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Features and Outcome of Neonatal Leukemia in Japan:
Experience of the Japan Infant Leukemia Study Group
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Background. Neonatal leukemia characterized by early stem cell
origin and extramedullary infiltration in the first 4 weeks of life is
rare. We analyzed the features and outcome of neonatal leukemia in
Japan to establish an appropriate treatment strategy for this rare
disorder. Procedure. Patients with infant leukemia registered and
treated in the Japan Infant Leukemia Study between 1996 and 2001
were analyzed. Results. Among 162 infant leukemia patients, 11
exhibited neonatal leukemia; frequencies for all infant leukemias
were 6.9% (8/116) for acute lymphoblastic leukemia (ALL) and 7.3%
(3/41) for acute myeloid leukemia (AML). Positive MLL gene rear-
rangement was observed in all eight patients with ALL; a single
patient with AML displayed germline configuration. Acute mono-
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blastic leukemia was apparent in all three patients with AML (M5a in
the FAB classification). Most of the patvents demonstrated hepato-
plenomegaly and hyperleukocytosis at diagnosis. Cutaneous and
central nervous system involvement were detected in half of the
patients. Four patients (one with AML, and three with ALL) have
survived following stem cell transplantation (SCT); however, growth
impairment related to SCT was observed in these patients. Conclu-
sions. These results suggest an improvement attributable to treatment
of neonatal leukemia. International-based collaborative studies are
necessary to investigate the biology of this condition and to establish
appropriate therapeutic strategies. Pediatr Blood Cancer 2006;47:
268-272. © 2005 Wiley-Liss, Inc.

INTRODUCTION

Leukemia occurring in infants less than 12 months of age
is often accompanied by hyperleukocytosis, hepatospleno-
megaly, and extramedullary leukemic infiltration at initial
diagnosis [1]. Biologically, leukemic cells are characterized
by positive 11923 translocations/MLL gene rearrangements,
which are associated with poor outcome in instances of acute
lymphoblastic leukemia (ALL) in most treatment programs
[2]. However, we previously demonstrated the effect of
intensive chemotherapy followed by stem cell transplanta-
tion (SCT) in infant ALL patients displaying MLL gene
rearrangements [3,4]. Infant acute myeloid leukemia (AML)
also exhibits clinical and biological features distinct from
those of childhood AML, which include monoblastic or
myelomonoblastic phenotypes with 11¢23 translocations/
MLL gene rearrangements [2]. Although the outcome and
prognostic factors in infants with AML is obscure, we
confirmed the effect of intensive chemotherapy without SCT
in cases of infant AML, despite the presence of MLL gene
rearrangements or other possible prognostic factors [5].

Neonatal leukemia, which is also classified as congenital
leukemia, is rare and accounts for <1% of all childhood
leukemias [6]. The following diagnostic criteria have been
proposed for this rare disorder: presentation in the first 4
weeks of life, proliferation of immature myeloid, lymphoid
or erythroid cells, and infiltration into extramedullary tissues
[7.8]. Greaves et al. clarified the etiology of infant leukemia;
analysis of MLL gene rearrangements of identical leukemic
twins suggested that the MLL gene undergoes prenatal
rearrangement and that leukemic cells are present in the
blood of newborns [9]. In utero exposure to some drugs and
© 2005 Wiley-Liss, Inc.
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foods that possess functional similarity to topoisomerase-11
inhibitors and to certain environmental factors may affect
MLL gene rearrangements, which contributes to leukemo-
genesis [10]. Based on these findings, features and outcome
of neonatal leukemia were analyzed in order to clarify
pathogenesis and to establish more appropriate treatment
modalities.
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PATIENTS AND METHODS £ttt %
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All infants less than 12 months of age at diagnosis L :5/65 gé‘é ééégéé ;
presenting with acute leukemia were registered in the Japan % 323%: 2RRRER Z
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consent was obtained from the parents of all patients at the g g & = g 3 Gt
time of registration. Each patient was evaluated in terms of 5 f 5 % & % é
characteristics of leukemic cells in bone marrow or = § z g = gg Z
alternatively, in peripheral blood in case bone marrow was Lg) | f,:‘? i j—z % ’ %3 88 fa
not obtained due to dry tap, which included immuno- B
phenotypic analysis, cytogenetics and assessment of MLL Bl ++++ 1+t g
gene rearrangements via Southern blotting. Acute leukemia ?D
was diagnosed when leukemic cells exceeded 30% of total § i“)[,
nuclear cells in bone marrow. ALL or AML was defined z e =
. . N . B DO D O D O \O oo —
according to morphological, cytochemical, and immunolo- % o S48 99 33 A2 ¢
gical analyses. Acute mixed lineage leukemia (AMLL) §|o%2%3% 332333 =3
was also diagnosed according to the criteria proposed by o g §
the European Group for the immunological Classification Eé § =
of Leukemia (EGIL) [11]. Central nervous system (CNS) § o€ B 'g“ £
invasion was defined as follows: >5/ul mononuclear ©c=22 0 -y
cells with obvious blasts present in the cerebrospinal fluid - 5 sfj § 8 % 2
at onset. Cutaneous involvement was defined as clini- BEREE . 28 « £ 2
cally apparent skin infiltration, which disappeared with o ::?ﬂé 88 f. =E
treatment. 8558, &3 o&|>T
Neonatal leukemia was diagnosed with respect to specific g g8 ‘é L8 § g § &
symptoms evident during the first 4 weeks (28 days) of life in 510880 299955 ¢ 2
accordance with criteria documented in several reports [7,8]. § ”é é é é é é é é é é é é > 2
Some of these patients, who were considered congenital ) Jo
leukemia due to the observation of symptoms at birth or R A g o
within the first few days of life, were classified as having ©r % &
neonatal leukemia. Patients with ALL received either the = rloccoe cocces E 2
MLL96 (December 1995 to December 1998) or the MLL98 E S ssss88g e
(January 1999 to June 2001) protocol. The protocol schedule = £|ARZFS axYSas) ark
was described in previous publications [3,4]. Those exhibit- = N ‘”\’OA 4
ing AML were treated with the ANLL9 1 protocol (December :‘3 2182888 g88888¢ g %
1995—1998), which has also been previously described [S]. S| 2|¥538¢ g38g55d| 3
Triple intrathecal chemotherapy with methotrexate, cytar- “ # s =
abine, and hydrocortisone as prophylaxis for CNS leukemia ; 5z - ?.E é
was also administered during each course of the induction or o | &%= nomeed 32
consolidation therapy; five times in the MLL96 or MLL9S, g1 . 1?) o
and nine times in the ANLL91 protocols. ZFl28|cvonm doocax| 2 E
= 20
Bl EE i v+ A é(ﬁ
RESULTS gl 7 g3
bt ) = 5
One hundred sixty infants were enrolled in this study: 116 ;5 EREEL) % ?L
displaying ALL, 41 presenting with AML, and 3 demonstrat- é 5 ¥ g ; ¥: Z &
ing AMLL. The number of AML patients was relatively low s 9 3
as AML registration was limited to the period from 1996 to z g I e AR e g
1998. Eleven patients were diagnosed with neonatal 3 2 g
leukemia, which included 8 with ALL and 3 with AML, = é 23 £44 334444 § =
while none with AMLL was observed (Table I). Frequencies ; a S < zn
of neonatal leukemia for all infant leukemias were 6.9% (8/ = silesee, eZeeZ - g
116) for ALL and 7.3% (3/41) for AML. Sl 25023383 338332| £F
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The association between age at onset and the presence of
MLL gene rearrangements was analyzed in infant leukemia.
In ALL, all 24 patients less than 2 months of age exhibited
positive MLL gene rearrangements, whereas only two-thirds
in late infancy (9-11 months of age) (16/23) displayed this
genetic rearrangement. No relationship was detected
between age at onset and incidence of positive MLL gene
rearrangements with respect to AML in this investigation.
Outcome of infant leukemia was also analyzed. ALL infants
less than 5 months of age demonstrated poor outcome; in
particular, most of those less than 1 month of age died due to
progressive disease or to complications associated with
treatment. In AML, an apparent correlation was not detected
between age at onset and outcome.

Clinical and laboratory findings of 11 patients with
neonatal leukemia are summarized in Table I. Although the
onset of disease varied among the patients, three of nine
patients diagnosed after the first week of life exhibited skin
involvement (petechiae or cutaneous eruption) at birth,
suggesting these patients also had leukemia prenatally. All
eight patients with ALL exhibited 11q23 translocation
associated with MLL gene rearrangements. They revealed
negative expression of CD10 antigen, whereas four displayed
simultaneous expression of myeloid (CD33) or monocytoid
(CD15) antigen. Acute monoblastic leukemia was apparent
in all three AML patients (M5a in FAB classification);
however, one demonstrated the MLL gene germline config-
uration. Hepatosplenomegaly and hyperleukocytosis were
observed in most of the infants with neonatal leukemia at
presentation. Cutaneous and CNS involvement was detected
in six (55%) and five (45%) patients, respectively. Of the
eight patients achieving complete remission following
chemotherapy, six underwent SCT including allogeneic
bone marrow transplantation (alloBMT) (2), allogeneic
peripheral blood stem cell transplantation (alloPBSCT) (2),
and unrelated cord blood transplantation (UCBT) (2). The
preparative regimen for SCT consisted of total body
irradiation (TBI) in two and busulfan (BU) in four patients,
respectively. Two of five patients who relapsed following
complete remission (CR) died without SCT. Consequently,
four patients (I with AML and 3 with ALL) have survived
after SCT. Timing of transplantation in these patients was
first CR in two, second CR in one, and noCR in one. -

Long-term side effects were analyzed in four patients who
have survived for an extended period. All patients with
neonatal leukemia demonstrated apparent growth impair-
ment with respect to body height and body weight; —1.5 SD
and —1.2 SD at | year, —1.6 SD and ~1.7 SD at two years,
and —2.4 SD (body weight was not tested) at 3 years after
the completion of therapy, respectively. Other late sequelae
were observed in two patients, one with hypothyroidism
and the other with chronic GVHD. Lung involvement,
cardiac dysfunction, psychosomatic deterioration, or sec-
ondary malignancy were not detected in any patient in this
study.

Pediatr Blood Cancer DOI 10.1002/pbc

DISCUSSION

Neonatal leukemia displays numerous characteristic
features that facilitate differentiation from other infant
leukemias. Although it has been reported that the frequency
of AML is greater than that of ALL in the neonatal period
[7,12,13], frequencies of ALL and AML were nearly
identical in the current study. Leukemic cells of all patients
presenting with AML exhibited monoblastic features con-
sistent with MSa morphology of the FAB classification,
which was described in the literature [14,15]. Although no
patients with AMLL were observed, there was a relatively
high frequency of ALL with myeloid antigen execution noted
in this investigation. Co-expression of lymphoid and myeloid
antigens or phenotypic switch indicates that leukemic cells in
neonatal leukemia develop from an early stem cell that can
differentiate in both myeloid and lymphoid directions
[13,16,17].

The characteristic clinical feature of neonatal leukemia is
a high frequency of cutaneous or CNS involvement
at presentation; the former is known as “leukemia cutis’ or
“blueberry muffin baby.” In several investigations, 20-60%
of patients with neonatal leukemia exhibited cutaneous
infiltration, which appeared more often in AML than in ALL
[8,13,18]. In the current study, cutaneous infiltration at
presentation, which disappeared with chemotherapy, was
observed in half of the patients. Spontaneous waxing and
waning of leukemia cutis has been documented; however,
the form involving leukemia cutis usually displays an
aggressive clinical course [19]. CNS involvement is also
common in neonatal leukemia: the incidence was 50% [12].
Half of the patients in this study were characterized by
CNS involvement at onset, which was correlated with poor
prognosis [3].

The high frequency of 11q23 translocations/MLL gene
rearrangements in neonatal leukemia was also evident in this
investigation. In a larger study, however, only 30.6% of
patients displayed 1123 translocation; in contrast, MLL
gene rearrangement was confirmed in most of the patients
[13].The frequency of MLL gene rearrangements is corre-
lated strongly with age in infant ALL [9]. High frequency of
neonatal patients exhibiting MLL gene rearrangements
strongly suggests prenatal rearrangement of the MLL gene.
In fact, some of the patients who were diagnosed after the
first week of life also displayed symptoms of disease at
birth. MLL gene rearrangements can be detected in blood
samples at birth in most infant leukemia patients, which
suggests a prenatal origin of leukemic cells in infant
leukemia [20,21]. It has been speculated that exposure to
specific topoisomerase-I1 inhibitors could form cleavage
complexes leading to facilitation of illegitimate recombina-
tion [22].

The prognosis of neonatal leukemia has been generally
poor. In the aforementioned larger study, overall survival for
69 AML and 22 ALL patients was 24.4% and 13.6%,
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respectively; in particular, disease-free survival of ALL
patients was dismal (0%) [13]. Poor prognosis in neonatal
ALL has been attributed to unfavorable features at presenta-
tion, which include positive MLL gene rearrangements,
hyperleukocytosis and extramedullary (cutaneous and CNS)
involvement [19]. Co-expression of myeloid antigen may
also be correlated with poor outcome in these patients [23].
In the current study, three of eight ALL patients survived
with intensive chemotherapy followed by SCT, suggesting
that improvement in the treatment of these patients is
essential in order to achieve high remission rates in infant
ALL.

One of three patients presenting with AML has
also survived following myeloid-oriented chemotherapy
(ANLLO91) and SCT in this study. Despite the unfavorable
features, infants with AML demonstrate outcomes similar to
those of older children with AML upon implementation of
intensive multi-agent chemotherapy regimens [5,19]. Pui
et al. noted that only two factors predicted a favorable
prognosis: M4 or MS5 leukemia and the t(9;11) [24].
We recently reported that infant ALL involving t(9;11)
possesses a feature with respect to poor prognosis distinct
from infant AML with the identical karyotype; furthermore,
prognosis of these patients can be improved only
via combination of intensive chemotherapy and SCT
[25]. Therefore, we hypothesize that a strategy for infant
ALL different from that of infant AML should be established.

A major concern related to the utility of SCT in infants is
the late toxicity including growth impairment. In particular,
TBI was also reported to be a risk factor for short stature,
hypopituitarism, and cataract formation; furthermore, these
toxicities were inversely correlated with age [26,27]. In this
investigation, patients with neonatal leukemia exhibited
apparent growth impairment in terms of body height and
body weight. In our previous report, outcome of infant ALL
did not differ between patients undergoing the TBI- or BU-
based regimen ([4]. These data indicate that SCT in
conjunction with less toxic preparative regimens involving
non-myeloablative drugs should be included in the treatment
of future neonatal leukemia patients.

To date, the best treatment strategy in terms of im-
proving survival and reducing late toxicity in neonatal
leukemia remains elusive. Since limited numbers of neonatal
leukemia appear in the literature, international-based colla-
borative studies are necessary for acquisition of information
regarding biology, treatment and natural history of this rare
disease.
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CLINICAL TRIALS AND OBSERVATIONS

Brief report

KIT mutations, and not FLT3 internal tandem duplication, are strongly associated
with a poor prognosis in pediatric acute myeloid leukemia with t(8;21): a study of

the Japanese Childhood AML Cooperative Study Group

Akira Shimada, Tomohiko Taki, Ken Tabuchi, Akio Tawa, Keizo Horibe, Masahiro Tsuchida, Ryoji Hanada, Ichiro Tsukimoto,

and Yasuhide Hayashi

Patients with (8;21) acute myeloid leuke-
mia (AML) are considered to have a good
prognosis; however, approximately 50%
of them relapse. The genetic alterations
associated with a poor outcome in 1(8;21)
AML remain unknown. Recently, aberra-
tions of receptor tyrosine kinases (RTKs)
were frequently found in patients with
AML. However, the prevalence and prog-
nostic impact of RTK aberrations in pedi-

atric 1(8;21) AML remains undetermined.
Here, we found the kinase domain muta-
tions of the KIT gene in 8 (17.4%) of 46
patients with 1(8;21) AML among newly
diagnosed pediatric patients with AML
treated on the AML9S protocol in Japan.
Significant differences between patients
with or without KIT mutations were ob-
served in the 4-year overall survival (50.0%
versus 97.4%, P = .001), disease-free sur-

vival (37.5% versus 94.7%, P < .001) and
relapse rate (47.0% versus 2.7%, P < .001).
Furthermore, FLT3 internal tandem duplica-
tion was found in only 2 (4.3%) patients.
These results suggested that KIT mutations
are strongly associated with a poor progno-
sis in pediatric $(8;21) AML. (Blood. 2006;
107:1806-1809)

© 2006 by The American Society of Hematology

Introduction

Patients with t(8;21) acute myeloid leukemia (AML) have been
reported to have a good prognosis; however, approximately 50%
of them relapse.!? A high presenting leukocyte count, CD56
expression, or extramedullary disease has been reported to be
associated with a poor prognosis in t(8;21) AML."34 However,
the genetic alterations associated with a poor outcome in
patients with t(8;21) AML remain unknown. Recent studies
revealed that internal tandem duplication (ITD) of FLT3 is
considered to be one factor predicting poor prognosis in adult
and pediatric patients with AML.5* More recently, KIT muta-
tions were found in 12.7% to 48.1% of adult patients with AML
with t(8;21)!%12 and were reported to be associated with a poor
prognosis.'>!* The prevalence and prognostic impact of KIT
mutations in pediatric t(8;21) AML remain unknown. We
performed the mutational analysis of KIT and FLT3 in pediatric
patients with t(8;21) AML who were treated on the Japanese
Childhood AML Cooperative Study Group Protocol, AML99.

We report here that KIT mutations are strongly associated with a
poor prognosis in pediatric patients with t(8;21) AML.

Study design
Patients and samples

The diagnosis of AML was based on the French-American-British (FAB)
classification, and cytogenetic analysis was performed using a routine
G-banding method. From January 2000 to December 2002, 318 patients
were newly diagnosed as having de novo AML. Of 240 patients, 77
(32.1%), except for 29 AML-M3 and 49 Down syndrome, had 1(8:21)(q22;
q22) according to cytogenetics or AML/-MTG8 fusion transcript with the
reverse-transcriptase—polymerase chain reaction (RT-PCR) (Figure S1; see
the Supplemental Materials link at the top of the online article, at the Blood
website). Samples were available from 135 (56.3%) of 240 patients with
AML, including 46 (59.7%) of 77 patients with t(8;21) AML. Of 46 patients
with t(8;21) AML, 3 patients were classified into M1, 39 into M2, and 4 into
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Figure 1. Kaplan-Meier analysis. This analysis shows

4-year overall survival (A) and disease-free survival (8) of

the patients with or without KIT mutation. The difference
is statistically significant (A: # = .001; B: P < .001).

0.8

0.6

0.4

Probability

9.2

M4. There were no statistical differences between 46 analyzed patients with
(8;21) AML and the 31 nonanalyzed patients in age (median 7.5 years
[range: 2-15 years] versus 9 years [range: 1-15 years]), initial white blood
cell (WBC) count (median: 14.4 X 10%L; range: 1.65 X 10%/L-107.7 X 10%
L; versus 9.1 X 109L; range: 1.4 X 10%L-136 X 10%L), induction rate
(100% versus 93.5%), relapse rate (15.2% versus 19.4%), and 4-year
overall survival rate (4y-OS; 87% versus 91%). In the AML99 protocol,
patients with t(8;21) with initial WBC count lower than 50 X 1091, were
categorized into a low-risk group. Thus, after patients with t(8;21) AML
obtained complete remission (CR) with induction chemotherapy (cytara-
bine, etoposide, and mitoxantrone), they were treated with 5 additional
courses of intensive chemotherapy (high-dose cytarabine [HDCA], etopo-
side, idarubicine, and mitoxantron; Figure S2 and Tsukimoto et al'®). If the
initial WBC count was greater than 50 X 10%/L, patients were categorized
into an intermediate-risk group and received allogeneic stem cell transplan-
tation (allo-SCT) in the case of the presence of a donor. 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.

KIT mutation analysis

Mutational analysis of the extracellular (EC) domain (exons 8, 9),
transmembrane (TM) domain (exon 10), juxtamembrane (JM) domain
(exon 11}, and the second intracellular kinase (TK) 2 domain (exons 17 and
18) of KIT gene was performed with RT-PCR followed by direct sequenc-
ing. Primers used are shown in Table S1.

FLT3 mutation analysis

Mutational analysis of ITD within the JM domain and D835 mutation
(D835Mt) within the TK2 domain of the FLT3 gene was performed as
previously reported. o8

Statistical analysis

Estimation of survival distributions was performed using the Kaplan-Meier
method and the differences were compared using the log-rank test.
Disease-free survival (DFS), event-free survival (EFS), and overall survival
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(OS) were defined as the times from diagnosis to relapse, from diagnosis to
event (relapse or death of any cause), and from diagnosis to death of any
cause or the last follow-up. Statistical difference analysis was performed
using the x? test.

Results and discussion

KIT and FLT3 expressions were found in all of the 46 t(8;21) AML
samples. Although KI/T mutations have been reported in a small
number of pediatric patients with (8;21) AML,%!? TK2 domain
mutations of the KIT gene were found in 8 (17.4%) of 46 patients in
this study (Table 1). However, we could not find any mutation other
than the TK2 domain. The N822K mutation, which has been
frequently reported so far, 2 was found in 3 of 8 patients in this study.
The statistical differences between patients with or without KIT
mutations were not significant in age (median 8 years [range: 1-15
years] versus 7 years [range: 2-15 years]), and the initial WBC
count (median: 20.65 X 10%L; range: 4.6 X 10°/L-66.2 X 10°/L;
versus 14.3 X 10%L; range: 1.65 X 10%/L-107.7 X 10°/L). Interest-
ingly, KIT mutations were observed only in M2 patients according
to FAB classification. Another report also suggested that KIT
mutations were frequently found in M2 patients with 1(8;21).%
Significant differences between patients with or without KIT
mutations were observed in 4-year OS (50.0% versus 97.4%,
P = 001, Figure 1), DFS (37.5% versus 94.7%, P < .001)}, and
relapse rate (47.0% versus 2.7%, P < .001). Short CR duration and
high relapse rate were more significant than those of the previous
report in adults.' KJT mutations have recently been reported not to
influence the clinical outcome in pediatric core-binding factor
(CBF) leukemia patients.?® Although they found KI7 mutations in 5
of 16 cases of 1(8;21) AML, they did not describe the clinical
outcome of patients with t(8;21) AML with or without KIT
mutations. Furthermore, the clinical outcome of the patients

Table 1. Clinical characteristics of patients with t(8;21) AML with KIT mutations

Additional Time of
WBC count, chromosome relapse, Survival, KiT
Patient no. Age,y Sex x 10° celis/L abnormalities mo Status of allo-SCT mo mutation
1 8 F 14.10 None 12 Second CR 37 AB14S
2 8 M 27.60 -Y 14 Second CR 47" N822K
3 8 F 10.77 -X 10 Second CR 25 D816H
4 6 M 34.50 =Y, +4 12 Second CR 26” N822K
5 3 F 20.50 None 11 — 25 NB822K
6 1 F 4.60 =X, 17:9) — — 32° NB822T
7 15 M 20.80 -Y —_ First CR 56" D816V
8 13 M 66.20 None — First CR 307 VB825A

— indicates not applicable.
“Patient still alive.

— 198 —



1808  SHIMADAetal

without K/T mutations in their study was poorer than the outcome
of those in our study (EFS 63% versus 92.1%). Our result may
depend on our good clinical outcome of patients with t(8;21) AML
without KIT mutations.

Except for 2 patients who received allo-SCT in first CR
(patients no. 7 and no. 8 in Table 1), 5 of 6 (83.3%) patients with the
mutation relapsed within 14 months after diagnosis. Allo-SCT was
performed in 6 of 8 patients with t(8;21) AML with KIT mutations
(2 in first CR, 4 in second CR) and 4 patients are still alive. In
contrast, allo-SCT was also performed in only 1 of 38 patients with
t(8;21) AML without KIT mutation in second CR, and this patient is
still alive.

A high presenting leukocyte count and extramedullary disease
were not associated with the poor prognosis in this study. Notably,
KIT was mapped to chromosome 4 at band q11 and trisomy 4 was
reported to be associated with KIT mutation.?! One patient with
trisomy 4 in addition to t(8;21) had N822K mutation (patient no. 4).
As for additional chromosome abnormality, loss of sex chromoe
some was observed in 5 (62.5%) of 8 patients with KIT mutation
and 14 (37%) of 38 patients without mutations, although the
difference between them was not statistically significant. Recently,
it has been reported that AML blasts with N822K mutation are
sensitive to the tyrosine kinase inhibitor Gleevec/STIS7 1/imatinib
mesylate.!? The effectiveness of imatinib mesylate for the patient
with AML with KIT mutation was also reported.?? Thus, tyrosine
kinase inhibitors may be applicable for these patients in the future.

Two samples examined at relapse showed the same mutations as
those at diagnosis (patients no. 3 and no. 5), and these KIT
mutations disappeared in samples in remission, suggesting that XIT
mutation was not a constitutional abnormality.

Recently, clonal leukemic cells with AMLI-MTGS fusion
transcript have been reported to arise in utero.?> Moreover, it was
reported that this fusion transcript was not sufficient for full
leukemogenesis, and that additional genetic events were re-
quired.®**?> KIT mutations may be one of the secondary genetic
events of the stepwise leukemogenesis of t(8;21) AML.

BLOOD, 1 MARCH 2006 - VOLUME 107, NUMBER 5

FLT3-ITD was found in only 2 (4.6%) of 46 patients with
(8;21). One patient died during chemotherapy, and the other
patient was disease free for 42 months from diagnosis. FLT3-ITD is
considered to be strongly associated with a poor prognosis in
AML.%" However, FLT3-ITD was rarely reported in patients with
t(8;21) AML.39-13.1420 Qur data also confirmed the low incidence of
FLT3-ITD in patients with t(8;21) AML. As for D835Mt of the
FLT3 gene, we found the mutation in 1 of 46 patients, who was
alive for 31 months after diagnosis.

In total, 11 (23.9%) of 46 patients with t(8;21) AML in this
study had XIT or FLT3 mutations, suggesting that the pediatric
patients with (8;21) AML had genetic heterogeneity. In conclu-
sion, KIT mutations are considered to be strongly associated with
poor prognosis in pediatric t(8;21) AML.
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Summary

Human acute myeloid leukaemia (AML) involving a core-binding factor
(CBF) transcriptioh factor is called CBF leukaemia. In these leukaemias,
AML1 (RUNX1, PEBP2aB, CBFa2)-MTG8 (ETO) and CBFP (PEBP2B)-
MYHI11 chimaeric proteins are generated by t(8;21) and inv(16) respectively.
We analysed gene expression profiles of leukaemic cells by microarray, and
selected genes whose expression appeared to be modulated in association
with t(8;21) and inv(16). In a pair-wise comparison, 15% of t(8;21)-
associated transcripts exhibited high or low expression in inv(16)-AML, and
26% of inv(16)-associated transcripts did so equivalently in t(8;21)-AML.
These common elements in gene expression profiles between t(8;21)- and
inv(16)-AML probably reflect the situation that AML1-MTGS8 and CBFB-
MYHI11 chimaeric proteins affect a common set of target genes in CBF
leukaemic cells. On the other hand, 38% of t(8;21)-associated and 24% of
inv(16)-associated transcripts were regulated in t(8;21)- and inv(16)-specific
manners. These distinct features of t(8;21)- and inv(16)-associated genes
correlate with the bimodular structures of the chimaeric proteins (CBF-
related AML1 and CBFp portions, and CBF-unrelated MTG8 and MYH11
portions).

Keywords: transcription factor, chimaera protein, gene expression, micro-
array.

Human acute myeloid leukaemia (AML) is a heterogeneous
group of diseases. Diagnosis of AML-subtypes is of clinical
importance, as they vary in their responsiveness to therapy and
prognosis. These subtypes are recognised by the morphology of
leukaemic cells and classified using the French—American—
British (FAB) system. Each FAB subtype corresponds to the
differentiation blockage of leukaemic cells at a specific stage in
a certain lineage. In addition, various types of chromosomal
rearrangements are seen in AML, and a particular type of
chromosomal translocation is sometimes associated with a
FAB subtype. Among AML-subtypes, genes most frequently

encountered in the clinic are those encoding a core-binding
factor (CBF; PEBP2) transcription factor (Look, 1997; Speck &
Gilliland, 2002). AML involving CBF is known as CBF
leukaemia. The AML1 (RUNX1, PEBP20B, CBFx2) and CBFp
(PEBP2B) proteins both DNA-binding and
non-binding subunits of a heterodimeric CBF. Due to
chromosomal rearrangements, the AMLI-MTG8 (ETO) and
CBFB-MYH]1 chimaeric genes are generated in t(8;21)-AML
with an M2 subtype and in inv(16)-AML with an M4Eo
subtype respectively (Miyoshi et al, 1991, 1993; Erickson et al,
1992; Liu et al, 1993).

constitute
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Functional studies using reporter assays indicate that the
AML1-MTG8 _and CBFB-MYHI1 chimaeric polypeptides
exhibit dominant negative activity against CBF-dependent
transcription {Peterson & Zhang, 2004; Shigesada et al, 2004).
Furthermore, when ¢DNAs of AMLI-MTG8 and CBFp-
MYHI1 are knocked into the respective Amll and Cbfp loci,
knocked-in heterozygotes exhibit essentially similar pheno-
types as those seen in Amll (-/-) and CbfB(~/-) mice
(Castilla et al, 1996; Yergeau et al, 1997). These phenotypes do
not include leukaemia but rather involve the failure to develop
definitive-type haematopoiesis, in strong support of the
hypothesis that chimaeric proteins function as dominant
negatives. This observation suggests that the two chimaeric
proteins modulate expression of a common set of target genes
in CBF leukaemic cells.

Alternatively, AML1-MTG8 and CBFB-MYHI1 proteins
could also modulate gene expression in a specific fashion, as
the amino acid sequence of C-terminal portion of each
chimaeric protein is not homologous to CBF or to the other.
MTGS belongs to the Nervy family proteins (Kitabayashi et al,
1998) and reportedly interacts with various factors including
transcriptional co-repressors (Peterson & Zhang, 2004). On
the other hand, the MYH11 portion of the chimaera represents
a rod domain seen in smooth muscle myosin heavy chain
protein.

Several attempts to correlate karyotypic classification of
AML with the gene expression profiles have been reported.
Such studies have focused on t(8;21), t(15;17), inv(16), 11q23-
alteration and normal karyotypes (Schoch et al, 2002; Deber-
nardi et al, 2003; Kohlmann et al, 2003; Bullinger et al, 2004;
Ross et al, 2004; Gutierrez et al, 2005). A recent report
classified all manifestations of AML into 16 distinct subgroups
based on gene expression profiles (Valk et al, 2004). Given that
the AML1-MTGS and CBFB-MYH11 proteins are structurally
bimodular, this study aimed to examine whether these
chimaeric proteins regulate common as well as unique sets
of targets in CBF leukaemia. To do so, we analysed gene
expression profiles of AML clinical samples by microarray and
found that several genes were commonly regulated in t(8;21)-
and inv(16)-AML, and that others were regulated in t(8;21)-
specific and inv(16)-specific manners. Below we describe our
approach and discuss implications of our results.

Materials and methods

Patient samples

A total of 50 paediatric AML patients were enroled in this
study (Table SI). Among these, 45 were derived from 54
patients reported previously (nine of the 54 patients were
excluded because their FAB subtype or karyotype information
could not be obtained) (Yagi et al, 2003). The other five
patients (U06, U09, U11, U20 and U21) were included in this
study to increase the number of samples grouped as G2, G3
and G4 (see below). Four normal bone marrow samples

© 2006 The Authors
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enroled in this study were also described previously (Yagi et al,
2003). This study was approved by the ethics committee of the
National Cancer Centre and conducted according to tenets of
the Declaration of Helsinki. Informed consent was obtained
from each patient.

Microarray and statistical analysis

The microarray used in this study was Human Genome
U95Av2 (Affymetrix, Santa Clara, CA, USA) containing 12 566
probe sets. For the 45 previously reported samples, the scanned
image data obtained previously (Yagi et al, 2003) were re-used.
Microarray analysis of the newly included samples was
performed as described (Yagi et al, 2003). The analysis
included preparation of mononuclear cells from bone marrow
or peripheral blood, total RNA isolation, monitoring RNA
integrity, preparation of biotin-labelled cRNA from total RNA,
hybridisation to the microarray, and washing, staining and
scanning of samples. Scanned image data were processed using
Affymetrix Microarray Suite software version 5.0, and an
expression value (signal) of each probe set was calculated and
normalised, such that the mean of signal values in each
experiment was 100, to adjust for minor differences between
experiments. Statistical analyses and fold change calculations
were performed using expression values that were log-trans-
formed after the addition of 10. Hierarchical clustering analysis
and matrix presentation were performed using cLUSTER and
TREE VIEW software.

To validate selected genes, microarray data of adult AML
reported by Valk et al (2004) were down-loaded from the
NCBI Gene Expression Omnibus database (GSE 1159 in http://
www.ncbi.nlm.nih.gov/projects/geo/), and the data of 222
AML and eight normal samples were used after excluding data
from 57 samples whose FAB subtype or karyotype information
was not given. Promoter analysis, including prediction of a
transcription initiation site, extraction of genomic sequence
around the initiation site, and assignment of transcription
factor-binding sites, was performed using the GENOMATIX-
surte software (Genomatix, Munich, Germany). To assign
AMLI-, POU4F1-, and HOXB2-binding sites, VSAML1.01,
V$BRN3.01, and V$HOXA9.01 matrixes in the SOFTWARE
were used respectively.

RT-PCR analysis

For semi-quantitative RT-PCR analysis, cDNA was prepared
from 05 ug of total RNA, and one fiftieth of the cDNA was used
as template for each PCR reaction. Forward and reverse primers
were designed using GENETYX MAC 9.0/SEARCH PRIMER software.
Sequences of forward and reverse primers were: CD34, 5'-
ATTTCCTGATGAATCGCCGC-3" and 5-GCCTTTCCCTGA-
GCCTCAGG-3; CAV1, 5-ACCTCAACGATGACGTGGTC-3
and 5-CAAGTTGATGCGGACATTGC-3"; CLIPR-58, 5'-GTC-
TTCGCACCAGCATCCCG-3" and 5-AGGTTTCTGATCCA-
GGGTTG-3;and HOXAY, 5’-GCACCGCTTTTTCCGAGTG-3’
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and 5-GCGGTGTACCACCACCATC-3". PCR using Amplitaq
Gold (Applied Biosystems, Foster City, CA, USA) was performed

using conditions appropriate for each transcript. PCR products
were run on agarose gels.

Results

Selection of 1(8;21)- and inv(16)-associated genes

A goal of this study was to extract genes whose expression was
modulated in the presence of t(8;21) and inv(16) and evaluate
how many genes were similarly up or downregulated in
t(8;21)- and inv(16)-AML. For this purpose, we used micro-
array gene expression data of 50 paediatric AML patients
including eight cases of t(8;21) and seven cases of inv(16).

Initially, unsupervised hierarchical clustering analysis was
performed as shown in Fig 1, in which samples are identified
together with their FAB-subtype. All eight t(8;21) samples and
six of seven inv(16) samples (except sample S$12) were
clustered as distinct groups, indicating that t(821)- and
inv(16)-AML constitute an independent AML subgroup. In
addition, neighbouring of t(8;21) and inv(16) clusters suggests
that there may exist a common element in their gene
expression.

To extract t(8;21)- and inv(16)-associated genes, we first
categorised AML samples into five groups, G1-G5, according
to FAB subtype and karyotype [G1, M2 with t(8;21); G2, other
M2; G3, M4 with inv(16); G4, other M4; and G5, other FAB
subtypes]. Sample numbers in G1, G2, G3, G4 and G5 were 8,
5, 7, 7 and 23 respectively. The method of gene extraction

[N - 1(8;21)
IGEMAXXXE : inv(16)

Fig 1. Unsupervised two-dimensional hierarchical clustering analysis of 50 acute myeloid leukaemia (AML) and four normal bone marrow samples.
Expression data of 804 probe sets that were determined by the following two criteria were used. Namely, their median expression in AML samples was
twofold higher compared with that in normal bone marrow samples, and their expression in the 5th highest AML sample showed more than a fivefold
difference compared with those in the lowest 5th AML sample. Thus, these 804 sets represent those whose expression was highly varied across the
samples. Each row represents a respective probe set, and each column a respective sample. Relative expression levels normalised to the average for
each probe set were indicated by colour, where red and green represent increased and decreased expression respectively. At the top, the group number
(G), FAB-classification (M) and the identification of the AML sample are indicated. Relationships between samples are shown by dendrograms. It
must be noted that clustering analyses were performed using different sets of probes that were selected by varying the criteria. In most cases of those
analyses, t(8;21) and inv(16) samples were clustered as distinct groups, and they often neighboured to each other. Peculiarly, the inv(16) sample, S12,
always behaved as an outlier in the shown as well as not-shown clustering analyses. The reason for this is not obvious, and we did not notice any
particular clinical nor karyotypic features of S12 other than AML-M4 with inv(16).

© 2006 The Authors
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employed is shown schematically in Fig 2A. First, G1 was
compared with G2 and also with a combined group of
G2 + G4 + G5 and extracted transcripts whose average
expression in Gl was more than twofold higher with a
P < 001 according to the Student’s #-test. As both G1 and G2
belong to the same M2-subtype, transcripts extracted by
comparing Gl and G2 are considered to represent those
associated with the t(8;21) abnormality but not with the M2-
subtype. Transcripts extracted by these two rounds of com-
parison were defined as t(8;21)-associated highly expressed
transcripts. Similarly, inv(16)-associated highly expressed
transcripts were extracted by two rounds of comparison
between G3 and G4, and between G3 and the G2 + G4 + G5
group. t(8;21)- and inv(16)-associated low expression tran-
scripts, whose average expression was more than twofold lower
with a P < 001, were also extracted. G3 samples were not
included to extract t(8;21)-associated transcripts, and Gl

Gene Expression Profiles of CBF Leukaemia

samples were not used to extract inv(16)-associated tran-
scripts. Thus, t(8;21)- and inv(16)-associated genes were
selected independently of each other. As summarised in
Fig 2B, 59 t(8;21)-associated highly expressed transcripts, 58
inv(16)-associated highly expressed transcripts, 15 t(8;21)-
associated low expression transcripts, and 18 inv(16)-associ-
ated low expression transcripts were selected.

Selection of commonly and specifically regulated genes

The gene extraction method shown in Fig 2A identified six
highly expressed and two low expression transcripts associated
with both t(8;21) and inv(16) (Fig 2B). A review of the
extracted genes, however, suggested that the numbers of
commonly regulated transcripts was probably underestimated.
For example, 19 of the 58 inv(16)-associated highly expressed
transcripts showed more than twofold greater expression not

(A) Reference Test Reference Test Reference
<l <> G2+G4+G5 <> <>
FC22 FCz22 FCz2 FCz22
P<0-01 P<0.01 P<0-01 P<0-01

| and |

M

i}-associated transcripts

(B)

Highly expressed transcripts
{g:.21)-associated

18:21) 17
specific Common

sgeciﬁ;:

| and |

v

i-associated transcripts

Low expression transcripts
t{8.21)-associated

G1/G2, G1/G2+4+5

...........................

FCsp-5

P<0bs Othprs FC>0-8

6
Common

specific

Fig 2. (A) Schematic illustration of the gene extraction procedure. Test (G1 or G3) and reference (G2, G4 or G2 + G4 + G5) samples were subjected
to pair-wise comparisons as indicated by the double-headed arrows. To extract t(8;21)-associated transcripts, comparison was made between G1 and
G2 and between Gl and G2 + G4 + G5. Genes extracted by two rounds of comparison were defined as t(8;21)-associated. Inv(16)-associated
transcripts were similarly extracted. Criteria of gene extraction were that average expression of test samples was significantly (P < 0-01) greater than
twofold increased or decreased compared with reference samples. (B) Venn diagram comparison of transcripts extracted by the method described in
A. Indicated are numbers of transcripts belonging to t(8;21)-associated highly expressed, inv{16)-associated highly expressed, t(8;21)-associated low
expression and inv{16)-associated low expression transcripts, consisting of 59 (53 + 6), 58 (52 + 6), 15 (13 + 2} and 18 (16 + 2) respectively. (C)
Modification of the extraction procedure. The starting material was genes shown in panel B, and each criterion defined in broken rectangles was
applied to them. As a result, 17 common, 25 t(8;21)-specific and 15 inv(16)-specific highly expressed transcripts, and 6 common, 3 t(8;21)-specific
and 3 inv(16)-specific low expression transcripts were reclassified. The numbers of transcripts shown in panels B and C represent numbers of probe

sets.
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only in G3 but also in Gl (data not shown). This is not
surprising, as the extraction procedure described above
adopted the strict standard of P < 0-01. Therefore, we

modified the gene extraction procedure as shown in Fig 2C

with the goal of selecting transcripts both commonly and
specifically up or downregulated in the presence of t(8;21)/
inv(16). Therefore, in the common group, transcripts showing

more than a twofold increase or decrease in expression at

P < 005 rather than P < 0-01 were added to the previously
described six and two common transcripts. Thus, 17 and 6
transcripts were defined as commonly increased and decreased
in expression respectively. In addition, transcripts whose
average expression in G3 was more than 1-25-fold higher
compared with G4 or G2 + G4 + G5 were excluded from the
t(8;21)-associated highly expressed transcripts, and the
remaining 25 transcripts were defined as t(8;21)-specific highly
expressed transcripts. Using similar modifications, inv(16)-
specific highly expressed transcripts (n = 15}, t(8;21)-specific
low expression transcripts (n = 3), and inv(16)-specific low
expression transcripts (n = 3) were defined.

According to our criteria, 8 of 59 t(8;21)-associated highly
expressed transcripts were also highly expressed in inv(16)-
AML, and 3 of the 15 t(8;21)-associated low expression
transcripts were also low expression transcripts in inv(16)-
AML. Similarly, 15 of 58 inv(16)-associated highly expressed
transcripts were also highly expressed in t(8;21)-AML, and five
of 18 inv(16)-associated low expression transcripts were also of
low expression in t(8;21)-AML. Overall, 15% (11/74) of
t(8;21)-associated transcripts exhibited similar expression in
inv(16)-AML, and 26% (20/76) of inv(16)-associated tran-
scripts did so in t(8;21)-AML. On the other hand, 38%
(25 + 3/74) of t(8;21)-associated and 24% (15 + 3/76) of
inv(16)-associated transcripts appeared to be regulated in
t(8;21)- and inv(16)-specific manners respectively. In sum-
mary, these results indicate that there exists a significant
number of commonly regulated transcripts in addition to
those regulated specifically by either t(8;21)- or inv(16)-AML.
Although the genes whose expression was unique to either
t(8;21)- or inv(16)-AML have been reported repeatedly,
common gene expression signatures to both AML-subtypes
are the first demonstration.

It must be noted that in some cases multiple probe sets were
used for a specific gene. Taking redundancy into account, the
numbers of individually selected genes were as follows: 15
common, 21 t(8;21)-specific and 13 inv(16)-specific genes as
highly expressed; and 6 common, 3 t(8;21)-specific and 3
inv(16)-specific genes as low expressed. Table I details a list of
these genes and includes the ratios of average expression
values.

Evaluation of selected genes

Expression data of selected genes were processed for matrix
presentation, as shown in Fig 3. For this analysis samples and
probe sets were aligned by alphabetical and numerical order

respectively, within the each group. Each member of G1 and
G3 groups was clearly separated from other groups in terms of
the expression of selected genes. Also, t(8;21)-specific and
inv(16)-specific as well as commonly regulated genes, showed
patterns unique to the relevant groups, indicating that the
method of gene extraction functioned effectively.

We next investigated whether the expression evaluated by

- the microarray analysis reflected RNA levels. To do so, four

representative transcripts were chosen: CD34 from the com-
mon highly expressed group, CAVI from t(8;21)-specific
highly expressed genes, CLIPR-59 from inv(16)-specific highly
expressed genes, and HOXA9 from the common low expres-
sion group. cDNA was synthesised from RNA from 17 samples
and processed for semi-quantitative RT-PCR (Fig 4). Overall
the relative level of each transcript in a respective sample
paralleled the relative expression values obtained by microar-
ray analysis (see also the legend to Fig 4).

A control analysis was performed to evaluate the significance
of common gene expression signatures that were found in
t(8;21)- and inv (16)-AML. This was done by examining how
many genes might be selected as commonly regulated between
G2 and G4 subgroups. Each of G2 and G4 were used as test
samples, and G1, G3 and Gl + G3 + G5 were used as
reference samples. The gene extraction procedure used was
(Fig S1) similar to that shown in Fig 2, and the selected genes
are listed in Table SII. Only three transcripts (two genes) were
selected as commonly high expressed, and no transcript was
extracted as commonly low expressed (5 G2-specific and 26
G4-specific highly expressed transcripts and 10 G2-specific and
11 G4-specific low expression transcripts were selected at the
same time). The gene number common to G2 and G4 was
much smaller compared with that common to t(8;21) and
inv(16) [23 transcripts (21 genes)]. This indicates the follow-
ing: firstly, very few common elements exist in gene expression
of G2- and G4-subgroups. Secondly, the above described 23
transcripts were not selected by chance but probably reflect
common features of t1(8;21)- and inv(16)-AML.

Validation of selected genes using a different set of
microarray data

We next evaluated whether the selected genes were valid
indicators of t(8;21)- and inv(16)-AML activities. To do so we
employed another set of microarray data from AML patients
reported by Valk et al (2004). Their data set consisted of 285
patients and contained information on FAB-classification and
karyotype for each AML sample. We used the data of 222 of
those patients and excluded the other 63 due to lack of FAB
subtype and karyotype information. According to our classi-
fication, the numbers of AML samples were 20 in G1, 35 in G2,
14 in G3, 31 in G4 and 122 in G5.

Figure 5 shows a matrix presentation of the expression data.
Each of the aforementioned six categories of genes again
appeared to behave as a distinct cluster, suggesting that most
genes selected were indeed modulated in the presence of

© 2006 The Authors
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Fig 3. Matrix presentation of expression of 69 selected transcripts representing 57 high- and 12 low-expression examples in 50 AML and four normal
bone marrow samples. Each row represents a respective gene, and each column is a respective patient. Relative levels of expression are indicated by
colour, where red and green represent increased and decreased expression respectively. FAB classification is indicated at the top, and grouping of gene

expression is on the left. Gene symbols are shown on the right.

t(8;21) and inv(16) activities. Genes selected as inv(16)-specific
highly expressed, however, did not yield such reproducible
results. Half appeared to be high in the G3 samples, whereas
the other half did not. Although the reason for this discrepancy
is not clear, the samples used in our study were from paediatric
patients, whereas those in Valk e al (2004) were from adults.
In the case of inv(16)-AML, factors regulating gene expression
may differ between childhood and adulthood AML (see Fig 5
legend regarding the comparison of our analysis and that of
Valk et al (2004).

Analysis of AMLI1-binding sites in a promoter region

Finally, we investigated whether the promoter region of a
selected gene harbors AMLI1-binding sites. Only highly
expressed genes were examined, as the number of low
expression genes was relatively small. Putative AMLI-binding
sites were evaluated in a genomic region covering —2000 to
+500 bp with respect to the predicted transcription initiation
site, using GENOMATIXSUITE software. We determined the
number of AMLI-binding sites for a specific promoter and
calculated the average * standard deviation for highly

© 2006 The Authors

expressed genes of the common, t(8;21)-specific and inv(16)-
specific groups (Table II). As references, 44 and 46 probe sets
were used whose expression values showed approximately the
average and median respectively, of all probe sets on the
microarray. As seen in Table II, a significant difference was not
detected in the average number of AML1-binding sites between
promoters of selected genes and those of the reference genes.
POU4F1 and HOXB2, which encode transcription factors, were
extracted as a t(8;21)-specific highly expressed gene and an
inv(16)-specific highly expressed gene respectively. The num-
bers of POU4F1- and HOXB2-binding sites in t(8;21)-specific
and inv(16)-specific highly expressed genes were the same as
those seen in the reference genes. This result suggests that the
number of putative AML1-, POU4F1- and HOXB2-binding
sites in the promoter region cannot account for the expression
levels of the extracted genes.

Discussion

To compare gene expression between t(8;21)- and inv(16)-
AML, AML samples were classified as groups G1-G5 and a
pair-wise comparison was performed between these groups.
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Fig 4. Semi-quantitative RT-PCR. Relative amounts of CD34, CAV1, CLIPR-59 and HOXA$ transcripts were compared with G1, G2, G3, G4 and G5
groups. At the top, the group number (G) and the identification of the AML samples are indicated. Microarray expression values (signal values) are
also shown beneath the gels pictures. The G5 samples shown here appear to be rather exceptional cases in terms of their expression of CD34 and

CAVL. Due to a lack of sufficient amount of RNA, we could not process other than the samples shown for RT-PCR.

Because of the combinations of test and reference samples used
here, the genes identified are probably associated with 1(8;21)
and inv(16), but not with the lineage/stage specificity of
leukaemic cells as exemplified by the FAB-classification. The
existence of a gene expression signature characteristic of CBF
leukaemia was reported previously (see Fig 4 in Ross et al,
2004, although a common element in t(8;21) and inv(16) is
not immediately clear). However, our approach is unique in
that the t(8;21)- and inv(16)-associated genes were selected
independently of inv(16)- and t(8;21)-AML respectively, and
commonly modulated genes were selected by comparing
t(8;21)- and inv(16)-associated genes. Thus, we demonstrate
that t(8;21)- and inv(16)-AML exhibit significant overlap in
gene expression signatures. This result indicates that AMLI-
MTGS8 and CBFf-MYH11 chimaeric proteins affect a common
set of targets in leukaemic cells. In addition, our method
identifies new genes not previously reported.

Detection of commonly regulated genes agrees with the
notion that both AMLI-MTG8 and CBEFB-MYHI1 exert a
similar dominant negative effect on wild type CBF. Further-
more, our identification of specifically regulated genes is in line
with the prediction that each chimaeric protein may also have
a unique activity. Promoter analysis of selected genes, however,
suggests that regulation is complex. The number of putative
AMLI1-binding sites in a predicted promoter region did not
differ significantly between selected and reference genes,
regardless of the type of genes selected as common or specific
highly expressed genes. This observation was also true for the
POU4F1- and HOXB2-binding sites for 1(8;21)- and inv(16)-

specific highly expressed gene promoters respectively. Several
mechanisms could explain the relationship between transcrip-
tional activity of a chimaeric protein and regulation of gene
expression. One is that these proteins regulate promoters
through sites other than AMLI binding sites by interacting
with other transcription factors and/or co-factors. For exam-
ple, AML1-MTGS interacts with p300/CBP and interferes with
transcription mediated by an E-box transcription factor whose
binding site is distinct from that of AML1 (Zhang et al, 2004).
Alternatively, although both chimaeric proteins could target
the promoters of the same set of genes, environmental factors,
such as cell lineage or developmental stage, that influence the
magnitude of gene expression may vary for each chimaera. A
chimaeric protein may also target an unidentified molecule,
which in turn could modulate expression of extracted genes.
Of selected genes, MTG8 and MYH11 are of interest. The
probe sets for these genes correspond to the MTG8 portion of
the AMLI-MTGS8 chimaeric transcript and to the MYHII
portion of the CBFB-MYH11 chimaeric transcript respectively.
The fact that the probe sets for MTG8 and MYHII were
selected as t(8;21)- and inv(16)-specific highly expressed genes
respectively, indicates that our gene extraction procedure
worked efficiently. Expression of MTG8 and MYH 11 have been
assigned repeatedly as the most characteristic signatures of
t(8;21) and inv(16) respectively, in other microarray analyses
(Schoch et al, 2002; Debernardi et al, 2003; Kohlmann et al,
2003; Bullinger er al, 2004; Ross et al, 2004; Valk et al, 2004;
Gutierrez et al, 2005). Immunophenotyping studies of t(8;21)-
and inv(16)-leukaemic cells document CD34 and HLA-DR as

© 2006 The Authors
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Fig 5. Validation of selected genes using microarray data of adult acute myeloid leukaemia (AML) patients obtained using Affymetrix Human
Genome U133A microarray provided by Valk et al (2004). The 222 AML samples consisted of 20 G1, 35 G2, 14 G3, 31 G4, and 122 G5 samples, and
there were eight normal bone marrow samples including four fractionated CD34" cell samples. Relative expression levels are indicated by colour,
where red and green represent increased and decreased expression respectively. FAB-classification is at the top, and gene expression grouping is
indicated on the left. Gene symbols are shown on the right. Valk et al (2004) reported the identification of t(8;21)- and inv(16)-unique transcripts in
their Supplementary Tables M1 and 11. We compared their Tables with our Table 1 and evaluated the degree of overlap of selected genes. Among the
26 t(8;21)- and 28 inv(16)-unique genes reported by Valk et al (2004) (their original 40 and 40 probes shown in their Tables were reclassified to 26
and 28 genes respectively, after taking into consideration the redundancy of probes for a specific gene and a difference of their U133A and our
U95Av2 microarray), 10 and 6 were also included in our list of t(8;21)- and inv(16)-specific genes respectively. This suggests that a significant number
of identical genes were selected by two different analyses. In contrast, only one from 26 and one from 28 genes were contained in our gene list
common to both t(8;21) and inv(16). This indicates that our method used for extracting common signatures worked efficiently.

specific markers that may reflect the immaturity of cells
(Hurwitz et al, 1992; Osato et al, 1997). Identification of

Table I1. Number of transcription factor-binding sites per gene.

No. of corresponding transcripts as common highly expressed genes is
Group genes  AMLI POUSH HOXB2 probably the basis of this immunophenotype of cells. High
Commonly 15 160 + 166 307 + 257 113 + 0-88 expression of CCND2 also may confer a growth advantage on
high expressed (A) leukaemic cells, although ectopic expression of CBF-MYH11
t(8;21)-specifically 17 124 + 1111 233 %247 156 + 183 in 32Dcl3 and Ba/F3 cell lines has been reported to retard the
high expressed (B) Gl to S transition and stimulate expression of p21 WAF1 (Cao
inv(16)-specifically 10 1110+ 130 210202 210+ 170 et al, 1997; Lou et al, 2000). It also is noteworthy that many
high expressed (C) genes related to endothelial cells and signal transduction were
A+B+C 42 1332139 257 2246 155+ 159 extracted as t(8;21)-specific highly expressed genes. The
Around average 44 164 £ 303 350 £ 460 268 x 440 endothelial group includes VEGF, FBLNS5, and ITGB4, whereas
Around median 46 143 £ 1-33 437 £ 525 159 200

Transcription factor-binding sites were predicted using the GENo-

MATIXSUITE software 1. The average number of sites per gene was

calculated and presented together with SD for each group of genes.

© 2006 The Authors

the genes that encoded signalling factors were VEGF, ADRA2C,
SHCI1, CAVI1, RASA4, ARHGEF6 and MAPKAPK3. Also
potentially critical are genes that were extremely highly
expressed, including TRH, TPSABI, MN1, POU4F1 and CAV1.
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Among the low expression genes, HOXA5, HOXA9 and
HOXA10 were categorised as common genes. Enhanced
expression of HOXAS9 is well established in many AML-
subtypes including those with normal karyotypes (Lawrence
et al, 1999; Debernardi et al, 2003; Bullinger et al, 2004;
Gutierrez et al, 2005), and a NUP98-HOXA9 chimaera is
generated in t(7;11)-AML (Nakamura et al, 1996). Neverthe-
less, the average level of HOXA9 transcripts in G1 and G3 was
as low as 10% of that seen in other groups (evidenced by
quantification of the results in Fig 4). Thus, an interesting
possibility is that a pathway mediated by HOXA9 is not
necessary or may even be antagonistic to the molecular
mechanisms involved in t(8;21)- and inv(16)-AML. Low
expression of CBFB in G3 but not Gl may mean that the
CBFB-MYH11 protein negatively autoregulates expression of
the wild type CBFB allele.

In conclusion, we extracted and categorised t(8;21)/inv(16)-
associated genes as t(8;21)-specific, inv(16)-specific, and genes
common to both. This categorisation was enabled by a unique
approach to gene extraction. While the presence of specific
groups of selected genes correlated with the bimodular
structures of the chimaeric proteins, it was notable t(8;21)-
and inv(16)-AML display a significant degree of overlap in
their gene expression signatures.
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