 20: 207-11.

Ota A, Tagawa H, Karnan'S et al. Identification and characterization of a
novel gene, CI30rf25, as a target for 13q31-q32 amplification in malignant
lymphoma. Cancer Res 2004; 64: 3087-95. -
Tagawa H, Tsuzuki S, Suzuki R er al. Genome-wide array-based comparative
genomic hybridization of diffuse large B-cell lymphoma: comparison between
CD5-positive and CD5-negative cases. Cancer Res 2004; 64: 5948-55.
Raynaud SD, Dastugue N, Zoccola D, Shurtleff SA, Mathew S, Raimondi
SC. Cytogenetic abnormalities associated with the t(12;21): a collaborative
study of 169 children with t(12;21)-positive acute lymphoblastic leukemia.
Leukemia 1999, 13: 1325-30.

Martineau M, Jalali GR, Barber KE er al. ETV6/RUNXI fusion at diagnosis
and relapse: some prognostic indications. Genes Chromosomes Cancer
2005; 43: 54-71.

Mosse YP, Greshock J, Margolin A er al. High-resolution detection and
mapping of genomic DNA alterations in neuroblastoma. Genes Chromosomes
Cancer 2005; 43: 390-403.

Senchenko VN, Liu J, Loginov W er al. Discovery of frequent homozygous
deletions in chromosome 3p21.3 LUCA and AP20 regions in renal, lung and
breast carcinomas. Oncogene 2004; 23: 5719-28.

Tischoff I, Markwarth A, Witzigmann H er al. Allete loss and epigenetic
inactivation of 3p21.3 in malignant liver tumors. /ar J Cancer 2005; 115:
684-9.

Sharp TV, Munoz F, Bourboulia D et al. LIM domains-containing protein {
(LIMD1), a tumor suppressor encoded at chromosome 3p21.3, binds pRB
and represses E2F-driven transcription. Proc Nail Acad Sci USA 2004; 101:
16 531-6.

Kiss H, Yang Y, Kiss C et al. The transcriptional map of the common
eliminated region 1 (C3CERI) in 3p21.3. Eur J Hum Gener 2002; 10: 52-61.
Knosel T, Schluns K, Stein U et al. Genetic imbalances with impact on
survival in colorectal cancer patients. Histopathology 2003; 43: 323-31.
Dave BJ, Nelson M, Pickering DL er al. Cytogenetic characterization of
diffuse large cell lymphoma using multi-color fluorescence in sitie hybridization.
Cancer Genet Cytogener 2002; 132: 125-32.

Jackson A, Carrara P, Duke V et al. Deletion of 6qi6-q2! in human lymphoid
malignancies: a mapping and deletion analysis. Cancer Res 2000; 60: 2775-9.
Takeuchi S, Koike M, Seriu T et al. Frequent loss of heterozygosity on the
long amm of chromosome 6: identification of two distinct regions of deletion
in childhood acute lymphoblastic leukemia. Cancer Res 1998; 58: 2618-23.
Merup M, Moreno TC, Heyman M er al. 6q deletions in acute lymphoblastic
leukemia and non-Hodgkin’s lymphomas. Blood 1998; 91: 3397-400.
Gerard B, Cave H, Guidal C, Dastugue N, Vilmer E, Grandchamp B.
Delineation of a 6 cM commeonly deleted region in childhood acute lymphoblastic
leukemia on the 6q chromosomal arm. Lewkemia 1997; 11: 228-32.
Sherratt T, Morelli C, Boyle JM, Harrison CJ. Analysis of chromosome 6
deletions in lymphoid malignancies provides evidence for a region of
minimal deletion within a 2-megabase segment of 6q21. Chromosome Res
1997; 5: 118-24.

3

(=}

3

-~

3

o

3

Y]

40

4

43

44

45
46

47

48

49

50

5

52

53

54

55

57

58

59

60

6

62

63

Menasce LP, Orphanos V, Santibanez-Koref M, Boyle JM, Harrison CJ.
Deletion of a common region on the long arm of chromosome 6 in acute
lymphoblastic leukaemia. Genes Chromosones Cancer 1994; 10: 26-9.
Zhang Y, Matthiesen P, Harder S er al. A 3-cM commonly deleted region in
6q21 in leukemias and lymphomas delineated by fluorescence in situ hybri-
dization. Genes Chromosomes Cancer 2000; 27: 52-8.

Ray ME, Wistow G, Su YA, Meltzer PS, Trent JM. AIMI, a novel non-lens
member of the betagamma-crystallin superfamily, is associated with the
control of tumorigenicity in human malignant melanoma. Proc Nat! Acad Sci
USA 1997; 94: 3229-34.

Burgering BM, Kops GJ. Cell cycle and death control: fong live forkheads.
Trends Biochem Sci 2002; 27: 352-60.

Schebesta M, Heavey B, Busslinger M. Transcriptional control of B-cell
development. Curr Opin Immunol 2002; 14: 216-23.

Kim SK, Ro JY, Kemp BL er al. Identification of three distinct tumor
suppressor loci on the short arm of chromosome 9 in smalt cell lung cancer.
Cancer Res 1997; 57: 400-3.

2 Park SY, Kim YH, In KH, Chun YH, Park SH. Chromosomal aberrations in

Korean nonsmall cell lung carcinomas: degenerate oligonucleotide primed
polymerase chain reaction comparative genomic hybridization studies.
Cancer Genet Cytogenet 2004; 152: 153-7.

Busslinger M, Klix N, Pfeffer P, Graninger PG, Kozmik Z. Deregulation of
PAX-5 by translocation of the Emu enhancer of the IgH locus adjacent to
two alternative PAX-5 promoters in a diffuse large-cell lymphoma. Proc Natl
Acad Sci USA 1996; 93: 6129-34.

lida S, Rao PH, Nallasivam P er al. The t(9;14) (p!3;q32) chromosomal
translocation associated with lymphoplasmacytoid lymphoma involves the
PAX-5 gene. Blood 1996, 88: 4110~17.

Sherr CJ. Principles of tumor suppression. Cell 2004; 116: 235-6.

Eclache V, Caulet-Maugendre S, Poirel HA er al. Cryptic deletion involving
the ATM locus at 11q22.3 approximately q23.1 in B-cell chronic lympho-
cytic leukemnia and related disorders. Cancer Gener Cytogenet 2004; 152:
72-6.

Cuneo A, Bigoni R, Rigolin GM et al. Late appearance of the 11q22.3-23.1
deletion involving the ATM locus in B-cell chronic lymphocytic leukemia
and related disorders: Clinico-biological significance. Haematologica 2002;
87: 44-51.

Boultwood J. Ataxia telangiectasia gene mutations in leukaemia and
lymphoma. J Clin Pathol 2001; 54: 512-16.

Gumy Pause F, Wacker P, Maillet P, Betts D, Sappino AP. ATM gene
alterations in childhood acute lymphoblastic leukemias. Hum Mutar 2003;
21: 554.

Bullrich F, Rasio D, Kitada S et a/. ATM mutations in B-cell chronic
lymphocytic leukemia. Cancer Res 1999; 59: 24-7.

Rouault JP, Rimokh R, Tessa C et al. BTG/, a member of a new family of
antiproliferative genes. EMBO J 1992; 11: 1663-70.

Kuo ML, Duncavage EJ, Mathew R er al. Arf induces p53-dependent and
-independent antiproliferative genes. Cancer Res 2003; 63: 1046-53.
Matsuda S, Rouault J, Magaud J, Berthet C. In search of a function for the
TIS21/PC3/BTG1/TOB family. FEBS Lert 2001; 497: 67-72.

Barbashina V, Salazar P, Holland EC, Rosenblum MK, Ladanyi M. Allelic
losses at 1p36 and 19q13 in gliomas: correlation with histologic classification,
definition of a 150-kb minimal deleted region on 1p36, and evaluation of
CAMTAL as a candidate tumor suppressor gene. Clin Cancer Res 2005; 11:
1119-28.

Smith JS, Tachibana I, Lee HK et al. Mapping of the chromosome 19 g-arm
glioma tumor suppressor gene using fluorescence in situ hybridization
and novel microsatellite markers. Genes Chromosomes Cancer 2000; 29:
16-25.

Liu H, Wang Y, Zhang Y et al. TFAR!9, a novel apoptosis-related gene cloned
from human leukemia cell line TF-1, could enhance apoptosis of some tumor
cells induced by growth factor withdrawal. Biochem Biophys Res Commun
1999; 254: 203-10.

Kibel AS, Freije D, Isaacs WB, Bova GS. Deletion mapping at 12pi2-13
in metastatic prostate cancer. Genes Chromosomes Cancer 1999; 25:
270-6.

Latil A, Guerard M, Berthon P, Cussenot O. 12p12-13 deletion in prostate
tumors and quantitative expression of CDKN/B and ETV6 candidate genes.
Genes Chromosomes Cancer 2001; 31: 199-200.

Knuutila S, Aalto Y, Autio K er al. DNA copy number losses in human
neoplasms. Am J Pathol 1999; 155: 683-94.

Speck NA, Gilliland DG. Core-binding factors in haematopoiesis and
leukaemia. Nat Rev Cancer 2002; 2: 502-13.

Armstrong SA, Mabon ME, Silverman LB et al. FLT3 mutations in
childhood acute lymphoblastic leukemia. Blood 2004; 103: 3544-6.
Fenrick R, Wang L, Nip J et al. TEL, a putative tumor suppressor, modulates
cell growth and cell morphology of ras-transformed cells while repressing
the transcription of stromelysin-1. Mo/ Cell Biol 2000; 20: 5828-39.
Rompaey LV, Potter M, Adams C, Tel Grosveld G. induces a G, arrest and
suppresses Ras-induced transformation. Oncogene 2000; 19: 5244-50.

doi: 10.1111/j.1349-7006.2007.00443 x
© 2007 Japanese Cancer Association

—188—



HAVRBHEZELMEE 111%115  1392~1398 (20074)

I

]

INBBAER 7+ -7 v THRHERE

NERKRFEANRH, BERFARE. SARCHBES I 0 - —dIuRlRIEERRR. FBRIFA LY 5 —/NERY
EZEBRE#t Y 7 —/pAEH, BAERKFENEN. BIRFES LY ¥ —REZME". RFRLI UL Rl EH".

HAKFARH, HFRONEZ V= v 7", EREEERERERY > ¥ —BRFRL Y 5"

KE F—" AHESTE FLEAT &R B
AT PTRY O RTH ERY AWK AIER=E
:Ii:l:hi&;i) :9" Ej_: iﬂng—rﬁ‘lo,' WH%E &El])

BA/NBAMAR ) ~/SEZE 7V —7 (JPLSG) E#Hl7+u—7 v 7REBR

E 8

FAED/NEBABRBREM LO—FT, BEPLEEBIIE) GFENRBICRALYD, BHEET
BERBHICSIHEARET AEFANRESINTVAS. DL R/NEKADBREIAEILS £
mLTwlbntEZSN, B 7+ 0-0FEEHRIZIET > T5b. 2005F 4 BICHR I
JPLSG Efi 7+ u—7 v 7HRB4&E, HoEEHE LTEENZBRZIBRL, MNEVARERE
DEB7+0—0Oh) FRETHIEBNTHRET ¥ 7 — b2 {T-o 7. #5113 JPLSG 55k 211 Wik
T, FDOSH 145 (687%) Miixk» SEE %157, HMROBME, B 7+ o—ic42:5/ME8 0K
R, axF4 ANEOEREOER, RHENICHBAHEORBROEEL, KEHHEDZHED.
EMBS30VEHNORIE, BENFEAL-BEODHEES, HEEZAOREFERHHEAT
DOBK, SHBFSNLIEM 7+ 0—0d ) HREREFMLA. BRE D SRS 7oA
TEHERBBRPESHEICHRLTCO2BRIFEWY Lo/, SBREZERBREHOFEMEL LT,
DBEVZ T -HANOHBABRIIGE L) A7 R—2 77 (ERETFIZESER) OEAL
FeSHER, QBB EEDEARERI LA TE S [BERFEVLE] ok, ORM7+u—
TyoTery—htBELIdAy VT2 O E —RBEERLBERE~NORE, OAKANE
OHNFIZELTE~NDESE R EARB IR

¥—J—F:NRBHFA REI7+u—7 v 7, BHEHE Fx)-F—N—,
VA R=R77 (fERETIZEDCER)

L HIZ

INRBAERICBITDEERRTHORM 7 + 0 —
Ty Tk AEPAERTERLI-VHLW S [HEBRE] 7:
LOBEIMICEVCZFOEERS L T, REELL
ARECBCTLEREZBOL LERPABRDS
RO E R, WEIRT LABLEREIEHL, D
BAFARBRE X EERE - LB - HEN S BREL R
CENTEDLII)MBMIIEKET L EATEDER]
WRPER, EBEE-CHBABTRET 20 HY
5 [MEPHE] XEERTEZEPLBELNICRET
550058 HERBLTHEENLT S L DT TRIER
HMASHTHY, TLERBINGTW - ERE - W02
SHILZRPAZIZLDE L BRI R LON S E
- RS - RS CHEASNL5H T TIRIEC A

(PR 18411 B 9 B2 (PR 19F 5 A 15 HZH)
BURIES SRS @ (T830-0011) AEKWBHT67H
ABRRENEH KE F—

BHOKRKBERFRICL 5 2, 18 LA L (35 266 &)
D/NRDBABRBE BT, 2460 623% 1= 1 FIRLL
togEEoMEIZEDONL I EPHLMIISH
7o, bABEIZBWT IS ORBEHEICN T 5K
70 —7 v 7RI LA EINRMBEEEFMEOH
BRTITONTVED, HET HEMOERLEER
WCRETHEAKRE L, SREEGHHEICHIET 5104
720, MERRPHIRIIBIARENFETAIEHFE
Thb. 61, NNEFERBOREIIE IV IER
RTHBSERBLIZBFICH L COEFAHES ML
oz, BEBHOSDHBELHRTLILLSHEE
DHREEC BT EDTFHESNG. 20059 4 AICHEE
n7-HANBEMEY /@7 7 v — 7 (JPLSG) &
Mo+o—-7y 7RESE HOEEE L TEEWN
GBRIRAZIBEL, AEFARBREZORM 7r0—0%
DHERETLENTHERT v r— M &fro 7z,

—189—



