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Summary

T-cell acute lymphoblastic leukaemia (T-ALL) and T-cell lymphoblastic
lymphoma (T-LBL) are combined into one category as T lymphoblastic
leukaemia/lymphoma in the current World Health Organization (WHO)
classification. However, there is still ongoing discussion on whether T-ALL
and T-LBL are two separate entities or represent two variant phenotypes of
the same disease. Cytogenetic analysis has been used to identify the molecular
background of haematological malignancies. To compare the distribution of
chromosomal abnormalities of T-ALL and T-LBL, large series of cytogenetic
data are required, but are absent in T-LBL in contrast to the abundant data in
T-ALL. Among 111 T-LBL cases in our clinical trial, we obtained complete
cytogenetic data from 56 patients. The comparison between our cytogenetic
findings and those from three published T-LBL studies revealed no significant
difference. However, meta-analysis showed that translocations involving
chromosome region 9934 were significantly more common in T-LBL than in
T-ALL. In particular, four out of the 92 T-LBL cases, but none of the 523
paediatric  T-ALL 1(9;17)(q34;q22-23)
(P = 0-0004). Further studies are needed for the possible linkage between
abnormal expression of genes located at 9934 and/or 17q22-23 and the
unique ‘lymphoma phenotype’ of T-LBL.

cases, showed translocation
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In children and adolescents, precursor T lymphoblastic neo-
plasms have been classified into two diseases: T-cell acute
lymphoblastic leukaemia (T-ALL) and T-cell lymphoblastic
lymphoma (T-LBL). Although the current World Health
Organization (WHO) classification designates both malignan-
cies as T lymphoblastic leukaemia/lymphoma (Borowitz &
Chan, 2008), there is continuing discussion on whether T-ALL

and T-LBL are two separate entities or whether they represent
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two different clinical presentations of the same disease. They
show overlapping clinical, pathological and immunophenotypic
features. In general, the word ‘lymphoma’ is used if there is a
bulky mass in the mediastinum or elsewhere, with less peripheral
blood and bone marrow (BM) involvement. Most study groups
distinguish between leukaemia and lymphoma on the basis of
the extent of BM involvement: patients with <25% lymphoblasts

in the BM are diagnosed with lymphoblastic lymphoma; in cases
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of 25% or more BM blasts, the diagnosis is lenkaemia. While this
distinction may appear somewhat arbitrary, a notable observa-
ton is that T-LBL patients with large mediastinal masses
frequently exhibit little, if any, evidence of tumour dissemina-
tion and BM involvement, but the molecular background for
this difference is unknown.

Chromosomal analysis has been widely used as a primary
step that is required to narrow down the responsible genes that
define a disease entity. For instance, discovery of Ph chromo-
some led to the identification of the chimeric BCR/ABLI gene,
which is responsible for and defines chronic myeloid leukae-
mia. Compared with T-ALL, chromosomal abnormalities in T-
LBL are not well defined. Reports in the literature and current
textbooks claim that the typical chromosomal aberrations
reported in T-ALL can also be found in T-LBL (Borowitz &
Chan, 2008). However, there are no large series of cytogenetic
data on T-LBL (Burkhardt, 2010).

This study aimed to fill the gap regarding cytogenetic data in
T-LBL and compare the cytogenetic findings of T-ALL and
T-LBL, which may lead to identification of the molecular
background behind phenotypical differences between the two
disease entities.

Study patients

From November 2004 to October 2010, 154 eligible children
(aged 1-18 years) with newly diagnosed advanced stage LBL
(Murphy stages 111 and IV) (Murphy, 1980) were entered in
the Japanese Paediatric Leukaemia/Lymphoma Study Group
(JPLSG) ALB-NHLO3 study (UMIN00O0002212, http://www.
umin.ac.jp/ctr/index-j.htm). Patients with primary immun-
odeficiencies, Down syndrome and T-cell diseases as second
malignancies were excluded. The ethics committee of each
participating institute approved the study protocol.

Cytogenetic analysis

Cytogenetic analysis was performed on cell suspensions
obtained from 31 tumour/lymph nodes, 19 pleural effusions
and six bone marrow samples. The methods of chromosome
preparation for cytogenetic analysis are described elsewhere
(Sanger e al, 1987; Horsman of al, 2001). Karyotypes are
described according to the International System for Human
Cytlogenetic Nomenclature (ISCN) (Shaffer & Tommerup,
2003). Only those cases with abnormal cytogenetic study results,
defined as two or more cells with the same structural
abnormality or the same numerical gain, three or more cells
with the same numerical loss or isolated cells with disease-
associated abnormalities, were eligible for inclusion in this study.

Statistical methods

Two-lailed Fisher’s exact test was used to analyse the patients’
characteristics and the frequency of each chromosome abnor-
mality. Significant differences in the analysis of he frequency of

Chromosome Abnormalities in T-cell Lymphoblastic Lymphoma

cach chromosome abnormality were determined by the two-
tailed Fisher's exact test with Bonferroni correction compar-
ison. The P value threshold for inclusion of a new variable was
chosen to be P <0003 in this analysis (0-05/17, after
Bonferroni correction). A review of T-LBL and T-ALL
karyotypes reported in the literature was obtained from a
PubMed search and information on chromosome abnormal-
ities and gene fusions was obtained from Mitelman Database
of Chromosome Aberrations and Gene Fusions in Cancer
(http://cgap.ncinih.gov/Chromosomes/Mitelman).

Results

Patient characteristics

A total of 154 children were enrolled on JPLSG ALB-NHLO3
protocols; 111 cases were T-LBL. Among 111 T-LBL cases, the
study population for the current analysis included 56 patients
for whom complete cytogenetic data were obtained. With
respect to presenting features, patients with reviewed and
accepted cytogenetic data were similar to both those without
accepted cytogenetic data and the entire cohort of concurrently
enrolled T-lineage LBL patients (Table S1).

Frequency of chromosomal abnormalities

Multiple chromosome abnormalities were identified in 31
patients (45%). Structural chromosome abnormalities were
identified In 29 patients (52%), and numerical chromosome
abnormalities were identified in 18 patients (329). Ploidy
results included pseudediploid in 14 patients (25%), hypo-
diploid in three patients (5%), hyperdiploid with 47-50
chromosomes in 10 patients (18%), hyperdiploid with more
than 50 chromosomes in four patients (7%) and diploid in 25
patients (45%) (Table S2).

All of the hypodiploid cases had 43-45 chromosomes; none
had a near-haploid karyotype. Of the four cases with more
than 50 chromosomes, two had near-tetraploid karyotypes.
The frequencies of ploidy groups in this series are compared
with those reported in other series of karyotyped T-LBL
patients and paediatric T-ALL (Table $2). Structural chromo-
some abnormalities were identified in 29 patients (52%). In the
current study, seven patients (13% of those with abnormal
karyotypes) exhibited a rearrangement at one or more of the
chromosome bands (7p15, 7932-36 and/or 14q11-13) that are
the locations of T-cell receptor chain genes. Rearrangements in
the 14q11-13 region, in which the T-cell receptor o/ chain
genes are located, were present in three patients (5%) of the
karyotypically abnormal cases in this series (Table $2). Struc-
tural abnormalities involving chromosome region 9934 were
identified in nine patients (16%). Translocations involving
chromosome region 9q34 were identified in three patients
{(5%) (H9;17)(q34;q22), U7:9)(q34;34) and 1(2;9)(q23;934)).
In comparison between cytogenetic findings in the current
data and combined data of three published reports (Burkhardt
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et al, 2006; Lones ef al, 2007; Uyltebroeck er al, 2007;
Table S1), the frequencies of numerical and structural cytoge-
netic abnormalities in T-LBL and T-ALL had no significant
difference {Table $2).

We compared the cytogenetic findings in the current study
with the published reports from the three largest-scale studies
on T-LBL (Burkhardt er al, 2006; Lones ef al, 2007; Uytteb-
roeck et al, 2007; Table $3) and those from the two largest-
scale studies on T-ALL combined (Heerema et al, 1998;
Schneider et al, 2000; Table $3) (Table I). The frequencies of
almost all of the cytogenetic abnormalities in T-LBL and
T-ALL had no significant difference, but translocation involv-
ing chromosome region 9q34 was significantly more common
in T-LBL than in T-ALL (P = 0-0004, Table S3) and translo-
cation t{9;17) was also more common in T-LBL (4%, 4/92)
than in T-ALL (0%, 0/523, P = 0-0004) (Table I).

The current study included a patient with translocation
19;17)(q34;922). As far as we could tell from the consulted
published reports, all T-LBL patients with translocation 1(9;17)
presented with a mediastinal mass and without any bone
marrow involvement (Kaneko et af, 1988; Shikano et al, 1992)
(Table IT).

Discussion

This is the largest study involving cytogenetic analysis of
T-LBL and the first study to directly compare cytogenetic
findings of T-LBL and T-ALL. The frequencies of almost all of
the cytogenetic abnormalities in both entities were found to
have no significant difference, but translocation involving
chromosome region 9q34 was significantly more common in
T-LBL than in T-ALL. The current study included a patient
with unique translocation t(9;17)(q34;q22). Interestingly, four
out of the 92 T-LBL cases, but none of the 523 paediatric
T-ALL cases, showed this translocation (P = 0-0004) (Table 1).
Translocation t(9;17) has been reported in several haemato-
logical diseases, such as precursor B-cell ALL (Coyaud ¢t al,
2010), acute myeloid leukaemia (Mrozek er al, 2001), chronic
myeloid leukaemia (DeAngelo ef al, 2004), chronic lympho-
cytic leukaemia (Michaux ef al, 2005), diffuse large B-cell
lymphoma (Hammond ef @/, 1992) and follicular lymphoma
(Aamot ef al, 2007), but these breakpoints, 9934 and 17q22~
23, are limited in the cases of T-LBL (http://cgap.ncinih.gov/
Chromosomes/Mitelman). These results imply a linkage
between abnormal expression of genes located at 9934 and/
or 17q22-23 and the unique phenotypes of the T-LBL
mentioned above.

Cytogenetic analysis has been used to identify the molecular
background of haematological malignancies. To compare the
distribution of chromosomal abnormalities of T-ALL and
T-LBL, large series of cytogenetic data are required, but are
absent in T-LBL in contrast to the abundant data in T-ALL.
Three recent series of cytogenetic data on paediatric T-LBL
have been published, reporting the cytogenetic findings in 13,
11 and 12 paediatric T-LBL cases (Burkhardt et al, 2006; Lones

Table 1. Comparison of cytogenetic findings between T-LBL and
T-ALL.

T-LBL T-ALL

n % n % P value
Total 92 523
Normal karvotypet 3639 219 42 06478
Abnormal karyotype 5 o0l 304 58 06478
Hypodiploid 4 4 20 4 09999
Pseudodiploid 300033 204 39 02000
Hyperdiploid(47-50) 18 20 64 12 00328
Hyperdiploid{(>50} 4 4 16 3 05217
Any translocation 206 28 177 34 03367
Any del chrome. 19 21 le0 31 00328
Any der chrome. 4 4 58 11 00583
del(6q) 6 7 69 13 00833
Loss of 9p 10 11 44 8§ 05487
Any 14q11-13 abnormality 10 11 7214 05100
Any 7q32-36 abnormality 7 8§ 35 708220
Any translocation including 9q34 8 9 7 1 0:0004”
({710} 1 1 2 0 03855
{10511} 1 1 & 2 09999
HRIT7Y 4 4 0 0-0004~

tincludes one Klinefelter syndrome. and one inv(9) without other
abnormality in current report.

The P value threshold for inclusion of a new variable was chosen to be
0-003 (0-05/17. after Bonferroni correction). *P < 0-:003.

T-LBL: current study (JPLSG ALB-NHLO3) combined with three
published reports(Burkhardt ef al, 2006; Lones ef al, 2007; Uyttebroeck
et al, 2007).

T-ALL: combined two published reports (Heerema ef al, 1998;
Schneider ef al, 2000).

et al, 2007; Uyttebroeck et al, 2007). Thus, this study can play
a role to fill the gap of cytogenetic data on T-LBL.

Translocation involving chromosome region 9q34 was
found to be significantly more common in T-LBL than in
T-ALL (Table I). Among genes located in the 9934 region,
SET, PKN3, ABLI, NUP214 and NOTCHI have previously
been implicated in malignancy, with SET, ABLI, NUP214 and
NOTCHI being implicated in leukemogenesis (Ellisen ef al,
1991; van Vlierberghe er al, 2008; Hagemeijer & Graux, 2010).

An oncogenic SET-NUP2i4 fusion gene has been reported
in a case of acute undifferentiated leukaemia with a reciprocal
translocation t(9;9)(q34; q34) (von Lindern ¢ al, 1992) and
NK adult acute myeloid leukaemia as a result of a cryptic
deletion of 9q34 (Rosati ef al, 2007). van Vlierberghe et al
(2008) identified the SET-NUP214 {usion gene in three patient
samples out of 92 paediatric cases of T-cell leukaemia. SET-
NUP214 may contribute to T-ALL pathogenesis by inhibition
of T-cell maturation through the transcriptional activation of
the HOXA genes (van Vlierberghe er af, 2008). However, the
frequency of this mutation in T-LBL is unknown.

NOTCHI, previously termed TANI, was discovered as a
partner gene in T-ALL with a translocation ((7;9)(q34;q34.3),
and was found in <1% of T-ALLs (Ellisen et al, 1991). Several
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Table 11. Clinical characteristics and detailed karyotype data in T-LBL patients with t(9:17).

Age (years) Sex Tumour site  Stage BM blast 9% Karyotype

Kaneko et al (1988) 14 F Mediastinum 111 0

15 M Mediastinum 111 0

10 M Mediastinum 11 0
Shikano et al (1992) 14 F Mediastinum 11T 0

7 M Mediastinum 111 0

5 F Mediastinum 111 0
Burkhardt ef ol (2006) ND ND ND NIy OND

ND NI ND ND ND
Lones ef al (2007} 8 M Mediastinum 111 0
Current study 7 M Mediastinum 01 0

40, XX9 173 g34:q23)

46.XY,-9,del{6)(q13g2 190 71(q34q23) +der{9(9:1 7) (q345923)
47 XY 4191911 7){g34:q23)

46.XX.1(9:17){qi4q23)
49.XY-Ltder(DNt(he ) (p36:7),1(9:173(934:q23) .+ 144 marl, + mar2
47.XX(9:17)(g345q23) 4 der(17)1(9:
46.XX.del(61(q172q176),1(9:17){(q34:922)
47 XX U917 (q34:922) 420

47 XY 91 7)(q344:9283),4 20
46.XY,1(9;17)(q34:q22)

q34:q23)

ND. no data available.

study groups reported NOTCHI mutations in 31-62% of
T-ALL patients (Weng et al, 2004; Breit et al, 2006; van Grotel
et al, 2006; Zhu et al, 2006; Malyukova et af, 2007; Asnafi ef al,
2009; Gedman et al, 2009; Park ef al, 2009). In contrast, only
two studies reported NOTCHI mutation analyses in T-LBL:
Park ¢t al (2009) reported NOTCHT mutations in six out of 14
paediatric T-LBL patients (43%), and Baleydier et al (2008)
reported mutations in six out of nine paediatric T-LBL {(66%),
with 32 adult patients with NOTCHI mutations in 16 cases
(54% in all patients) (Baleydier ef al, 2008). According to these
reports, the frequencies of NOTCHI mutation were not
significantly different between T-LBL and T-ALL.

ABLI fusion genes have been identified that provide
proliferation and survival advantage to lymphoblasts.
NUP214-ABL1, EMLI-ABLI, BCR-ABLI and FTV6-ABLI
chimeric genes have been reported. The most frequent one
in T-ALL is the NUP214-ABL1 fusion gene, which has been
identified in 6% of cases, in both children and adults (Graux
et al, 2009). In addition, using an oligonucleotide microarray,
ABLI overexpression was identified in 8% of cases in T-ALL
(Chiaretti ef al, 2007). Our review of these published reports
indicated that the frequency of ABL1 mutation in T-LBL is
unknown.

Raetz et al (2006) analysed the gene expression profiles of
ten T-ALL BM samples and nine T-LBL samples using a
microarray. They identified 133 genes for which the expres-
sion levels differed between T-LBL and T-ALL. ZNF79
(encoding zinc finger protein 79) and ABLI, both located
in chromosome region 9934, were included in these genes
and showed at least twofold higher overexpression in T-LBL
than that in T-ALL. Additionally, MEDI3 (previously termed
THRAPT), which is located in 17q22-q23, also showed at least
twofold higher overexpression in T-LBL than that in T-ALL
(Raetz et al, 2000). Taking these findings together, it is
possible that ZNF79, ABLI or THRAPI as well as other genes
al 9934 and 17q22-23 are involved in the ‘lymphoma
phenotype’ such as a bulky mass in the mediastinum and
minimal BM involvement. These findings need further study
to determine if this linkage constitutes a unique ‘lymphoma
phenotype’.
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DNMT3A mutations are rare in childhood acute myeloid
leukaemia, myelodysplastic syndromes and juvenile

myelomonocytic leukaemia

Acute myeloid leukaemia (AML) is a complex disease caused
by mutations and deregulated gene expression, leading to
increased proliferation and decreased differentiation of hae-
matopoietic progenitor cells. Contemporary treatments have
resulted in 5-year event-free survival rates of almost 60% for
paediatric AML (Pui et al, 2011).

Recently, a whole genome sequencing study of AML
uncovered recurrent mutations of an epigenetic regulator,
the DNA methyltransferase 3A (DNMT3A) gene, in approxi-
mately 20% of adult AML patients (Ley et al, 2010; Yamashita
et al, 2010; Yan et al, 2011). In these studies, DNMT3A
mutations were frequently associated with FLT3-internal
tandem duplication (ITD), nucleophosmin 1 (NPMI) and
isocitrate dehydrogenase 1 (IDHI1) mutations (Ley et al, 2010;
Yan et al, 2011). DNMT3A mutations were also found in adult
myelodysplastic syndromes (MDS) (8%, 12/150) (Walter et al,
2011), AML secondary to myeloproliferative neoplasms
(MPNs) (14%, 5/35), myelofibrosis (15%, 3/20) and
polycythaemia vera (7%, 2/30) (Stegelmann ef al, 2011).

DNMT3A is involved in epigenetic regulation of genes by
enzymatic de novo addition of methyl groups to the cytosine
residue of CpG dinucleotides. DNMT3A mutations were signif-
icantly enriched with a cytogenetic profile associated with
intermediate risk, including a normal cytogenetic profile, as well
as the M4 and M5 subtypes, according to the French-American-
British (FAB) classification system (Ley et al, 2010; Yan et al,
2011). In AML patients with a normal karyotype and FLT3-1TD,
patients with DNMT3A gene mutations showed a worse prog-
nosis than those without DNMT3A gene mutations (Ley et al,
2010; Yanet al, 2011); however, the frequency and clinical impact
of DNMT3A gene mutations in paediatric AML and myelopro-
liferative neoplasms (MPN) remain uncertain. We searched for
DNMT3A gene mutations in 149 AMLs who were treated on the
Japanese Childhood AML Cooperative protocol, AML 99 (range:
0-15 years old, MO: 5, M1: 23, M2: 44, M3: 13, M4: 22, M5: 21,
Mé: 1, M7: 17, unclassified: three patients), 40 juvenile myelo-
monocytic leukaemias (JMMLs; range: 2 months to 8 years), 24
myelodysplastic syndromes (MDSs) and 20 paediatric therapy-
related leukaemia/MDSs (t-Leuk/MDSs, range: 1-17 years).
FLT3-ITD and NPMI gene alterations have been reported in
these 149 AML patients (Shimada et al, 2007, 2008).

Total RNA extracted from the bone marrow or peripheral
blood samples at diagnosis was reverse transcribed to cDNA

with a ¢DNA Synthesis Kit (Amersham Bioscience, Tokyo,

Japan). DNMT3A mutations were thus far reported to be
almost exclusively involved in exons 16-23 (especially codon
R882 in exon 23) (Ley eral, 2010; Yamashita ef al, 2010;
Stegelmann et al, 2011; Walter et al, 2011; Yan et al, 2011);
thus, we confined our analysis to these exons. cDNA was
amplified using the following primers: DNMT3A cDNA I5F,
5-CAGGTGCTTTTGCGTGGAGTGT-3" and 19R, 5-ATGC
AGGAGGCGGTAGAACTCA-3’,
GTCGGGGA-3" and 22R, 5'-
GAG-3" and 20F, 5-CCCTGTGATGATTGATGCCA-3" and
23R, 5-GTATTTCCGCCTCTGTG-GTT-3" for AML samples.
For JIMML, MDS and t-Leuk/MDS, we confined our analysis to
exon 23, including the hotspot of codon R882, of the

DNMT3A gene using the following primers: DNMT3A DNA
23F, 5-AGAACTAAGCAGGGCC-TCAGAGGA-3" and 23R,
5-GTATTTCCGCCTCTGTGGTT-3".

sequencing was performed on a DNA sequencer (ABI 310;

Subsequently,  direct

Applied Biosystems, Foster City, CA, USA) using a BigDve
terminator cycle sequencing kit (Applied Biosystems). The
study adhered to the principles of the Helsinki Declaration,
and was conducted under the regulations enacted by the Ethics
Board of Gunma Children’s Medical Centre.

No DNMT3A mutations were detected inany AML patients in
our study. Recently, DNMT3A mutations have been reported in
paediatric AML patients (Ho et al, 2011; Thol er al, 2011). Only
two patients were identified (both 15 years old). Combined with
these and our data, the frequency of DNMT3A mutations is
extremely rare (2/524, 0-4%) in childhood AML. Furthermore,
we did not identify DNMT3A mutations in MDS, JMML or
paediatric t-Leuk/MDS. These findings were not compatible
with those of adult MDS and MPN, suggesting that the frequency
of DNMT3A gene mutations depends on age.

On the other hand, we found FLT3-ITD in 20 (13%) of 149
AML patients; however, no NPMI mutations were found
(Shimada et al, 2007, 2008). Nine AML patients with FLT3-
ITD were found to lack DNMT3A mutation. DNMT3A muta-
tions have been correlated with FLT3-ITD and NPM1 in adult
AML, but not in paediatric AML. Although patients with
DNMT3A mutations have been associated with FAB-M4, M5,
especially MLL-negative M5, no mutations in these paediatric
M4/M5 patients were found in this study. DNMT3A mutations
have not been detected in any adult AML with favourable
cytogenetics, including #(8;21) and inv(16) (Ley ef al, 2010; Yan
et al, 2011). Higher frequencies of #(8;21) and inv(16) in
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paediatric than in adult AML patients may be associated with
rare DNMT3A mutations in paediatric AML. These data suggest
that the pathology of paediatric AML may be different from that
of adult AML. We concluded that DNMT3A mutations, as well
as NPAM T mutations, may be infrequent in paediatric AML and
MDS patients, especially those <15 years old.
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MYEOV and NEGR1 are novel candidate gene targets in neuroblas-
toma that were identified by chromosomal gain in 1113 and loss
in 1p31, respectively, through single nucleotide polymorphism
array analysis. In the present study, to assess the involvement of
MYEOV and NEGRT in the pathogenesis of neuroblastoma, we
analyzed their mutation status and/or expression profiles in a
panel of 55 neuroblastoma samples, including 25 cell lines, fol-
lowed by additional functional studies. No tumor-specific muta-
tions of MYEOV or NEGR1 were identified in our case series.
Expression of MYEOV was upregulated in 11 of 25 cell lines (44%)
and in seven of 20 fresh tumors (35%). The siRNA-mediated knock-
down of MYEOV in NB-19 cells, which exhibit high expression of
MYEOQV, resulted in a significant decrease in cell proliferation
(P = 0.0027). Conversely, expression studies of NEGR1 revealed sig-
nificantly lower expression of this gene in neuroblastomas at an
advanced stage of the disease. Exogenous NEGRT expression in
neuroblastoma cells induced significant inhibition of cell growth
(P =0.019). The results of these studies provide supporting evi-
dence for MYEOV and NEGRT as gene targets of 11913 gains and
1p31 deletions in a neuroblastoma subset. In addition, the findings
suggest a possible prognostic value for NEGRT in neuroblastoma.
(Cancer Sci 2011; 102: 1645-1650)

N euroblastoma is one of the most common forms of solid
tumors in childhood "md accounts for appr()xmmtcly 15%
of all pediatric cancer deaths."” Despite recent advances in che-
moradiotherapy. the prognosis for advanced neuroblastoma
remains poor, with an approximate 40% S-year survival, under-
scoring the importance of developing novel therapeutic modali-
ties on the bdsm of an understanding of the pathogenesis of
neuroblastoma.” C omerscly knowlcdu. of the molecular path-
ogenesis of neuroblastoma is largely limited in terms of targets,
except fm thc role of MYCN amplifications in advanced neuro-
blastoma.'” Thus, the recent discovery of ALK mutations/ampli-
fications in 6-8% of neuroblastomas"® ® represents a major
development in neuroblastoma research because it not only
unravels a novel molecular mechanism involved in neuroblas-

toma development, but could also a basis for the devcloPmcnt of

molecular-targeted therapies using ALK inhibitors." Similar
to a number of novel genetic targets discovered recently in other
human cancers. ALK mutations were identified thorough gen-
ome-wide analyses of copy numbers using high-throughput
technologies, including high-density smg]c nucleotide polymor-
phism (SI\P) genotyping microarrays.” ® A number of recur-
rent copy number changes other than those of the ALK locus
have been identified by genome-wide copy number analysis of
neuroblastoma, including losses of 1p31, 3q13, 9p24. 15ql1,
and 16p13, and hth grade amplifications of 1p36. 7q21. 7¢31,
11q13. and 15q13.” which may provide important clues for the
identification of novel target genes. In fact, several candidate
target genes of these common deletions and amplifications have
been identified, including MYEOV as the target of gains/amplifi-

doi: 10.1111/j.1349-7006.2011.01995.x
© 2011 Japanese Cancer Association

cations in lqu md NEGR] as a candidate tumor suppressor
in Ip31 deletions."” Previously. MYEOV was rt.p()rlcd as a puta-
tive Immf(()rmmz. gene within the 11q13 amplicons in multiple
myeloma,'” whereas NEGRI was described as a member of
the IgLON (limbic system-associated membrane protein
[LAMP]/opioid-binding cell adhesion molecule [OBCAM]/
neurotrimin subgroup of the Jmmun()g]obuhn superfamily) fam-
ily of cell adhesion molecules."”’ However, the involvement of
these genes aberrations in the pathogenesis of neuroblastoma
remains unknown. Therefore, in the present study we focused
on the abnormalities in both genes and assessed their role.
both genetically and functionally, in the pathogenesis of
neuroblastoma.

Materials and Methods

Specimens. Primary neuroblastoma specimens were obtained
at the time of surgery or biopsy from patients who had been
diagnosed with neuroblastoma and had been admitted to Tokyo
University Hospital, Saitama Children’s Medical Center, or vari-
ous other hospitals between November 1993 and October 2006.
Patients were staged dLCOldm“ to the International Neuroblas-
toma Staging stlem " with five patients classified as Stage 3
and 25 classified as Stage 4. The clinicopathological findings for
all patients are listed in Table 1. Twenty-five neuroblastoma cell
lines were also used in the present study (Table 2). The SCMC-
N2 series was cslablmhcd in our labomloly"” the SINB series
and UTP-N-1"% were generous gifts from Drs A.T. Look
(Department of Pediatric Oncology, Dana Farber Cancer Insti-
tute, Harvard Medical School, Boston. USA) and A. Inoue
(Department of Molecular Biology, Toho University School of
Medicine, Tokyo. Japan). respectively; all other cell lines were
obtained from the Japanese Cancer Resource Cell Bank (http:/
cellbank.nibio.go.jp/wwwijcrbj.htm, accessed 7 Sep 2008). All
cells were maintained in RPMI 1640 medium (Gibco-BRL.
Grand Island. NY, USA) supplemented with 10% fetal bovine
serum in a humidified atmosphere containing 5% CO, at 37°C.

Semi-quantitative RT-PCR. Total RNA was extracted from the
25 cell lines and 20 frozen stocked tumors using Isogen reagent
(Nippon Gene, Osaka, Japan) according to the manufacturer’s
instructions and was subjected to reverse-transcription reactions
to synthesize ¢cDNA using the SuperScript Preamplification Sys-
tem for First Strand ¢cDNA synthesis (Life Technologies, Rock-
ville, MD, USA). Semi-quantitative RT-PCR analysis for
MYEOV. CCNDI, and NFCR] gene cxprcm()n was performed
as described previously! . using the primer sets listed in
Table S1, available as an accessory publication to this paper.
The concentration of the cDNA was normalized against that of
B-actin, used as an internal control. The signal intensity of
MYEOV and CCNDI expression was estimated using NIH

5To whom correspondence should be addressed.
E-mail: jtakita-tky@umin.ac.jp
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Table 1.

Clinical data for the neuroblastoma cases in the present study

Ef:e Age Stage Diagnosis Histology amgz;;ccgtion Outcome
1 4 years 2 months 4 C NBL poorly dif. + Alive
2 2 years 4 months 4 C NBL poorly dif. + Alive
3 4 years 4 C NBL poorly dif. + Alive
4 3 years 4 C NBL poorly dif. - Alive
5 1 year 5 months 4 C NBL poorly dif. - Alive
6 10 day 3 C NBL dif. ~ Alive
7 4 years 4 C NBL poorly dif. - Dead
8 4 years 2 months 4 C NBL poorly dif. - Alive
9 2 years 3 C GNB well dif. - Alive

10 10 years 4 C NBL - Dead

11 4 years 4 C NBL + Dead

12 3 years 3 C NBL + Alive

13 11 years 9 months 4 C NBL poorly dif. - Alive

14 6 months 3 MS GNB - Alive

15 7 months 4 MS NBL poorly dif. - Dead

16 4 years 4 C NBL + Dead

17 4 years 9 months 4 C NBL - Dead

18 7 months 4 MS NBL ~ Alive

19 2 years 4 C NBL poorly dif. + Alive

20 3 years 4 C NBL -+ Dead

21 8 years 4 C NBL poorly dif. - Alive

22 2 years 3 months 4 C NBL + Alive

23 4 years 4 C NBL + Dead

24 5 months 4 C NBL - Alive

25 5 years 4 C NBL - Dead

26 4 years 10 months 4 C NBL - Alive

27 7 years 4 C NBL poorly dif. + Dead

28 1 year 6 months 3 C NBL - Alive

29 1 year 8 months 4 C NBL - Alive

30 8 months 4 C NBL - Alive

C, clinical; MS, mass screening program; NBL, neuroblastoma; NBL poorly dif., poorly differentiated neuroblastoma; GNB, ganglioneuroblastoma;
GNB well dif., well-differentiated ganglioneuroblastoma.

Table 2. Neuroblastoma cell lines used in the present study

Cell line

MYCN amplification

CHP-134
GOTO
IMR-32
LAN-1
LAN-2
LAN-5
NB-1
NB-16
NB-19
NB-69
NH-12
SCMC-N2
SCMC-N4
SCMC-N5
SINB-1
SINB-2
SINB-3
SINB-4
SINB-5
SINB-6
SINB-7
SINB-8
SK-N-SH
TGW
UTP-N-1

O
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Image 1.61 software (Wayne Rasband; National Institutes of
Health, Bethesda, MD, USA).

Quantitative RT-PCR. To quantify the expression levels of
NEGRI, real-time PCR (RQ-PCR) analysis was performed using
the QuantiTect SYBR Green PCR kit (Qiagen, Tokyo, Japan)
with an iCycler iQ real-time PCR detection system (Bio-Rad
Japan, Tokyo, Japan). The primer sets used for the RQ-PCR are
listed in Table SI and the PCR conditions were as described
previously.(m For the purpose of normalization, relative expres-
sion levels were calculated by dividing the expression level of
the respective gene by that of f-actin.

Mutational analysis of MYEOV and NEGR7 genes. Genetic
screening for MYEOV and NERGI genes in 25 cell lines was
performed by denaturing HPLC (DHPLC) using the WAVE
System Model 4500 (Transgenomic, Omaha, NE, USA), as
described previously.™ The primer sets used in the present
study are listed in Table S1.

Bisulfate modification and methylation-specific PCR. Bisullate
modification of genomic DNA was performed as described pre-
vi()usly.“s’ For methylation-specific PCR (MSP), approximately
10 ng bisulfite-treated DNA was amplified with primers for both
the methylated and unmethylated sequences. Reaction products
were separated by electorophoresis on a 2.0% agarose gel, The
primer sets for methylation-specific PCR analysis are listed in
Table ST.

Knockdown of MYEQV using siRNA. The functional roles of
the MYEQV gene in neuroblastoma cells was assessed using
gene knockdown with siRNA.'® The siRNA was designed and
synthesized for silencing MYEOV (Invitrogen, Carlsbad, CA,

doi: 10.1111/.1349-7006.2011.01995.x
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USA). The siRNA duplex had the following sequences: 1132
sense. 5’-UCA ACG CCC ACU CUA AAG GCU UCU (-3
and 1132 antisense, 5'-GAG AAG CCU UUA GAG UGG GCG
UUG A-3". A chemically synthesized non-silencing siRNA
duplex that had no known homology to any mammalian gene
was used as a control for non-specific silencing events and had
the following sequences: sense. 5-UUC UCC GAA CGU GUC
ACG UdT dT-3"; and antisensc. 5-ACG UGA CAC GUU CGG
AGA AdT dT-3". Gene knockdown was achieved in NB-19,
CHP-134 and PF-SK-1 cells using HiPerFect transfection
reagent (Qiagen. Valencia, CA, USA) according to the manufac-
turer’s instructions.

Transient transfection. The expression vector (pMEILSS) con-
taining the full-length EcoRI-Xbal fragment of the NEGRI
¢DNA was transfected into NB-19, SINB-7, and PF-SK-1 cells
using the lipofection muhod according o the manufacturer’s
instructions ()ldLLl]) 'Briefly, 1.5 x 10° cells were seeded in
a six-well plate and incubated in 1.6 mL R]’M[ 1640 (Gibco-
BRL) with 10 pL Effectance reagent (Qiagen). 3.2 pl. Enhancer
(1:8) (Qiagen), 10 puL Effectene (Qiagen), and 0.4 pg expression
vector. Cells were counted 72 h after transfection.

Statistical analysis. Expression of the NEGR1 gene was com-
pared between favorable and unfavorable cases of neuroblasto-
mas using the Mann-Whitney U-test. Exact 95% confidence

intervals (CI) of the proportions were calculated on the basis of

binomial distribution. The Kruskal Wallis test was used to com-
pare the functional effects of MYEOV inhibition and NEGR]
expression in neuroblastoma cells.

Results

Gain and high-grade amplification of 11g13 mvolvmg the
MYEOQV locus in neuroblastoma. In the present series. gains of
chromosome 1113 were detected in multiple neuroblastoma

@) 11913

Centr €—

340 kb
H MYEOV

PE——
360 kb

6900 kb

CCND1

Fig 1.

cases.” Within this gain. a high-grade amplification was found
in a single case with Stage 4 disease (Case 22: Fig. la). The crit-
ical amplicon that had minimum overlapping amplification/gain
was found in a 340-kb region exclusively containing MYEOV.
located 360 kb upstream from the CCND/ locus'” (Fig. la).
l’u\'ious‘]\‘ MYEOQOV had been identified as a pumli\g transform-
ing gene based on the NIH/3T3 tumorigenicity Asm\ 9 and was
shown o be highly L\PlL\\Ld in a subsct of mullxpk myelomas
harboring t(11: 14) (ql,w.q 2).""" We further examined the expres-
sion patterns of MYEOV in a total of 45 neuroblastoma samples
using semi- quunlil'nivc RT-PCR analysis. in which 11 of 25 cell
lines (44%) and seven of 20 fresh twumors (35% ) showed higher
expression levels of MYEOV compared with the median expres-
sion level (MYEOV/f-actin signal intensity = 1.4; Fig. 1b).
Although most tumors exhibited increased expression of both
CCNDI and MYEOV. Case 22 showed high expression of
MYEQYV but not CCND/ (Fig. lc¢). Mutational analysis of the
coding region of MYEOV was also performed in 25 cell lines.
but no tumor-specific mutations were detected.

Homozygous deletion on 1p31 detected in neuro-
blastoma. Detection of homozygous deletions was also of inter-
est because they provide an important clue in pinpointing tumor
suppressor loci. In an allele-specific copy number analyzer for
GeneChip (CNAG) and allele-specific copy number analysis
using anonymous references (AsCNAR), homozygous deletions
could be identified as the loss of both parental alleles, even in
the presence of significant components of normal tissues.”” In
the present study. 70 homozygous deletions were identified at
50 independent loci in the neuroblastoma samples. Unfortu-
nately, we were not able to completely exclude the possibility
that some may represent copy number variations (CNV) rather
than real homozygous deletions. because paired DNA was avail-
able only in four primary neuroblastoma cases and many homo-
zygous deletions were found in established neuroblastoma cell

(b)

Gains and high-grade amplification on chromosome 11q13 in neuroblastoma. (a) A common 340-kb region having copy number (CN)

galns contains a single known gene, MYEOV. In addition, CCNDT is frequently contained in CN gains at 11q13, but mapped outside the
minimum region of common CN gains. Red bars, gains (3 < CN < 5); green bars, losses (CN = 1); light red bar (circled), high-grade amplification
(CN = 5). (b) Representative results of MYEOV expression in fresh tumors and cell lines (RNA from normal muscle was used as a control). (¢)
Expression of MYEOV and CCNDT in Cases 22 and 23 (RNA from normal muscle was used as a control). The expression of MYEQV in Case 22
tended to be higher than that in Case 23. tel, telomere; centr, centromere.
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lines. Complete loss of genetic material at eight loci was con-
firmed by genomic PCR (data not shown).

Of the 70 homozygous deletions identified, we focused on a
homozygous deletion involving a 370-kb region at 1p31 in NB-
19. This region contains a part of NEGR (exon 1 and a part of
intron 1), a unique candidate target gene, which was also dis-
rupted by a translocation in another cell line. namely SINB-6
(Fig. 2a.b). Because NEGRI encodes a member of the [gLON
family of cell adhesion molecule sand has been reported to be a
putative tumor suppressor gene in ovarian cancer.'” we exam-
ined its expression in neuroblastoma cases in the present study
to evaluate the clinical impact of NEGRI expression. As shown
in Figure 2(c), NEGRI expression was absent or very low in 10
of 25 (40%) cell lines. as determined by semi-quantitative RT-
PCR (Fig. 2¢). In quantitative RT-PCR analysis using fresh
twmor samples (20 fresh advanced-stage tumors and an addi-
tional 20 cases of carly stage tumors). the expression of the
NEGRI gene was significantly lower in advanced-stage tumors
compared with carly stage tumors (P = 0.0041: Fig. 2¢). Simi-
larly. the expression of the NEGRI gene was significantly lower
in patients who died compared with patients who survived
(P =0.018; Fig. S1). Mutation analysis was also performed in
neuroblastoma cell lines. but no tumor-specific mutations were
detected. Methylation analysis of the promoter region of NEGR]
using 10 neuroblastoma cell lines without NEGRI expression
did not reveal any tumor-specific methylation pattern in neuro-
blastoma cell lines or fresh neuroblastoma samples (data not
shown).

Functional analyses of MYEOV and NEGRT in neuroblastoma
cell lines. We further evaluated the oncogenic potential of
MYEOV using siRNA-mediated gene knockdown in the NB-19
cell line. which highly expresses MYEOV. As shown in Fig-
ure 3(a.b). When MYEOV expression was suppressed by siRNA,
NB-19 cells exhibited retarded growth compared with the
growth of control cells (P = 0.0027). indicating that MYEOV
positively regulates cell proliferation (Fig. 3a,b). Similar results
were obtained in CHP-134 and PF-SK-1 cells (Fig. S2). To
assess the tumor suppressor function of NEGR/ in neuroblas-
toma cells, we generated an NEGR1 expression vector that was
transiently transfected into NB-19 cells. in which NEGRI is
homozygously deleted. Expression of NEGR/ significantly sup-
pressed the proliferation of NB-19 cells compared with mock
transfection (P = 0.019; Fig. 3c.d). In addition. the NEGRI
expression vector was transiently transfected into SINB-7 and
PF-SK-1 cells, in which NEGR] expression is absent. Following
transfection into these cell lines. profound inhibition of cell pro-
liferation was observed for both SINB-7 and PF-SK-1 cells
expressing NEGR/ (Fig. S3).

Discussion

In the present study. we showed that MYEOV and NEGR] are
candidate gene targets of 11q13 gain and 1p31 deletion, respec-
tively. in a neuroblastoma subset. To our knowledge. this is the
first report to describe aberrations of MYEOV and NEGRI in
neuroblastoma.

L | L

Unfavorable Favorable
(P-value; Mann-Whitney U test)

Fig. 2. NEGRT as a candidate tumor suppressor gene in neuroblastoma. (a) Deletion mapping of 1p31.1 disclosed a homozygous deletion
spanning a 370-kb region in the NB-19 cell line, which contains part of NEGRT as the only structural gene. The NEGR1 gene is also disrupted in
intron 1 by the breakpoint of a segmental duplication at 1p31.1 in another neuroblastoma cell line (SJNB-6). For each panel, total copy numbers
(tCN; red dots), moving averages of tCN for five consecutive single nucleotide polymorphisms (SNP; blue line), an ideogram of the relevant
chromosome, the location of heterozygous SNP calls (green bars), and allele-specific copy numbers (AsCN) averaged for five consecutive SNP (red
and green lines for larger and smaller alleles, respectively) are plotted. Note that the CN are expressed in terms of “observed’ signal ratios
between tumor and reference samples, where the baseline is adjusted to 2 for tCN plots and to 1 for AsCN. (b) Summary of CN abnormalities of
1p31.1 in neuroblastoma. Red bars, gains (3 < CN < 5); green bars, losses (CN = 1); light green bar (circled), homozygous deletion (CN = 0). A
homozygous deletion detected in NB-19 and a chromosomal rearrangement detected in SINB-6 are indicated by the red arrows. The location of
NEGRT is shown by the blue line. (c) NEGRT expression in neuroblastoma. Top panel: representative result of NEGRT expression in
neuroblastoma cell lines showing frequently reduced expression levels in a subset of neuroblastoma cell lines. Bottom graph: expression of the
NEGRT gene as measured by quantitative PCR was significantly lower in tumors with an unfavorable outcome than in tumors with a favorable
outcome (P = 0.0041, Mann-Whitney U-test). tel, telomere; centr, centromere.
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Fig. 3. Effect of MYEQV inhibition by siRNA on cell growth and effect of NEGRT on cell growth in neuroblastoma cells. (a) Confirmation of
siRNA-mediated gene knockdown using semi-quantitative RT-PCR analysis. Following siRNA treatment, MYEOV mRNA was absent in treated
cells; however, abundant MYEOV expression was detected in wild-type and control cells. (b) Effect of MYEOV inhibition by siRNA transfected
into NB-19 cells on cell growth. Cell growth was impaired cell growth in siRNA-transfected cells compared with that of control cells (*P = 0.0027,
Kruskal-Wallis test). (c) Analysis (RT-PCR) of NB-19 cells transfected with the pME18S vector. Mock-transfected and wild-type cells were used as
controls. (d) The growth of cells transiently expressing NEGRT was impaired compared with that of mock-transfected and wild-type cells

(TP = 0.019, Kruskal-Wallis test).

Initially, MYEQV was reported as a gene that was possibly
co-overexpressed with CCND/ in some cases of multiple mye-
loma with 1((11:14)(q13:q32); later, it was shown to be co-ampli-
fied and co-overexpressed with CCND/ in a subset of
esophageal squamous cell carcingmas. breast cancers. gastric
cancers, and colorectal cancers.””' Although the major
genetic targets of these rearrangements and amplifications have
been shown to be CCND/. in some breast cancer cases the
11q13 amplicon exclusively contained MYEOV and not CCDN],
suggesting a CCDNI-independent oncogenic role for M YEOV'"
The oncogenic role of MYFOV has also been investigated in
functional studies, showing that in virro siRNA-mediated knock-
down of MYEOV resulted in inhibition of proliferation, invasion,
and migration of colorectal cancer cell lines. “ In our neuro-
blastoma cases, MYEOV was overexpressed in approximately
30% of primary neuroblastoma cases, with seven cases showing
gain/amplification of MYEOV. We also confirmed that MYEQOV
was the only gene found in the common gain/amplicon at
11913 and that proliferation of ncuroblastoma cell lines was
inhibited by siRNA-mediated MYEOV knockdown, supporting
an oncogenic role for MYEOV in some neuroblastoma cases.
Although several studies have revealed that MYEOV amplifica-
tion is associated with poor prognosis in muliiple my¢loma,
esophageal squamous cell carcinoma, and breast cancer, %2
the clinical impact of MYEQV gain/amplification or overexpres-
sion in neuroblastoma is unclear and requires further evaluation.

The NEGRI gene is a single gene found in one of the recur-
rent deletions at 1p31. Although the NEGR! locus is known as
one of the most common CNV rcgionsf”"’ we also identified a
neuroblastoma cell line in which NEGR1 was disrupted in by
gene rearrangement, supporting the fact that NEGRJ is one of
the target genes in neuroblastoma. In ovarian cancer, NEGR] is
a putative tumor suppressor gene encoding one of the IgLON
cell adhesion family members, namely OPCML, and it plays a
central role in the establishment and remodeling of the central
nervous system.'** Notably, OPCML has been shown to exhibit
{unctional characteristics of a tumor suppressor gene in epithe-

Takita et al.

lial ovarian cancer.”™™ In our analysis, expression of NEGR/
was substantially reduced in 43% of advanced-stage tumors
without 1p31 deletions/rearrangement. In addition, re-expres-
sion of NEGR] in the NB-19 cell line with homozygous deletion
of NEGRI, as well as in other neuroblastoma cell lines that did
not express NEGR/. resulted in the inhibition of cell growth,
suggesting that NEGR/ is a candidate tumor suppressor gene
in neuroblastoma and may have possible prognostic value.
Although expression of OPCML in ovarian cancers is sup-
pressed or reduced mainly through epigenetic mechanisms,”
tumor-specific methylation was not detected in neuroblastoma
cells in the present study. The mechanisms for the absence of
NEGR] in the tumors without homozygous deletion, mutation,
and methylation were not clear in the present study. We cannot
role out the possibility that mutations are harbored in the pro-
moter region of NEGR/ with consequent gene inactivation. Fur-
thermore, NEGRI was often heterozygously deleted, but not
mutated or methylated, in neuroblastoma; most deletions occur
in tumors at advanced stages, suggesting that NEGR has haplo-
insufficient effects on advanced disease in neuroblastoma.

In conclusion, the results of the present study suggest that
MYEOV at 11q13 and NEGR]I at 1p31 are functional gene tar-
gets in a subset of neuroblastoma. Further studies on both genes
will expand these pathways and provide insights into the pro-
gression of ncuroblastoma, as well as possibly enabling the
development of novel therapeutics based on targeting MYEOV
and NEGRI in neuroblastoma.
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of departure from Hardy-Weinberg equilibrium (P=0.06),
because the variant G allele is significantly more prevalent
among Whites than non-Whites with the allele frequency of
0.24 versus 0.073, respectively (P=0.0003). Still, the observed
associations retained significance in analyses restricted only to
Whites. The G allele was associated with better EFS and OS in
univariate analyses (P=0.0173 and 0.035, respectively, data
not shown) and in multivariable analyses (P=0.023 and 0.005,
respectively, data not shown).

We also observed that the variant A allele of FKBP5 SNP
rs7755289 (T>A; intron 8) was significantly associated with
worse EFS (P=0.014, hazard ratio= 3.193, 95% Cl = 1.258-8.104,
Figure 1c) and OS (P=0.0036, hazard ratio=4.846, 95%
Cl=1.68-14, Figure 1d). In addition, A allele was associated
with increased day 22 MRD (P=0.017), increased cumulative
incidence of relapse (P=0.045, hazard ratio=3.4, 95%
Cl=1.03-11.22) and an increased cumulative incidence of
treatment-related mortality (P=0.012, hazard ratio=5.57, 95%
Cl=1.44-21.47). However, as this SNP occurred with the allele
frequency of only ~0.2, the low sample size restricted us from
performing further analysis. Although the above mentioned
SNPs were the most interesting SNPs, we also observed
association of SNP rs16878591 (P=0.011) with day 22 MRD
levels and SNPs within LD block-2 with in vitro ara-C LCsq
values (P=0.03; Table 1).

In previous reports, FKBP5 expression has been shown to
positively influence response to cytarabine and gemcitabine.
More recently, FKBP5 has been identified as scaffolding
protein that facilitates PHLPP-mediated dephosphorylation of
AKT-Ser473, thus indicating that higher expression of FKBP5
might contribute to enhanced chemosensitivity.”>siRNA-
mediated FKBP5 knockdown increases the resistance to
cytarabine and other agents as etoposide, paclitaxel and
doxetaxel.'*™ Thus, FKBP5 SNPs may also be associated with
response to other agents used in combination with cytarabine in
AML patients. In conclusion, our preliminary results suggest that
the FKBP5 polymorphisms mentioned above may also be rele-
vant for AML treatment response. These results should be con-
firmed with functional studies and independent clinical studies.
Identification of pharmacogenetic markers of response, such as
FKBP5 SNP such as rs3798346, might help in further under-
standing inter-patient variation in response to chemotherapy.
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CBL mutation in childhood therapy-related leukemia

Leukemia (2011) 25, 1356-1358; doi:10.1038/leu.2011.75;
published online 15 April 2011

Therapy-related leukemia and myelodysplastic syndrome
(t-Leulk/MDS) are mainly caused by topoisomerase Il inhibitors that
cause acute myeloid leukemia (AML) with an 11¢23 translocation
or by alkylating agents that induce MDS/AML with an AMLT
mutation and monosomy 7."* Two types of t-Leuk/MDS can be
distinguished, one of which has a long latency (=5-7 years) and is

Leukemia

seen foHowmg alkylating agents, frequently with an preleukemic
phase." The other has a short latency period (1-3 years), no
preleukemic phase, and is strongly associated with the administra-
tion of topoisomerase Il inhibitors and chromosomal abnormalities
involving 11923 translocation/MLL rearrangement (MLL-R}.” Repair
of etoposide (VP-16)-stabilized DNA topoisomerase 1l covalent
complexes may initiate MLL-R observed in patients.®

In this regard, recent reports of somatic mutations of the CBL
proto-oncogene in myeloid neoplasms are intriguing, because
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Figure 1 Identification of acquired isodisomy of 11q and CBL
mutation in therapy-related leukemia. (@) Homozygous mutation of the
CBL gene was identified in patient 2. (b) Copy number (CN) analysis
for the gene chip output for therapy-related leukemia in patient 2.
Total CNs (red plot) are shown above the cytoband, and the result of
allele-specific CN analysis with anonymous references plots are
shown below the cytoband. Larger allele is presented in red line, and
smaller allele is presented in green line. Allele-specific analysis
showed 11g-aUPD (blue line), which contained CBL region (black
arrow).

these CBL mutations were shown to result in aberrant tyrosine
kinase signaling, which would lead also to activation of RAS
signaling pathways. We and others reported that CBL mutations
occurred in a variety of myeloid neoplasms, including de novo
AML,* MDS* and myeloproliferative neoplasm,®® especially in
chronic myelomonocytic leukemia® and juvenile myelomono-
cytic leukemia.® The importance of CBL mutations concerning
about leukemogenesis is substantially increased. This prompted
us to search for possible CBL mutations in pediatric t-Leuk/MDS.
Analysis of CBL gene was carried out in 20 pediatric t-Leuk/
MDSs, including 15 AMLs (range: 1 year and 10 months to 17
years; 8 males and 7 females), 4 MDSs (range: 7 years to 14
years; 4 males) and 1 acute lymphoblastic leukemia (4 years and
2 months; 1 male). Median age at diagnosis was 8 years and 1
months (range: 1 year and 10 months to 17 years; 13 males and
7 females). Rearrangements of MLL gene were found in 17
patients (85%), including 15 of 16 who received VP-16 (Sugita
et al”), and 2 of 4 who did not receive it. An initial diagnosis
was made as non-Hodgkin’s lymphoma in seven patients,
neuroblastoma in five, acute lymphoblastic leukemia in five,
AML in two and juvenile myelomonocytic leukemia in one.
Because CBL mutations thus far reported almost exclusively
involved exons 8-9 that encode linker/RING finger domains,*™
we confined our mutation analysis to these exons, in which
PCR-amplified exons 8-9 were subjected to direct sequencing
using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems,
Branchburg, NJ, USA). The study adhered to the principles of the
Helsinki declaration, and was conducted under the regulations
enacted by the Ethics Board of Gunma Children’s Medical Center.
Homozygous mutation of the CBL gene was identified in T out
of the 20 t-Leuk/MDS cases (5%), which were located in the
RING finger domain (P417R in patient 2). As the frequency of
11g-acquired uniparental disomy (11g-aUPD} was reported
~85-90% in CBL mutations,™® we analyzed his sample using
Affymetrix GeneChip 250K Nspl array (Affymetrix, Santa Clara,
CA, USA), and found the presence of 11g-aUPD, which was the
sole abnormality seen by single-nucleotide polymorphism array
(Figure 1), confirming a strong association of CBL mutations with
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11g-aUPD as previously described.”® Furthermore, we examined
NRAS and KRAS mutations in these patients whose samples
were available and found KRAS mutation in one patient with
t-Leuk (acute monocytic leukemia having t(9;11)(p21;923)
after B-cell precursor acute lymphoblastic leukemia having
6p—, 7+, 99+ and 12g-).

CBL mutation was detected in MDS cells from the patient with
t-MDS after malignant lymphoma. The patient was initially
diagnosed as having diffuse large T-cell type malignant
lymphoma, whose biopsied specimen of the buccal lymph
node showed MT1(+), MB1(—) and UCHL1(+), when he was
5 years old. He subsequently was treated with chemotherapy
according to T-8801 protocol including VP-16 (200 mg/m®)
given twice weekly,” and obtained a complete remission.
However, at 7 months after diagnosis, tumor appeared in the
right maxilla, and was diagnosed as the relapsed lymphoma,
then, he received local irradiation (30 Gy) and chemotherapy
including ifosfamide, vincristine, THP-adriamycin and L-aspar-
aginase. At 4 months later, enlarged spleen was resected, and
the infiltrated tumor cells were microscopically seen in the
tumor sections. At 6 months later, 19 months after initial
diagnosis, blast cells appeared in peripheral blood. His
laboratory data revealed leukocytosis (14 700/ul with 18% blast
cells) and an elevated serum lactate dehydrogenase level
(1458 U/l). Bone marrow aspiration revealed 9.8% blasts, which
were positive for cytoplasmic myeloperoxidase, suggesting
MDS. Surface marker analysis showed that the leukemic blasts
in the bone marrow were positive for CD33. Chromosomal
analysis of bone marrow cells revealed t(5;11)(g21;923) in 11 of
20 cells. Rearrangement of MLL gene of these cells was
identified by Southern blotting, however, no known chimeric
mRNA with MLL, such as MLL-AF5q31 and MLL-GRAF in
t(5;11)(g31;923), could be detected. These suggested that the
gene at 5g21 was a novel partner gene of MLL. Although
another chemotherapy for AML was performed, his blast cells
increased >30% blasts in bone marrow at 25 months after
initial diagnosis. Therefore, he was diagnosed as having t-Leuk
resembling acute monoblastic leukemia due to VP-16. He died
of mycotic infection at 35 months after initial diagnosis.

No CBL mutations were found in his lymphoma sample at
diagnosis and in tumor cells in the enlarged spleen. We also
performed tissue-fluorescence in situ hybridization analysis with
MLL probe on paraffin-embedded tissue sections of the tumor cells
in the enlarged spleen, however, no evaluable results could be
detected because of poor quality of samples. No initial samples for
tissue-fluorescence in situ hybridization analysis could be obtained.

The 11¢23 translocation/MLL-R in t-Leuk/MDS was consid-
ered to be induced by VP-16,> however, gene alterations in
addition to MLL-R have rarely reported. Recently, CBL muta-
tions were found in a variety of myeloid neoplasms.”® Among
2000 samples from the patients with myeloid neoplasms, CBL
mutations have been found in ~5% samples, including AML
transformed from MDS, but not de novo or therapy-related acute
leukemia with 1123 translocation/MLL-R. To our knowledge,
this is the first t-Leuk/MDS patient with 11g23 translocation/
MLL-R and CBL mutation. Interestingly, a de novo AML case
with MLL-CBL fusion gene has also been reported.® These
findings suggest that alterations of CBL gene and 11g23
translocation/MLL-R may cooperate in the pathogenesis of a
subtype of t-Leuk/MDS and de novo leukemia.
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Allogeneic hematopoietic stem cell transplantation (HSCT) with
a sibling donor is commonly used for treating hematologic
malignancies.! Although this procedure is frequently curative, a
proportion of the patients eventually suffers a relapse of the
original malignancy.! Leukemogenesis is associated with
acquired genetic aberrations caused by various mechanisms
including induction of double-stranded DNA breaks by DNA
toposiomerase 1l poisons followed by non-homologous end
joining, recombination between homologous sequences and
illegitimate V(D)) recombination.” It has been hypothesized that
neoplasia-associated breakpoints may correlate with the break-
points of meiotic events, that is, some parts of the genome are
more prone to both meiotic and somatic rearrangements;
however, this remains controversial >~

During the last five years, numerous studies have used single-
nucleotide polymorphism (SNP) array analysis to investigate
genetic abnormalities in hematologic malignancies, including
paired diagnostic and relapse samples.® To the best of our
knowledge, however, the particular scenario of a relapse
occurring after allogeneic HSCT with a sibling donor has not
been addressed with this technique. In such cases, the bone
marrow consists of a mixture of the patient-derived leukemic
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cells and the donor-derived normal hematopoietic cells,
displaying different degrees of chimerism depending on the
proportion of leukemic cells. In the present study, we have
investigated hematologic malignancies that relapsed after
allogeneic HSCT with a sibling donor, and we here provide
examples and discuss the particular properties of these samples
in terms of SNP array analysis. Furthermore, we have, for the
first time, investigated whether the breakpoints of acquired
leukemia-associated genetic abnormalities and meiotic recom-
bination events are correlated in a single individual genome.
The study included six cases of relapsed hematologic
malignancies after HSCT with a sibling donor, comprising one
acute myeloid leukemia MO, two acute myeloid leukemia M5,
two myelodysplastic syndromes and one chronic myeloid
leukemia. DNA was extracted according to standard methods
from bone marrow samples obtained at relapse. In addition, a
dilution series of a mixture of peripheral blood samples from two
unrelated healthy individuals was prepared in ratios of 1:9, 2:8,
3:7, 46 and 5:5. SNP array analysis was performed using
the Hllumina TM-duo bead Infinium BD BeadChip platform
(Hlumina, San Diego, CA, USA)} as previously described.”
Expected B-allele frequency (BAF) values for each combination
of genotypes in two mixed cell populations were calculated
using the formula BAFey,= [Bip+ Ba(1=p)l/[Lip+ La(1-p)],
where B is the number of B alleles in the respective cell
population, p is the frequency of cell population 1, and L is the
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IDHT and IDH2 mutations are rare in pediatric myeloid malignancies
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Recently, recurrent somatic missense mutations in NADP ™ -
dependent isocitrate dehydrogenase gene (IDHT) at codon
R132, as well as IDHZ2 at codon R172, have been identified in
low-grade gliomas/secondary glioblastoma by high-throughput
sequencing.' Subsequent studies also revealed that acquired
somatic mutations in [DHT frequently occurred in adult
hematological malignancies, such as acute mz/eloid leukemia
(AML) and myelodysplastic syndrome (MDS).>* More recently,
Paschka et al.*reported that not only IDHT but also IDH2
mutations occurred relatively frequently in adult AML, and that
these mutations were associated with older age, poor prognosis,
cytogenetically normal AML (CN-AML) and the genotype of
mutated NPM1 without FLT3-internal tandem duplication (ITD).
Exon 4 of both IDHT and IDH2, which was previously identified
as a hot spot for mutations in these genes, encodes three
arginine residues (R100, R109 and R132 in IDH1 and R140,
R149, and R172 in [IDH2) that are important for protein
activities.” Tumor-derived IDH1 and IDH2 mutations impair
the affinity of enzymes for substrates, and dominantly inhibit
wild-type IDHT and IDH?2 activities through the formation of
catalytically inactive heterodimers.® Ho et al® previously
reported that /IDH1 mutations are not detected in pediatric
AML; however, little is known about the incidence and
prognostic values of IDH1 and IDH2 mutations in pediatric
myeloid malignancies. Here, we analyzed mutations that
involve the activation sites of IDH1 and IDH2 (exon 4 and
exon 7 in both IDH1 and IDH2) using genomic DNA-
polymerase chain reaction amplification/sequencing in a total
of 199 samples of pediatric myeloid malignancies, including 17
AML-derived cell lines, 115 primary cases of AML, 28 primary
cases of MDS, 15 primary cases of juvenile myelomonocytic
leukemia (IMML), 6 chronic myeloid leukemia (CML)-derived
cell lines and 18 primary cases of CML. Moreover, to assess
whether IDHT and IDH2 mutations overlap with known gene
abnormalities, such as FLT3, c-KIT and NPM1 mutations,
mutational analyses of FLT3, c-KIT and NPM1 were also
performed in AML samples. This study was approved by the
ethics committee of the University of Tokyo (Approval Number
3043).

The common IDH2 R140Q mutation was detected in a single
AML case, whereas no IDHT mutation including G123E, as well
as no other IDH2 mutations, such as R172K, were detected in
our study (Figure 1). The IDH2 R140Q mutation detected in the
AML case was a heterozygous substitution. No IDHT and IDH2
mutations were detected in the JMML, MDS or CML samples
examined. As the additional activation sites of both IDHT and
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Figure 1 Sequence chromatogram of the IDH2 mutation detected in
a pediatric AML patient. A heterozygous mutation at R140 in exon 4 of
IDH2 is shown (top and bottom: forward and reverse sequencing
results, respectively). Mutated nucleotides are indicated by arrows.

IDH?2 are located in exon 7 of these genes, direct sequencing of
exon 7 of IDHT and IDH2 was also performed, but no mutations
were detected in our series. Six AML samples including one cell
line had ¢-KIT mutations (D816V, N822K and D419fs), and 12
AML samples had FLT3-ITD. The NPM1 mutation was detected
in 2 of 132 AML samples. The AML case harboring the IDH2
mutation, case 39, showed no abnormalities of NPM1, c-KIT
and FLT3. Case 39 was a 12-year-old boy diagnosed as AML-M2
according to the French-American-British cooperative group
classification system. Bone marrow blasts obtained at initial
diagnosis showed t(8;21)(q22;G22). After complete remission
was achieved by the ACMP (adriamycin, cytarabine,
6-mercaptopurine, prednisolone) two-step induction therapy,
the patient underwent consolidation therapy every 5 weeks, but
hematological relapse occurred 11 months after the initial
diagnosis. He was treated with low-dose cytarabine, but died 5
months after relapse with progressive disease. To assess the
genetic mechanisms involved in the pathogenesis of the disease
of this case, we further performed genome-wide copy number
analysis of bone marrow blasts obtained at initial diagnosis of
this case, using single-nucleotide polymorphism (SNP)-genotype
microarrays (Affymetrix GeneChip Mapping 250K Styl arrays,



Affymetrix, Inc., Santa Clara, CA, USA). As shown in Figure 2,
complex chromosomal abnormalities, such as heterozygous
deletions at chromosomes 7q11.2, 7q34-qter, 9q13-q21.33,
9922.33, 16923.1-q24.3 and 17q12qter, as well as gains of
4q24.3, 17q12-qter and 22q12.3-q13.33 were detected in
leukemic cells of this patient (Figure 2).

To our knowledge, this is the first report to describe the IDH2
mutation in a pediatric AML patient. In the present study, we
detected the IDH2 R140Q mutation in a single AML case out of
199 samples of pediatric myeloid malignancies, which suggests
that the involvement of IDHT and IDH2 mutations in the
pathogenesis of pediatric AML is extremely rare compared with
those in adult AML cases. Likewise, although IDH mutations are
frequently observed in adult brain tumors, they are not observed
in pediatric cases." Therefore, somatically acquired IDHT and
IDH2 mutations may be related to an acquired neoplastic
pathway exclusive to adult patients. Several groups have
reported that IDH1 and IDH2 mutations are significantly
associated with a normal karyotype in adult AML.*® However,
our patient with an /DH2 mutation had t(8;21) together with
complex chromosomal changes. Furthermore, a previously
reported genome-wide study of pediatric AML revealed that,
in contrast to our AML patients with IDH2 mutation, pediatric
de novo AML was characterized by a very low burden of
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genomic alterations.” These clinical and cytogenetic data
suggest that pediatric AML with (8;21) and IDH2 mutation
might be a specific subtype of AML with complex chromosomal
abnormalities and poor prognosis. Thus, our result has important
clinical and pathological implications regarding the role of
IDH2 mutations in the development of AML. t(8;21) is
considered as a distinct AML subtype associated with
characteristic morphology and a favorable prognosis.® Although
approximately 90% of AML patients with t(8;21) achieve
remission, relapse is frequent.® Once the disease relapses, the
prognosis is poor, with an overall survival of 50% at 5 years.?
Although the c-KIT mutation and FLT3-ITD are considered as
poor prognostic factors in AML patients with t(8;21), these
abnormalities occur in approximately 10% of AML patients with
t(8;21).” Notably, IDHT and IDH2 mutations constitute a poor
prognostic factor in CN-AML with mutated NPM1 without
FLT3-ITD, which allows refined risk stratification of this AML
subset.” Although treatment contents as well as clinical and
genetic backgrounds were some of the parameters influencing
the patient’s outcome, our findings suggest that the IDH2
mutation may also be related to an inferior outcome in pediatric
AML patients with t(8;21) even if they lack the ¢-KIT mutation
and FLT3-ITD. As IDH2 mutation with t(8;21) is an extremely
rare event and the prognostic values of IDH2 mutations in AML

Figure 2 The result of copy number analysis using SNP-genotyping microarrays. (a) The moving average of the total copy number plot is
presented. Each chromosome is indicated by different colors. Deletions in the regions at 7q, 9q, 16q and 17q, and gains in the region at 12q, 17q
and 22q are indicated by the red arrows. (b) Deletions of 7q, 9q, 16q and 17q, and gains of 12q, 17q and 22q. The total copy number plot from

each probe (red points) and the moving average (blue line) are shown above the cytobands. The results of the allele-specific analysis with CNAG/
AsCNAR are shown below the cytobands. The larger allele is presented in red, and the smaller allele is presented in green. The numbers located at

the left edge of each lane indicate a normal copy number (2 for total copy number analysis and 1 for allele-specific copy number analysis).
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with (8;21) are still unclear, further data accumulation is necessary.
Although uncommon in pediatric myeloid malignancies, IDH1
and IDH2 mutations, particularly [DH2 mutations, could
contribute to the advanced phenotype of AML. Our findings
provide additional impetus for investigating the role of IDH1
and IDH2 in the pathophysiology of errors of metabolism and
in neoplastic disorders.
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