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Neuroblastoma is one of the most common solid cancers among
children. Prognosis of advanced neuroblastoma is still poor despite
the recent advances in chemo/radiotherapies. In view of improving
the clinical outcome of advanced neuroblastoma, it is important
to identify the key molecules responsible for the pathogenesis
of neuroblastoma and to develop effective drugs that target these
molecules. Anaplastic lymphoma kinase (ALK) is a receptor tyro-
sine kinase, initially identified through the analysis of a specific
translocation associated with a rare subtype of non-Hodgkin's
lymphoma. Recently it was demonstrated that ALK is frequently
mutated in sporadic cases with advanced neuroblastoma. More-
over, germline mutations of ALK were shown to be responsible for
the majority of hereditary neuroblastoma. ALK mutants found in
neuroblastoma show constitutive active kinase activity and onco-
genic potentials. Inhibition of ALK in neuroblastoma cell lines
carrying amplified or mutated ALK alleles results in compromised
downstream signaling and cell growth, indicating potential roles
of small molecule ALK inhibitors in the therapeutics of neuro-
blastoma carrying mutated ALK kinases. (Cancer Sci 2011; 102:
302-308)

N curoblastoma is a malignant embryonal neoplasm arising
from developing neural crest tissues.”’ It commonly
affects younger children. where the median age of diagnosis is
17 months and approximately 90% of the patients are <4 years
old. In the United States, the incidence of neuroblastoma is esti-
mated to be one in 7000 births, although the incidence calcu-
lated from the mass screening program in Japan was as high as
29.80 cases per 100 000 births, which is significantly higher
than the estimation in the prescreening cohort (11.56 cases per
100 000 births).® It is the third most common cancer in child-
hood after leukemia dnd brain tumors, accounting for 7-11% of
all pediatric cancers.” The presentation and following clinical
courses of neuroblastoma are highly variable, ranging from a
solitary localized mass with no apparent clinical symptoms to
wxdely dlsscmmatcd diseases presenting with severe syslemxc
illness."”” While some tumors undergo spontancous regression
without therapy, approximately 60— 70% of high-risk neuroblas-
toma patients are rewstam to any therapies currently available
and succumb to death,*® even though a substantial improve-
ment in S-year survival rates has been obtained for a subset of
advanced tumors through the development of multlmodal
chemo/radiotherapies durmg the past several decades.” Thus.
one of the urgent problems in the current neuroblastoma treat-
ment would be to develop rational and effective therapeutic
strategies for the high-risk neuroblastoma cases based on their
molecular pathogenesis.

On the other hand, during the past three decades. little
advancement has been made in the understanding of neuroblas-
toma pathogenesis in terms of critical gene targets, except for
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the identification of frequent MYCN amplification.” Amplifica-
tion of the MYCN gene is found in approximately 20% of neuro-
blastoma, especially in advanced discases. and has been
consistently associated with poor prognosis. ; Although
MYCN amphﬁcanon is a critical genetic event in neuroblastoma
development,"'” it encodes a transcription factor and thus may
not be a plausible pharmacological target for therapeutics.
Recently, several groups independently discovered activating
mutations of the ALK gene in the majority of familial neuroblas-
toma and also in a subset of sporadic neuroblastoma cases.''' ¥
Given that the mutated ALK kinases are well-tractable targets
for small-molecule kinase inhibitors, the discovery draws atten-
tion in the field of neuroblastoma research. In this review. we
provide a brief overview of the role of ALK mutations in neuro-
blastoma pathogenesis and their implication in future therapeu-
tics.

Genetic analysis of familial neuroblastoma

One of the first clues to identifying the novel genetic target of
neuroblastoma was obtained from a linkage study of neuroblas-
toma-prone families. It was recognized that approximately
1-2% of newly diagnosed neuroblastoma cases occur within
families (familial/hereditary neuroblastoma). indicating the
exmeme of dominantly acting neuroblastoma susccpublhty
gene(s), > although previous linkage studies, in an attempt
to identify the susceptibility locus, failed to provide a 1cp10duc-
ible result due to the insufficient power of the studies.'?* >
Germline mutations of the paired-like homeobox 2B (PHOX2B)
gene at 4pl12 was reported to be responsible for neuroblastoma
predisposition, but they were mostly related to a rare form of
familial neuroblastoma associated with congenital central hypo-
ventilation syndrome ((‘CHSQ "md/or Hirschsprung disease.
with rare somatic mutations. ' Recently, researchers at the
Pennsylvania University analyzed 20 neuroblastoma pedigrees
for linkage using approximately 6000 genetic markers, and
mapped a candidate neuroblastoma susceptibility locus to the 2
region between rs18621106 and rs’()()Sﬁ?S which contains I()4
genes including MYCN and ALKV Through a resequencing
analysis of the ALK exons within the pedigrees they identified
germline mutations of the ALK gene in >90% of the pedigrees
that co-segregated with neuroblastoma development within the
families. clearly demonstrating that the germline ALK mutations
are responsible for the quscepubllny to the development 01
hereditary neuroblastoma in the majority of the cases.'’'?
Moreover, the subsequent analysis of ALK mutations in sporadic
neuroblastoma cases identified a subset of sporadic neuroblas-
toma cases carrying acquired/germline mutations of AL K which
was also reported independently by other groups. e
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Genome-wide copy number scanning of neuroblastoma

These groups conducted genome-wide copy number analyses of
neuroblastoma using comparative genomic hybridization (CGH)
arrays' single  nucleotide  polymorphism  (SNP)
arrays. With thousands to half-a-million genetic
probes, both platforms enabled high-throughput detecuon of
subtle genetic changes occurring in tumor genomes.'***” Neu-
roblastoma genomes show characteristic copy number changes
that involve large chromosomal segments. including gains of
17q, 1q, 2p and 11p. and losses of Ip. ?p and llq, which, like
other human cancers, COHCL[IVCly comprise a unique genomic
profile of neuroblastoma."'''* High-level amphﬁcatxons
which usually involve discrete chromosomal regions <1 Mb in
length, occurred in approximately 30% of neuroblastoma cases.
Approximately 90% of the high-level amplifications in neuro-
blastoma were centered on the MYCN locus at 2p24, whereas
other amplicons rarely mutually overlapped. except for the
amplifications at _ 23, which exclusively involved the ALK
locus in common>14*% (Fig. 1),

High-level ampliﬁuuion of the ALK gene and aberrantly acti-
vated ALK signaling in neuroblastoma was first described by
Osajima-Hakomori er al.*" in two neuroblastoma-derived cell
lines and a single case of primary neuroblastoma. The genome-
wide copy number studies confirmed their finding, in which the
hequency of ALK 'lmphhcanons g reported to occur in 3-5% of
primary neuroblastoma cases." Subsequent resequencing
studies of ALK coding exons disclosed non-synonymous nucleo-
tide substitutions of ALK in a subset of sporadic neuroblastoma
cases and also of neuroblastoma-derived cell lines with mutation
rates of approximately 6-11% and approximately 30%. respec-
tively. Amplified ALK alleles, as a rule, did not harbor additional
mutations. although in rare cases mutated ALK alleles were
amplified.

or
(11,14.27.28)

Genetic abnormalities of the ALK gene in human cancers

ALK was initially isolated as a partner of the fusion gene gener-
ated by 1(2;5)(q23:q35) translocation, which is characteristic of

2p24

Fig. 1. Copy number gains and high-level
amplifications in the short arm of chromosome 2 in
neuroblastoma. Each horizontal line indicates a
region showing a simple copy number (CN) gain

anaplastic large cell lymphonm (ALCL), a rare subtype of non-
Hodgkin’s lymphoma 3233 ALK encodes an orphan receptor
tyrosine kinase with an apparent molecular mass of 220 kDa.
Jelly belly,”* and pleiotrophin® and midkine™® have been
postulated as putative ALK ligands in Drosophila and mamma-
lians, respectively, but a dispute about the authentic ligands of
ALK still remains. ALK has an extracellular domain that is
highly similar to LTK and. together with IGF-1R and c-Ros kin-
ases, be]onas to the insulin family of proteins.”*”’ Expression of
ALK is ]argely restricted to neural tissues and is most abundant
in the nconatal brain and, to a lesser extent, in the adult
brain."**" In the developing brain, the highest expression was
found in the thalamus, mid-brain, olf"(ml(ny bulb and selected
parts of cranial and dorsal ganglia. "It is of pmlulhr note
that high frequencies of ALK cxpresmon were reported in pn-
mary neuroblastoma specimens (22 out of 24 samples) and in
other tumor cell lines derived from neuroectdermal tumors
including neuroblastoma (13 out of 29 cell lines).**’ These
expression patterns of ALK suggest its primary role in normal
neural development as well as the pathogenesis of neuroblas-
toma, although ALK-deficient mice seem to show apparently
normal develop.' B

In 1(2:5)(q23:q35) translocation. the carbonyl terminal of
ALK that contains a kinase domain is fused with nucleophosmin
(NPM). generating NPM/ALK fusion protein. ALK was also
shown to participate in the generanon of dltferem fusion genes
with a variety of Pdrmer genes in ALCL, "7 inflammatory
fibroblastic__tumor, 52" squamous cell carcinoma of the
esophagus™ and non-small-cell lung cancers (NSCLC).**3%
In NSCLC, ALK was reported to be fused with EMLA to gener-
ate EMLA4-ALK fusion protein as a result of inv(2)(p21p23),
which is found in 6% of the NSCLC cases"™’ (F}g 2).

These ALK-containing fusion proteins invariably show con-
stitutive kinase activity and transform NIH3T3 cells and/or con-
fer growth factor independence to 32D and/or Ba/F3 cells.*¢>%
When bone marrow cells were 1enowmlly transduced with
NPM-ALK and transplanted into mice. they developed B-cell
lymphoma within 4 months.®®’ The critical role of ALK fusion
proteins in neoplastic evolution has been further demonstrated

2p23

(CN < 5; thick red) and high-level amplification MYCN !

(CN > 5; thin red) in each case. The majority of

high-level amplifications involved the MYCN locus ) ALK

at 2p24, while the other group of amplicons is T L i i
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Fig. 2. Aberrant activation of ALK in human cancers. (a) Ligand-dependent physiological activation of wild-type ALK. (b) Fusion ALK kinases
found in anaplastic large cell lymphoma (ALCL) and non-small-cell lung cancer (Lung Ca), such as NPM-ALK and EML4-ALK, self-dimerize
through their N-terminal domains derived from fusion partners, leading to their transphosphorylation and constitutive activation of the kinase.
In a subset of neuroblastoma, aberrant activation of ALK occurs by gene amplification (c) or somatic/germline mutations (d). Activated ALK
transmits constitutive signals through downstream pathways, which is thought to be important for tumorigenesis. IMT indicates inflammatory

myofibroblastic tumor.

using transgenic mouse models with ALK fusion genes: mice
carrying NPM-ALK or EML4-ALK transgenes under Vav or
CDA4, or surfactant protein C promoter develop aggressive
lymphoma or adenocarcinoma of the lung, 1'espccti\r'cly.°0’()”
The aberrant kinase activity of these ALK-fusion proteins is
thought to be caused by transphosphorylation upon self-dimer-
ization through their N-terminal domain derived from the
fusion partners. Mutations or deletions of the dimerization
domain of NPM-ALK and EML4-ALK result in loss of the
transforming capacity of the fusion kinases.””>" The constitu-
tive active fusion kinases transmit signals through activation of
a variety of signal transducers, including PLCy, PI3K/AKT,
STAT3 and RAS.* "

In neuroblastoma, on the other hand, aberrant activation of
ALK kinase is caused by gene ampliﬁcalion“l’ or muta-
tions."" ' Thus, ALK represents a unique type of oncogenic
kinase. in that it is deregulated either by gene fusions, or
by gene amplification or mutations, depending on the tumor
type.

Biological consequences of ALK mutations

Most reported ALK mutations occurred within the kinase
domain, in which three highly conserved amino acid positions.
F1174, F1245 and R1275, were predominantly affected, sug-
gesting their functional importance for the regulation of kinase
aclivily‘” - (Figs 3,4). The F1174 residue is located at the
end of the Cal helix and corresponds to equivalent positions
mutated in EGFR (V769) and ERBB2 (V769), while the
F1245 lies in the catalytic domain and corresponds to the
L833 residue of EGFR, a mutation of which is reported to be
associated with gefitinib resistance in lung cancer (Fig. 5)."”
The R1275 position lies within the activation loop and is
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invariably changed to glutamine, and amino acid substitution
at this position to a positively charged one would displace the
loop to positions that permit zmlo};»h()sphorylnlion and autoacti-
vation of the kinase (Fig. 5).“’8'6 ' However, the distributions
of these mutations were different between sporadic cases and
familial cases; R1275 mutations are commonly found in both
sporadic and familial cases. while no germline mutations involv-
ing the F1174 or F1245 position have been 1'ep0ned.”"m
Because not all mutant ALK carriers develop neuroblastoma
(i.e. incomplete penetrance), a germline ALK mutation is not
fully oncogenic and additional genetic events are thought to
be required for neuroblastoma development. ALK mutations
tend to be associated with advanced diseases and also with
MYCN amplification in sporadic neuroblastoma cases.
although the trend was not clear for germline ALK muta-
tions." '

When expressed in NIH3T3 cells, the predominant kinase
domain mutant (F1174L) and a juxtamembrane mutant
(K1062M) are shown to have transforming capacity; mutant-
transduced cells display increased colony formation in soft
agar and tumor generation in nude mice, whereas the mutant
kinases show increased autophosphorylation and in vitro
kinase activity compared with wild-type ALK."* In addition,
when introduced into an IL-3-dependent cell line, BaF3, the
two major kinase domain mutants (F1174L and R1275Q), ren-
der the cell line independent of IL-3.'¥ Expression of the
F1174L mutant in NIH3T3 and Ba/F3 cells leads to constitu-
tive activation of the downstream signaling pathways of the
ALK kinase, as demonstrated by increased levels of phosphor-
ylated ERK1/2, STAT3 and AKT."*' These functional and
biochemical studies together indicate that these ALK mutants
are actually oncogenic and could be responsible for the patho-
genesis of neuroblastoma.
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Fig. 3. Frequency and distribution of ALK mutations reported in familial and sporadic cases of neuroblastoma."" %27 |ocations of somatic and
germline mutations of ALK in each case or family are depicted by filled and open arrows, respectively. The exact positions and amino acids
involved are indicated on the top, where the number of reported mutations is indicated in parenthesis.

Fig. 4. Alignment of amino acids of ALK among different species.
Conserved amino-acids among different insulin receptor family
kinases are shown by gray boxes and the mutated positions are
shown in red.

Effects of ALK inhibition on ALK fusion kinases

The critical role of ALK mutations in neuroblastoma develop-
ment is further supported by the experiments using inhibition of
mutant ALK. Tumor suppressive effects of ALK inhibition have
been well documented in NPM-ALK-positive ALCL and
EML4-ALK-positive NSCLC. NVP-TAE684 is a highly potent
and selective small molecule ALK inhibitor. which blocks the
growth of ALCL-derived cell lines with very low ICsq values
between 2 and 10 nM.”” NVP-TAE684 treatment of ALCL-
derived cell lines induces rapid and sustained inhibition of
phosphorylation of NPM-ALK and its downstream signaling,
leading to cell cycle arrest and apoptosis. " NVP-TAE684 also
induces varying degrees of growth suppression in EML4-ALK-
bearing lung cancer cell lines, including NCI-H3112, NCI-
H2228 and DFCI032.77" PF-2341066 was another compound.
which was initially identified as an orally available c-Met inhibi-
tor in biochemical enzymatic screens, but was_subsequently
found to show selective inhibition of ALK."="* It is highly
selective for both ALK and c-Met kinases, being almost 20-fold
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Activation loop

Fig. 5. A 3-D structure of the kinase domain of ALK kinase predicted
from that solved for IGF-1R, where the positions of three major
mutations are indicated by light blue spheres. Activation and catalytic
loops are depicted by red and pink wires.

selective for ALK and c-Met compared with 120 other kina-
ses.”* PF-2341066 inhibited cell growth of NPM-ALK-posi-
tive ALCL-derived cell lines, as well as EML4-ALK-positive
NSCLC-derived cell lines with decreased downstream signaling
pathways, although their ICsq values were significantly higher
than those of NVP-TAE684.717% Recently. Soda et al. gener-
ated transgenic mice, in which the EML4-ALK-transgene was
selectively expressed in the developing lung under the surfac-
tant protein C promoter.'®’’ All mice developed multiple lung
adenocarcinomas soon after birth, which were successfully
treated with a 2.4-pyrimidinediamine derivative that specifically
inhibits ALK kinase.®” These observations strongly support
that aberrant ALK activity of ALK-fusion proteins is central to
the development of ALCL and NSCLC.
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Effects of ALK inhibition on ALK-mutated neuroblastoma
cell lines

In neuroblastoma, the predominant mechanism of ALK activa-
tion should be some conformational change caused by a point
mutation typically involving the kinase domain, which poten-
tially affects the kinetics of ALK inhibitors on the mutated
kinase. However, as long as major ALK mutants are concerned,
their kinase activity seems to be successfully inhibited by the
currently available ALK inhibitors. Ba/F3 cells transduced with
the F1174L or R1275Q ALK mutant were effectively killed by
NVP-TAEG684 or PF-2341066, whereas the cells transduced
with a constitutive active FLT3 mutant or wild-type ALK were
not." Thus, both compounds specifically inhibit the kinase
activity of these ALK mutants, although the inhibition is more
efficient for F1174F than for R1275Q. In fact, many, if not all,
neuroblastoma cell lines carrying mutated or amplified ALK
alleles are shown to be sensitive to these ALK inhibitors ! #1371
Interestingly, the sensitivity of some newroblastoma cell lines to
small molecule ALK inhibitors was recognized prior to the dis-
covery of ALK mutations in neuroblastoma. McDermott er al.
tested more than 600 cancer cell lines for their sensitivity to
NVP-TAE684 and/or PF-2341066 and found that neuroblas-
toma cell lines, as well as cell lines derived from ALCL and
lung cancer, frequently show sensitivity to these inhibitors."”"
The dependence of ALK-mutated neuroblastoma to ALK inhibi-
tion is further confirmed by ALK knockdown experiments;
shRNA-mediated knockdown of ALK in ALK-mutated neuro-
blastoma cell lines results in the suppression of cell growth,
indicating that the major effect of ALK inhibitors on ALK-
mutated neuroblastoma cell lines are mediated by their activity
on ALK rather than off-target effects on other kinases.

As mentioned above, the sensitivity of ALK-mutated neuro-
blastoma cell lines to ALK inhibitors seems to substantially
differ among cell lines, depending on the type of ALK muta-
tions. The F1174L mutant secems to be more sensitive to
NVP-TAE684 than the RI1275Q mutant'’® Some ALK-
mutated cell lines were resistant to ALK inhibition: SMS-
KCNR harbors the R1275Q mutation, but was not killed by
NVP-TAE684 or shRNA, indicating that this cell line acquired
some additional mutations, escaping from its dependence on
ALK signaling.

Concluding remarks

Genetic analyses of neuroblastoma have revealed that aberrant
activation of ALK kinase in human cancer is not only caused by
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Distinct Impact of Imatinib on Growth at Prepubertal and Pubertal Ages of
Children with Chronic Myeloid Leukemia

Haruko Shima, MD, PhD, Mika Tokuyama, MD, Akihiko Tanizawa, MD, PhD, Chikako Tono, MD, Kazuko Hamamoto, MD,
Hideki Muramatsu, MD, PhD, Akihiro Watanabe, MD, Noriko Hotta, MD, Masaki Ito, MD, PhD, Hidemitsu Kurosawa, MD, PhD,
Koji Kato, MD, PhD, Masahito Tsurusawa, MD, PhD, Keizo Horibe, MD, PhD, and Hiroyuki Shimada, MD, PhD

Objective To determine the extent of growth impairment resulting from imatinib treatment in children with chronic
myeloid leukemia (CML).

Study design Clinical records of 48 chronic-phase CML children administered imatinib as the first-line therapy
between 2001 and 2006 were analyzed retrospectively. Cumulative change in height was assessed using the height
height-SDS and converted height data from age- and sex-adjusted Japanese norms.

Results A decrease in height-SDS was observed in 72.9% of children, with a median maximum reduction in
height-SDS of 0.61 during imatinib treatment. Median follow-up time was 34 months (range, 10-88 months).
Growth impairment was seen predominantly in children who started imatinib at a prepubertal age compared
with those who started at pubertal age. Growth velocity tended to recuperate in prepubertal children with
growth impairment, as they reached pubertal age, suggesting that imatinib had little impact on growth during
puberty.

Conclusions Growth impairment was a major adverse effect of long-term imatinib treatment in children with
CML. We report the distinct inhibitory effect of imatinib on growth in prepubertal and pubertal children with
CML. We should be aware of growth deceleration in children, especially in young children given imatinib before
puberty and subjected to prolonged exposure. (J Pediatr 2011;159:676-81).

ince the introduction of imatinib, the treatment of chronic myeloid leukemia (CML) has changed from cure by al-

logeneic stem cell transplantation to maintenance of the best achievable treatment response (hematologic, cytoge-

netic, and molecular responses). Various side effects, including nausea, vomiting, diarrhea, skin rash, edema,
elevated liver enzyme values, and cytopenia, are known to be common during imatinib treatment, but generally are
mild to moderate.' However, the long-term side effects of imatinib therapy remain unknown, and its effects on growth
are a major concern when treating children. Growth deceleration has been reported in 3 children as well as in a cohort
given imatinib.”” The present study was conducted to evaluate the effect of imatinib on growth in children and adolescents
with CML.

. .. . . From the Department of Pediatrics, Keio University
In Japan, imatinib was approved and became available for treatment of CML in

School of Medicine, Tokyo, Japan (H. Shima, H.
Shimada); Molecular Oncology Division, National Cancer

December 2001. The Japanese Pediatric Leukemia/Lymphoma Study Group’s
CML Committee reviewed records of 99 Japanese children under age 18 years di-
agnosed with chronic-phase CML between 2001 and 2006. Among these chil-
dren, 76 who received imatinib as first-line therapy were eligible for the study.
Concurrent hydroxyurea administration was permitted. Exclusion criteria were
as follows: (1) reached final height at the time of diagnosis (n = 3); (2) afflicted
by a chronic disease (eg, schistorrhachis) or on any treatment that could affect
growth (n = 4); and (3) a follow-up period of <10 months while receiving ima-
tinib (n = 21). Forty-eight children (21 girls, 27 boys) met these criteria and were
enrolled in the study. The study design was approved by the Keio University
School of Medicine’s Ethics Committee.

BSA Body surface area

CML Chronic myeloid leukemia
GH Growth hormone

PDGF Platelet-derived growth factor
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Height-Growth Evaluation

As part of the medical examination, height was measured by
experienced medical workers at the start of imatinib treat-
ment and at follow-up visits. Height data were converted to
numbers with SDs using age- and sex-adjusted Japanese
norms to give SDSs. Growth while on imatinib therapy was
assessed using cumulative change in height-SDS (ASDS)
from the start of imatinib treatment to the annual follow-
up time points. Minimum height-ASDS was determined as
the lowest value of annually calculated height-ASDS in
each patient. Average dose of imatinib d,,, (mg/mz) for an
individual during the administration period (i) from 1
through n during I-year treatment was calculated using the
following formulas:

1 ‘
Y T pp— —1BSA d
=th] lnAlﬁBSA:Z_ll -]’ anddm,e=
Zi:lmt BSA

j=1"%

(S|

’

where d is the dose of imatinib, »1 is the number of days
of imatinib administration, and BSA is body surface area
(BSA). BSA in the jth year (BSA;) was calculated from
data obtained at the observation time point closest to
the jth full-year point within 6 months. The value of k;
is 1 if BSA; is available at the jth year and 0 otherwise.
The data after reaching final height were censored for 2
patients. The final height was defined as the maximum
height measured when height increase velocity slowed to
<1 cm per year. In this study, age threshold equivalent
to the onset of puberty was defined as 9 years for girls
and 11 years for boys, as generally agreed upon by pedia-
tricians.

Statistical Analyses

Statistical differences in height-SDS between 2 time points—
at the commencement of imatinib treatment and at final fol-
low up—within the cohort were assessed using the Wilcoxon
signed-rank test. Statistical differences between the 2 sub-
groups classified according to minimum height-ASDS were
assessed using the Mann-Whitney U test. The statistical dif-
ferences among the 3 subgroups classified according to the
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average imatinib dose were evaluated using the Steel-Dwass
test. The statistical differences among all annually calculated
height-ASDS values during imatinib therapy in prepubertal
and pubertal children at the commencement of imatinib
treatment were assessed using the Tukey-Kramer honestly
significant difference test.

The median age at diagnosis was 9 years (range, 2-15 years).
The median average imatinib dose was 287 mg/m” (range,
161-543 mg/m’), and median follow-up was 34 months
(range, 10-88 months). The overall median height of the 48
children was nearly normal at the start of imatinib treatment
(median height-SDS, 0.01; range, —2.30 to 1.50), but was de-
creased significantly at the final measurement, with a median
height-SDS of —0.85 (range, —2.80 to 1.30) (P < .001, Wil-
coxon signed-rank test), indicating that imatinib adversely
affected growth (Figure 1, A and B). Height <—2 SD at the
last follow-up was observed in 6 children (12.5%),
excluding 1 child whose height was <—2 SD at the start of
imatinib treatment. A decrease in height-SDS of >0.5 SD
was observed in 25 children (52.1%), including 16 (33.3%)
with a decrease of >1 SD during imatinib treatment. The
median minimum annually calculated height-ASDS during
follow-up was —0.61 (range, —2.20 to 0.60) (Figure 1, C).

We next divided the study cohort according to their mini-
mum height-ASDS into 2 subgroups: <—0.5 (n = 25) and
=—0.5 (n = 23). Sex distribution, average imatinib dose, and
proportion of patients with hydroxyurea administration were
comparable between the 2 subgroups (Table). The greatest
significant difference observed between the 2 subgroups was
age at initiation of imatinib treatment. The proportion of
prepubertal children was significantly higher in the minimum
height-ASDS <—0.5 subgroup than in the =—0.5 subgroup.
In contrast, the =—0.5 subgroup consisted mainly of
children at pubertal age at the start of imatinib treatment.

To evaluate the relationship between administered imatinib
dose and growth impairment, we divided the cohort according
to the average administered dose for each individual and

(median value: -0.61)

-25 -20 -15

-10 -05 0 05 10
SD

05 1.0 1.5
SD

Figure 1. Change in height-SDS during imatinib treatment. Height-SDS is shown at A, the commencement of imatinib treatment
and B, at the last follow-up. C, Minimum height-ASDS during imatinib treatment. The median value is indicated above each plot.

n, number of patients.
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(Table. Patient characteristics W
Minimum height-ASDS
<-0.5 (n = 25) 2-0.5(n = 23) P value
Age at the commencement of imatinib
Median, years 7 12 <.001
Range, years 2-12 4-15
Prepubertal age, n g%)' 23(92.0) 4 (17.4) <.001
Pubertal age, n (%) 2(8.0 19 (82.6) <.001
Male sex, n (%) 14 (56.0) 13 (56.5) .9808
Duration of imatinib treatment, months, median (range)
Prepubertal age* 42 (19-88) 14 (10-22) .009
Pubertal age’ 41 (21-60) 26 (10-61) .406
Average imatinib dose, mg/m?
Median 293 282 272
Range 161-543 197-376
1 Hydroxyurea administration, n (%) 2(8.0) 3(13.0) ST
>

*Prepubertal age: males, <11 years; females, <9 years.
tPubertal age: males, =11 years; females, =9 years.

recommended pediatric doses for treating chronic-phase CML
(260-340 mg/m?) into 3 subgroups: <260 mg/m* (n = 17),
260-340 mg/m? (n = 19), and >340 mg/m? (n = 12). The me-
dian minimum height-ASDS of these 3 subgroups was —0.6
(median dose, 222 mg/mz), —0.48 (median dose, 293 mg/
m?), and —0.85 (median dose, 360 mg/mz), respectively, indi-
cating no significant difference among the 3 subgroups.

Representative growth charts of children at various ages at
the start of imatinib treatment are shown in Figure 2. Growth
impairment was particularly significant in children who were
prepubertal at the start of imatinib treatment (Figure 2, A
and B), and only mild growth impairment or no
impairment was seen in most of the children who were
pubertal at the start of imatinib treatment (Figure 2, C and
D). However, the prepubertal children with growth
impairment regained growth velocity as they reached
pubertal age (Figure 2, E-H).

Mariani et al’ reported a 9-year-old boy who demonstrated
impaired growth shortly after the start of imatinib treatment
but experienced catch-up growth with the onset of puberty.
Thus, to evaluate whether children at pubertal age evade growth
deceleration, we dichotomized the study cohort into 2
subgroups: children who started imatinib at prepubertal age
(n = 27) and those who did so at pubertal age (n = 21). In
the former group, height-ASDS began to decline during the
first year of imatinib treatment, resulting in significant deceler-
ation in growth. In the latter group, height-ASDS remained
steady through imatinib treatment, suggesting that imatinib
has little effect on growth in pubertal children (Figure 3).

Collectively, our data show a high frequency of growth im-
pairment and >0.5 SD of cumulative decrease in height-SDS
in children given imatinib for chronic-phase CML. This
growth impairment was seen predominantly in young chil-
dren who were started imatinib at prepubertal age.

Imatinib is now a major option as the first-line therapy for
childhood CML.” Thus, it is important for clinicians to be
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aware of its possible long-term effects. Imatinib inhibits sev-
eral tyrosine kinases, including c-abl, c-kit, c-fms, and
platelet-derived growth factor (PDGF) receptors.” '™ Sev-
eral studies in adults have suggested that inhibition of c-kit,
c-fms, and PDGF receptors results in modulation of bone
metabolism.'*""” Inhibition of osteoclasts and osteoblasts
may result in dysregulated bone remodeling.'"'*'” Three re-
cently published case reports indicated growth impairment as
an adverse effect of long-term imatinib treatment in chil-
dren.”” In addition, a French group reported a significant de-
crease in height-SDS in 22 children, with a median difference
of —0.37 (range, —1.09 to 0.14; P < .0001) during the first
year of imatinib treatment.” Although the impact of imatinib
on growth was noticeable in children in these previous stud-
ies, it has not yet been fully elucidated.

In our study of 48 children with chronic-phase CML, the
severity of growth impairment was related to age at the start
of imatinib treatment. Growth impairment was observed
predominantly in children at prepubertal age compared
with children at pubertal age. In children who started imati-
nib at prepubertal age, height-ASDS decreased during treat-
ment, and in most cases, more than 2 years of continuous
treatment was necessary to exhibit a reduction in height-
SDS of >0.5 SD (Figure 3). Although 4 children who
started imatinib at prepubertal age were included in the
height-ASDS  =-0.5 subgroup, these children were
receiving imatinib for <2 years (Table), possibly indicating
a high risk for developing severe growth impairment
thereafter. We compared the distinct impact of long-term
imatinib treatment on growth in prepubertal and pubertal
children with CML.

Because the average imatinib dose varied among patients
in our cohort, analysis was also performed according to the
administered dose of imatinib. Although not significant, chil-
dren exposed to imatinib doses >340 mg/m? showed a greater
decrease in height-SDS compared with those exposed to
lower doses, suggesting the need for further analysis to deter-
mine the correlation between imatinib dose and severity of
growth impairment.

Shima et al
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Figure 2. A and B, Representative height growth chart at the start of imatinib treatment of prepubertal children, and C and D,
pubertal children. Growth impairment was observed in children at prepubertal age, but imatinib had little affect on growth in
children at pubertal age. Impaired growth before puberty recovered as children reached pubertal age even during imatinib
treatment. Catch-up growth was observed at E and F, approximately 11 years for girls, and G and H, 13 years for boys.
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Figure 3. Height-ASDS during imatinib treatment of A, pre-
pubertal (girls < 9 years, boys < 11 years) or B, pubertal chil-
dren (girls = 9 years, boys = 11 years) in relation to age at the
start of treatment. Annual height-ASDS is determined by
subtracting height-SDS at each annual time point closest to
each full-year point within £6 months from the start of imatinib
treatment. *P <.05; **P <.01; **P < .001, Tukey-Kramer highly
significant difference test.

Two previous reports demonstrated a recovery in growth
velocity, one after discontinuation of imatinib treatment’
and another at the onset of puberty even during imatinib
treatment.” In our study, among 27 children who started im-
atinib at prepubertal age, 8 children were followed up over
the pubertal age range; catch-up growth occurred in 4 chil-
dren as they reached pubertal age, even during imatinib treat-
ment (Figure 2, E-H). Human growth is described by the
infancy-childhood-puberty growth model, and growth in
puberty is dependent on the synergism between sex
hormones and growth hormone (GH).'® In these 4
children, noticeable catch-up growth was observed at
approximately 11 years in girls (Figure 2, E and F) and 13
years in boys (Figure 2, G and H), consistent with the age
at onset of the pubertal growth spurt.'® These data support
the hypothesis that imatinib has little effect on growth of
children at pubertal age. Although more follow-up is
needed to determine whether this catch-up is complete or
incomplete, at least incomplete catch-up growth may be
expected in the remaining 4 boys, who were only 13 years
or younger at the last follow-up. Our study was performed
based on generally agreed-upon prepubertal and pubertal
ages, and more detailed studies are needed to determine
the relationship between pubertal development and growth
impairment.

Vandyke et al'” recently reported that the rapid accelera-
tion of growth plate closure resulting from the inhibition
of PDGF-f receptor signaling by imatinib caused rapid accel-
eration of growth plate closure. However, bone age detected
by wrist and hand X-rays showed no acceleration in other
studies,”” and the mechanism associated with the growth in-
hibitory effect of imatinib remains uncertain. A recent juve-
nile mouse model study indicated that long-term imatinib
treatment impaired the length growth of tubular bone pre-
dominantly in prepubertal animals.”’ Consistent with this
mouse model, growth impairment due to imatinib may be
mild during the age period when height growth is dependent
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on sex hormones. Thus, imatinib may have a negative effect
on GH or its functions. Indeed, Hobernicht et al*' recently
reported a case demonstrating iatrogenically induced GH de-
ficiency due to tyrosine kinase inhibitor therapy for CML.
However, performing a GH provocative test in all cohorts
proved to be challenging, and moreover, the follow-up pe-
riod was not of sufficient length for the majority of our co-
hort to allow determination of later effects on growth. To
clarify the potential growth impairment mechanism of
long-term imatinib treatment, further study with an ex-
tended follow-up period is needed to evaluate the growth re-
covery that likely would occur concomitantly with pubertal
maturation. Because impaired bone remodeling and GH de-
ficiency are caused by inhibition of tyrosine kinase, which is
not specific to imatinib,"*' careful monitoring of growth ve-
locity, as well as bone metabolic markers and serum insulin-
like growth factor 1, is recommended for children treated
with tyrosine kinase inhibitors. =
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Continuous and High-Dose Cytarabine Combined Chemotherapy in Children with
Down Syndrome and Acute Myeloid leukemia: Report from the Japanese Children’s
Cancer and Leukemia Study Group (JCCLSG) AML 9805 Down Study
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Masahiko Okada, mp, Jumch; Ueyama, mb,”

Asayuki Iwai, mp,"" Yutaka Saiwakawa, mp,’

akeshl Higa, mp,® Arata Watanabe, mp,? Hu'ok"tzu Kanegane mp, '’
% Kazuhiro Ko awa, Mp,”

* Junko Yamanaka, mp,"* and

Masahito Tsurusawa™'

Background. The aim of the JCCLSC AML 9805 Down study wasto
- evaluate the effect of continuous and high-dose cytarabine ¢ ombined
chemotherapy on the survival outcome of acute myeloid leukemia
- (AML) with Down syndrome (DS). Procedure. From May 1998 to
December 2006, DS patients with newly diagnosed AML were
enrolled. Remission induction therapy consisted of two courses of
pirarubicin, vincristing, and continuous-dose cytarabine (AVCTL
The patients who achieved complete remission (CR) after two courses
of AVCT were subsequently treated with mitoxantrone and continu-
ous-dose cytarabine (IMC), etoposide and high-dose cytarabine (EC)
and pirarubicin, vineristine, and continuous-dose cytarabine (AVC2),

Key words:

AML; Clinical trials; Down syndrome

Results. Twenty-four patients were enrolled. All patients were younger
than 4 years and diagnosed as having acute megakaryoblastic leuke-
mia. Twenty-one patients achieved CR. Three patients died during
remission induction therapy due Lo serious infection. No toxic deaths
were observed during remission. All but ene patient maintained CR
without serious complications. The 5-year overall and event-iree sur-
vivals were 87.5% = 6.8% and 83.1% = 7.7%, respectively.
Conclusions. Continuous and high-dose cytarabine combined chemo-
therapy with reduced intensity would be effective in DS children with
AML. Pediatr Blood Cancer 2011;57:36-40. © 2010 Wiley-Liss, Inc.

INTRODUCTION

Down syndrome (DS) is one of the most common chromosomal
abnormalities andisassociated with an increasedrisk of leukemia [ 1].
The clinical and biological features of acute mveloid leukemia
(AML) in DS children are quite different from those in children
without DS: vounger age. lower white blood cell count. and high
incidence of acute megakaryoblastic leukemia [2.3]. Before
the 1990s, most patients with AML with DS (AML-DS) received
suboptumal therapy. resulting in poor outcomes. In 1992 highrates of
event-free survival (EFSy with intensive AML treatment were
reported from the pediatric oncology group (POG) [4]. After recog-
nition of the favorable outcome of AML-DS patients veated with the
AML prowcol. recruitment to collaborative studies for AML-DS
patients increased. but it became apparent that weatment-
related toxicity was high in most series [5-7]. Since then. several
collaborative groups have adapted their AML protocols for AML-DS
by reducing the dosage of chemotherapeutic agents [6].

Wereportherein theresults of the Japanese Children’s Cancer and
Leukemia Study Group AML 9805 Down study, which evaluated
the feasibility, efficacy. and safety of conunuous and high-dose
cytarabine combined chemotherapy. which was adapted for DS
patients by reducing dose intensity.

PATIENTS AND METHODS
Patients

Between May 1998 and December 2006, 24 AML patients with
DS entered the Japanese Children's Cancer and Leukemia Study
Group AML 9805 Down study after informed consent was obtained.
Neonates with transient myeloproliferative disorder (TMD). defined
as appearance of myeloid blasts within the first months of life. and
those with spontancous remission were not included. All children
and adolescents less than 18 vears of age with no prior treatment
were cligible. The inital diagnosis of AML and its subtypes
was determined according to the FAB classification by institution
pathologists. with central review for most cases.
© 2010 Wiley-Liss, Inc.

DOI 10.1002/pbe.22943
Published online 30 December 2010 in Wiley Ounline Library
(wileyonlinelibrary.com).

Therapy

The scheme of reatment for the JCCLSG AML 9805 Down study
is shown in Table I. Remission induction therapy consisted of two
courses of AVC] (evarabine (Ara-C) 100 nw/m:/das« continuous
infusion on days 1-7. pirarubicin 25 mg/m” by (10 min infusion on
days 2. and 4. and vineristine (VCR) 0.7 mg/m” on day 7).

Patients who achieved completeremission (CR) aftertwao courses
of AVC1 were subsequently treated with MC (Ara-C 100 nw/m:/dav
continuous infusion on days 1-5 and mitoxantrone (MIT) 3.3 m<>/m
by 60 min infusion days 2—4). EC (high-dose Ara-C 1 g/m? every
12 hrondays 1-5. and etoposide 66 mg/m2 by 2 hinfusion on days
2-dyand AVC2 (Ara-C ]00 mc*/n';: /day continuous infusion on days
1-5. pirarubicin 35 mg/m” by 60 min infusion on day 2. and VCR
0.7 mg/mi on day 5).
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TABLE 1. Treatment Regimen of the JCCLSG AML9805 Down Study

Regimen Administration Duaily dose Days
[nduction
AVCI Cytarabine IV (24 Iy 100 mg/m” 1-7
Pirarubicin V(i 25 mg/m2 24
Vincristine v 0.7 mg/m2 7
Methotrexate IT Age-adjusted” 1
Cytarabine T Age-adjusted” 1.(5.10)
Hydrocortisone IT Age-adjusted” 1. (5. 10)°
Consolidation
MC Cytarabine IV (24 hy 100 mg/m2 1-5
Mitoxantrone IV{ihm 3.5 mg/m2 2-4
EC Cytarabine vam lgx2m’ -5
Etoposide IV2h 66 mg/m: 2.4
AVC2 Cytarabine V24 100 mg/m: 1-5
Pirarubicin IV 35 mg/m” 2
Vincristine v 0.7 mg/m2 5
Methotrexate IT Age-adjusted” i
Cytarabine 1T Age-adjusted” 1
Hydrocortisone T Age-adjusted” 1

Recommended interval of each cycle was 4 weeks. “The doses were adjusted according to patient’s age as follow

s younger than 1 year, methotrexate

(MTX) 5 mg. cytarabine (Ara-C} 10 mg, hydrocortisone (HDC) 10 mg: younger than 2 vears, MTX § mg. Ara-C 20 mg, HDC 15 mg: younger than
3years, MTX 10 mg. Ara-C 30 mg, HDC 20 mg: 3 vears and older. MTX 12 mg. Ara-C 40 mg. HDC 25 mg. "ForC NS-positive patients. The doses
were adjusted according to patient’s age as follows: younger than 1 year, cytarabine (Ara-C) 20 mg. hydrocortisone (HDC) 10 mg: younger than
2 years, Ara-C 30 mg. HDC 15 mg: yvounger than 3 years old, Ara-C 50 mg, HDC 20 mg: 3 years and older. Ara-C 70 mg. HDC 25 mg.

Prophylactic weatment for central nervous system (CNS) leuke-
mia was performed by intrathecal injection of Ara-C. methotrexate.
and hydrocortisone on the first day of AVC] and AVC2. An absolute
neutrophil count of more than 1.500/p L and a platelet count of more
than 75.000/pL. were the criteria for starting the first course of
consolidation therapy. and an absolute neutrophil count of more than
1.500/L. and a platelet count of more than 100,000/pl were the
criteria for starting the second course.

Definitions and Statistics

Evaluation of each treatment was performed on the 28th day.
Treatment response was defined as follows: CR, less than 5% blasts
in the bone marrow: partial remission (PR). less than 15% blasts; and no
response (NR), more than 15% blastsor progressive disease atother sites.

CNS involvement was diagnosed if more than 5 leukocytes/pl
were identified in the cerebrospinal fluid (CSF) in combination with
detectable leukemic cells in the cytospin and/or with neurological
symptoms (e.g., cranial nerve palsy).

EFS was caleulated from the date of the first day of chemotherapy
to last follow-up or to the first event {early death. resistant leukemia.
relapse. or death from any cause). The EFS time of patients with an
induction failure was calculated as zero. Toxicity was graded according
to the Common Terminology Criteria for Adverse Events version 3.

Univariate comparisons of the survival data were performedusing
the log-rank test. The Statistical Analysis Software (SAS) computer
program wasused for the analysis. Follow-up data were actualized as
of July 31. 2009.

RESULTS
Patient Characteristics

The relevant initial clinical and hematological data of the
24 patients in this study are shown in Table T1. Males predominated.

Pediatr Blood Cancer DOV 10.1002/pbe

and all patients were younger than 4 years (median age. 17 months).
The median white blood cell count was 6,500/l (range 500~
70.900/uL). All patients showed FAB M7 morphologically. No
patients had CNS involvement. One patient had an extramedullary
mass (skin) at initial diagnosis. Cytogenetic analysis of leukemic
blasts was available for 22 patients. Favorable cvtogenetics, such as
inv (16) and 1 (8: 21). were not observed. Six patients had normal
karyotypes with constitutional trisomy 21 only. The remainder had
complex karyotypes with aneuploidy and translocation. GATA]
mutation was confirmed only in one patient.

Sevenpatients had a history of TMD. No patients of them received
cytlarabine therapy. Nine patients had documented congenital heart
disease. Most patients had either surgically repaired defects or
asymptomatic atrial septal defect or ventricular septal defect with
normal function.

Overall Qutcome

Overall, 21 (87.5%) of 24 patients achieved first remission.
One patient relapsed with an isolated extramedullary mass after
cessation of chemotherapy. The patient has been in third remission
after chemotherapy. electron beam irradiation and cord blood cell
transplantation following reduced intensity conditioning. The other
20 patients remain in first CR. Estimated 5-year OS and EFS were
87.5% + 6.8% and 82.6% & 7.9%. respectively (Fig. 1). No
patients with secondary malignancy and severe cardiotoxicity were
observed. Median follow-up period for all patients was 75 (range. O~
131) months.

Treatment-Related Mortality

Three deaths occurred that were not related to leukemia during
induction therapy. Two of them occurred during the initial induction
therapy, and the other occurred during second induction therapy.
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TABLE II. Patients’ Characteristic in the JCCLSG AML 9805
Down Study (N = 24)

Characteristic No %
Age. months
Median 17
0-12 4 17
12-24 12 46
24-36 4 17
36-48 4 17
Sex
Male 19 79
Female 5 2}
History of TMD
Yes 7 29
No 13 54
Unknown -4 17
Hepatomegaly
Yes 10 42
No 12 50
Unknown 2 8
Splenomegaly
Yes 10 42
No 12 50
Unknown 2 g
WBC, = 1071
Median 6s e
Range 2.8-709 e
Hb. g/dL.
Median 8.1 e
Range 32118
Plt, %1071
Median 20 e
Range 3-139
Cytogenetics
Trisomy § 5 21
Monosomy 7 4 17
Additional 21 2 8

Toxic Events

The incidence of grade 3 or 4 toxicity during induction and cach
intensification phase of therapy is shown in Table II1. Three patients

died during remission-induction therapy. One death was atuributable
o intracranial hemorrhage with disseminated inuavascular
coagulation. and the others were due (o sepsis. The rate of induction
death was 12.5%. No toxic deaths were observed during remission.

Prognostic Factors

Extramedullary invasion at inital diagnosis was a significant
prognostic factor for S-year EFS on univariate analysis (P =
0.046). Other factors. including sex, initial age, initial WBC. history
of TMD. and chromosomal abnormality. were not significant.

DISCUSSION

The results of the JCCSLG AML 9805 Down study. which
was conducted to evaluate the efficacy and safety of continuous
and high-dose cytarabine combined chemotherapy with reduced
intensity for AML-DS patients were presented. All patients enrolled
in our study were younger than 4 yvears and had a phenotype of acute
megakarvoeytic leukemia (AMKL). which was consistent with
previous reports for AML-DS. The number of patients was limited.
but this regimen appears (o be highly effective because there were no
non-responders, and only one patient relapsed.

Contemporary clinical trials for AML-DS children are summar-
izedin Table IV [5-11]. Treaunent strategies for AML-DS are based
onreduced intensity for AML non-DS such as BFEM and our study, or
on a specifically designed strategy. such as the AT/DS study and the
AMLY9Y Down study in Japan [8.9]. The EFS of these studies.
including the present study, has been between 80% and 90%.

The key drugs for the weatment of AML-DS are anthracyclines.
cyiarabine, and etoposide: it was also confirmed by in vitro studies
that AMKL-DS blasts were significantly more sensitive to these
drugs than non-DS AML cells [12]. AMKL-DS blasts are especially
sensitiveto evtarabine. possibly tothe effect of the GATAT mutations
and trisomy 21 on the levels of cytarabine-metabolizing enzymes
{13}

In the BIFM 98 DS study. with a 3-year EFS of 89%. high-dose
cvtarabine (3 g/m:) was used as intensificaton [6]. The authors
reported that a high cure rate could be achieved in DS patients with
therapy prowocols including  high-dose cvtarabine. However,
they also mentioned that it should be confirmed whether a dosage
of 3 g/m2 of cytarabine is necessary because of it toxicity. In
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was 82.0%.
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Actuarial survival rate for the JCCLSG AML 9805 Down study. Of the 24 patients. 22 achieved CR. One patient relapsed. Two patients died
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TABLE II1. Severe Adverse Events in the JCCLSG AML9805 Down Study (Grade ITI-1V)

Adverse events  AVCI-1no. n = 24 (%) AVCl-2no. n = 22(%) MCuno. un=21(%) ECno u=21 (%) AVC2no. 1 = 21 (%)
ALT/AST 5 23 2 9 0 0 1 5 0 0
Gastrointestinal 9 4] 5 23 5 24 2 10 2 10
Renal 0 0 0 0 0 0 0 0 0 0
Cardiac 0 0 0 0 0 0 0 0 ¢l 0
Pulmonary 1 5 0 0 0 0 0 0 0 U
Neurology 0 0 0 0 0 0 0 0 0 0
Pain 1 5 I 5 0 0 0 0 1 5
Feverfinfection 142 64 9(hH 4] 11 52 15 71 7 33
Others 0 0 0 0 0 0 0 O ¢

Number of patients who died.

our JCCLSG AML9805 Down study. 1 g/m” of cytarabine with
ctoposide was used for intensification. Serious non-hematological
adverse effects. including infection. were not more frequent in this
phase than in the other phase of this study (Table III). The dosage of
1 g/m" used inthe present study may be sufficient for the reatment of
AML-DS.

In the Japanese trial AML 99 Down study, the 4-year EFS was
83%:. and treatment-related mortality was only 1.4%. which is much
lower than that of recent reports for AML-DS [9]. However. relapse
and induction failure were more frequent than in other reports with an
intensive regimen. The regimen consisted of simple repeating of
intermediate doses of pirarubicin and etoposide. so it is possible o
reduce the rate of relapse and resistant disease using continuous and
high-dose cytarabine combined chemotherapy. as in the JCCLSG
AMLI80S5 Down study.

As for other types of leukemia. risk-oriented therapy is proposed
if any prognostic factors are identified in AML-DS. In the CCG 2891
study, patients with AML-DS who were older than 2 years had an
increased risk of relapse [5]. However. in the BFM 98 DS study and in
the Japanese AML 99 Down study. there was no difference in out-
come between those 2 years or younger and those older than 2 years
[6.9]. The present study alsodid notidentify age older than 2 vearsasa
risk factor, because all 7 patients older than 2 years survived without
relapse after completing this protocol.

Forceytogenetic factors. monosomy 7 isknown tobe arisk factorin
children with AML [14.15]. In AML-DS, the presence of monosomy
7 adversely atfected the outcome in the previous two Japanese trials.
but not in the CCG 2891 study [5.8.9]. In the present study. four
patients were found to have monosomy 7. and they all maintained
remission.  Continuous and high-dose cytarabine combined

TABLE IV. Comparison of Recent Clinical Trials for AML-DS

chemotherapy mightaffectintensification, which negates risk factors
such as age and monosomy 7.

Itis important to note that onty one patient relapsed in the present
study. Moreover. the cumulative doses of anthracycline and etopo-
side in this JCCLSG AMLY805 Down study were lower than in other
recent reports with intensive regimens for AML-DS. No patients had
developed secondary cancer or cardiac insufficiency at the ume of
this analysis. The survival of DS patients has become longer. and it
would be more important to decrease the late toxicity by reducing the
cumulative doses of antileukemic drugs for AML-DS patients.

On the contrary. treatment-related mortality occurred in 3 of
24 patients (12.5%). which is more frequent than in other recent
reports with intensive regimens for AML-DS. All three patients died
from infection during the initial and second courses of this protocol.
We could not identify any risk factors for toxicity in these patients.
such as age or cardiac disease. compared with the patients who were
successfully treated by this protocol. Serious non-hematological
adverse effects. including infection, were more frequent during
the remission induction phase than during the intensification phase.
Induction therapy with combined continuous cytarabine might be
toxicfor AML-DS patients. although the inductionrate ishigh. Onthe
other hand. toxicity during the intensification phase including high-
dose cytarabine was tolerable.

On the basis of the results of the previous Japanese trials and the
present study. we have designed a risk-oriented therapy protocol for
our next wrial with AML-DS. Patients with M2, M3 marrow after
induction therapy by pirarubicin. intermediate-dose cytarabine, and
cloposide classified into a high-risk group will receivethe continuous
and high-dose cytarabine combined regimen of this JCCSLG
AMLY80S Down study.

Registry Daunorubicin Ara-C Etoposide TRM oS EFS
Study (year) N (mg/mzy (mg/m:) (mg/m:) (%) (%) (%)
BFMOS for DS 19982003 67 220240 23-29,000 950 5 91 89 (3y)
BFM93 NA 51 220-400 23,000 950 4 70 68 (3y)
NOPHO AML93 1988-2002 41 300 48,600 1,600 5 NA 85 (8y)
MRC AML10/12 1988--2002 46 670 10.600 NA 13 74 T4 (5y)
CCG 286172891 1989-1999 160 320 15.800 1,600 4 79 77 (6y)
POG 9421 1995--1999 57 100 20,700 — 0 NA 79 (3y)
AT/Down 19871997 33 100-400 4.200 2,700 9 NA 80 (8y)
AML99 DS 2000-2004 72 250 3,500 2.250 1 84 83 (4y)
JCCLSG 9805DS 1998--2006 24 190 12.600 200 125 88 83 (5y)

TRM, wreatment-related mortality: OS, overall survival: EFS, event-free survival: NA. not evaluated.

Pediarr Blood Cancer DOT 10.1002/phe
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Assessment of Late Cardiotoxicity of Pirarubicin (THP) in
Children With Acute Lymphoblastic Leukemia

Yasuto Shimomura, mp, Reizo Baba, mp, Arata Watanabe, mMp, Yasuo Horikoshi, mo, Keiko Asami, mp,
Nobuyuki Hyakuna, mp, Asayuki Iwai, mp, Takeshi Matsushita, mp, Kazutaka Yamaji, mp,
Toshinori Hori, and Masahito Tsurusawa, mp* for The Japanese Childhood Cancer and
Leukemia Study Group (JCCLSG)

Background. Pirarubicin (tetrahydropyranyl-adriamycin: THP) is
a derivative of doxorubicin with reportedly less cardiotoxicity in
adults. However no studies of cardiotoxicity in children treated with
THP have been reported. This study was performed to assess the
THP-induced cardiotoxicity for children with acute lymphoblastic
leukemia (ALL). Patients and Methods. This study comprised 61
asymptomatic patients aged from 7.6 to 25.7 years old. Median
follow-up time after completion of anthracycline treatment was
8.1 years (range: 1.7-12.5). The cumulative dose of THP ranged
from 120 to 740 mg/m® with a median of 180 mg/m?”. Patients
underwent electrocardiogram (ECG), echocardiography, the 6-min
walk test (6BMWT), and measurements of serum brain natriuretic
peptide (BNP) before and after exercise. Results. All subjects
showed normal left  ventricular  function assessed by

Key words:

BNP; cardiotoxicity; childhood ALL; pirarubicin

echocardiography. Ventricular premature contraction in Holter
ECG and reduced exercise tolerance in the 6MWT were detected
in 2/46 (3.3%) and 5/41(12.2%), respectively. Abnormal BNP levels
were detected in 6/60 (10%) both before and after exercise. The
cumulative dose of THP was significantly correlated with BNP
levels after exercise (r = 0.27, P = 0.03), but not with any other
cardiac measurements. Further analysis revealed that subjects with
a high cumulative dose 2300 mg/m” had significantly higher BNP
levels after exercise compared with subjects with a low cumulative
dose <300 mg/m? (P = 0.04). Conclusions. No significant cardiac
dysfunction was detected in long-term survivors who received THP
treatment. The use of post-exercise BNP level to indicate high
cardiotoxicity risk should be verified by further study. Pediatr Blood
Cancer 2011; 57:461-466. © 2011 Wiley-Liss, Inc.

INTRODUCTION

During the past 30 years, the use of anthracyclines (AC) for
the treatment of childhood cancers has significantly improved
survival outcomes [1.2]. However, the therapeutic potential of
these agents is limited by their cardiotoxicity: acute cardiotoxicity
occurs immediately after treatment, early-onset chronic cardiotox-
icity presents within 1 year after treatment. and late-onset chronic
cardiotoxicity appears after a prolonged asymptomatic period
with a latency of one or more years following AC therapy [3-5].

In children, late-onset cardiotoxicity is more common than
acule or early-onset toxicity [6-11]. In an effort to reduce overall
cardiotoxicity, various AC derivatives have been studied [5].
Pirarubicin (tetrahydropyranyl-adriamycin: THP) is a derivative
of doxorubicin (DOX) with reportedly low cardiotoxicity in adult
patients [12-20]. However, these reports were limited to acute
cardiotoxicity immediately after THP treatment, and there are no
available data of late-onset cardiotoxicity in both adult and child-
hood patients [21,22]. Since the 1990s, the Japanese Childhood
Cancer and Leukemia Study Group (JCCLSG) has employed THP
in the treatment of acute lymphoblastic leukemia (ALL) and non-
Hodgkin lymphomas, and recently, it reported long-term patient
outcomes, finding a very low incidence of congestive heart failure
among survivors [23-25]. This finding led to assessment of the
incidence of subclinical cardiac abnormalities among these survi-
vors, because many previous studies had shown a considerable
proportion of asymptomatic childhood cancer survivors who had
received AC therapy with possible abnormalities of cardiac func-
tion or myocardial biomarkers [26-31]. That is, the importance of
longer follow up has become apparent with the increasing num-
bers of asymptomatic cancer survivors at risk of cardiac dysfunc-
tion late in life.

In this study, THP-induced late cardiotoxicity was evaluated
for asymptomatic children who received THP therapy in three
consecutive JCCLSG studies (ALL911/ALL941/A11.2000). The
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results showed that THP-induced late cardiac dysfunction was not
detected in any subjects, but careful observation may be necessary
for subjects who show elevated biomarker levels following the
exercise test.

PATIENTS AND METHODS
Study Population

The 33 member institutes of the JCCLSG participated in three
consecutive ALL trials, and the total number of long-term survi-
vors was 825 (161 in ALL9II, 381 in ALL941, and 283 in
ALL2000). This study was performed on subjects from the 7 of
these hospitals which had follow-up systems for long-term survi-
vors with the collaboration of cardiologists. In each institute,
survivors who had clinical heart failure, as defined by the New
York Heart Association classification (NYHA, class III-IV) [32]
or cardiovascular disease were excluded. Prior written informed
consent was obtained from patients or legal guardians. Finally, 61
patients (9 in ALL911, 48 in ALL941. 4 in ALL2000) were
enrolled in this study (Table I). Since many survivors from
ALL911 (1991-1993) are now adults with no time to participate
the study, and those from ALL2000 (2000-2003) have had a very
short follow-up duration, 80% of patients consisted of survivors
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of this article.
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TABLE I. Characteristics of Patients

Sex-—male:female 30:31
Age at onset (years old) 57435
Age at evaluation (years old) 147 £ 3.5
Follow-up period (years) 72 +28
Treatment protocol
ALL 911 Total 9
LR 2
IR 3
HR 4
ALL 941 Total 48
LR 7
IR 21
HR 17
HHR 3
ALL 2000 Total 4
IR 1
HR 3

Total dose of THP (mg/mz)
Total dose of anthracyclins
converted to THP (ng/m?)

299 =+ 192 (120-740; 180)*
346 + 206 (135-812; 207)°

Data are expressed as mean + SD. HHR, high-high-risk; HR, high-
risk; IR, intermediate -risk; LR, low-risk. “The number of parenthesis
shows the range and median value.

from the ALL941 (1994-1999) study. Ages ranged from 7.6 to
25.7 years old with a median of 14.7, and the median follow-up
time after completion of AC therapy ranged from 1.7 to 12.5
years with a median of 8.1. Ten age-matched healthy controls
were also recruited (6 males and 4 females; mean age 13.8 +
2.4 years old). They had normal cardiac function and had not
received any treatment affecting the heart. kidneys, or fluid bal-
ance before the study.

Intralaboratory Exercise Testing

Master two-step intralaboratory testing with triple exercise
loads was performed on every subject. The electrocardiogram
(ECG) tracing was recorded before, immediately following, and
1 min after exercise. An abnormal ECG response was defined as a
horizontal or downsloping ST segment depression of 0.10 mV
(1 mm) for 80 msec [33].

Natriuretic Peptide

Blood samples for measuring brain natriuretic peptide (BNP)
before intralaboratory exercise testing were obtained during fast-
ing in the morning, and further samples were obtained after the
exercise test. 1.5 ml of blood was drawn into ice-chilled tubes
containing ethylene-diamine-tetraacetic acid while the subjects
were in a supine position. The blood was centrifuged at 4°C to
separate plasma, and stored below —20°C until analysis. Plasma
BNP concentrations were measured using chemiluminescent
enzyme immunoassay kits (Shionogi BNP: Shionogi & Co.,
Ltd., Osaka, Japan) [34].

Heart Rate Variability

Holter ambulatory ECG was recorded for every subject to
evaluate heart rate variability (HRV). The measurements of heart

Pediair Blood Cancer DOI 10.1002/pbc

rate adopted in the present study were standard deviation of NN
intervals (SDNN) and co-variance of NN intervals (CVNN).

Heart periods with arrhythmia were excluded from the HRV
analyses.

Echocardiography

Echocardiograms were recorded for each subject from the
parasternal and apical windows. Two-dimensionally guided M-
mode echocardiography was performed, and the measurements
were expressed as indices [35]. Variables of systolic functions
included: left ventricular diastolic dimension (LVDd). left ven-
tricular end-systolic dimension (LVDs), ejection fraction (EF)
defined as (LVDd3 — LVDs3)/LVDd3, and fractional shortening
(FS) defined as (LVDd — LVDs)/LVDd. FS < 28% and
EF < 54% were considered abnormal [36]. The end-diastolic
and end-systolic phases were defined as the beginning of the
QRS wave of the ECG tracing and the point at which the second
heart sound was recorded by the phonocardiogram, respectively.
The variable of diastolic function was the ratio between early (E)
and late or atrial (A) ventricular filling velocity (the E/A ratio)
[37,38] by a pulsed Doppler measurement. The sample volume
was placed between the mitral anulus and the leaflet tips where
the greatest velocities were found. Cardiac dysfunction was
defined by abnormal FS. and abnormalities of the other determi-
nations were used as confirmatory evidence.

The 6-Minute Walk Test

The 6-min walk test (6 MWT) was used to evaluate the func-
tional capacity of the subjects. The field test was performed on a
running track to measure the furthest distance a subject can walk.
Normal values according to age and sex were defined by Geiger
et al. [39].

Statistical Analyses

Regression analyses were used to study the correlation
between cumulative THP dose on one side and cardiac function
and biomarkers. The unpaired Student’s r-test was used for the
comparison of mean values. SPSS statistical analysis software
(SPSS 12.0 J, SPSS Japan Inc., Tokyo, Japan) was used for all
computations.

RESULTS

Cumulative dose of THP ranged from 120 to 740 mg/m” with
a median of 180 mg/mz. In addition to THP, subjects in ALL941
and ALL2000 received DOX. Thus, total cumulative doses of AC
(THP + DOX) ranged from 135 to 812 mg/m” with a median of
207 rng/rn2 (Table I). To calculate this, the DOX/THP ratio used
was 1:1.08 based on the molecular weight ratio.

The measurements of cardiac functions and the number of
abnormal subjects are listed in Table II. ECG at rest was normal
in all subjects. However, abnormal ST elevation on ECG was
found after laboratory exercise testing in one subject (1.6%).
The Holter recording was performed on 59 subjects, and abnormal
findings with supra-ventricular premature contraction were
detected in 2 (3.3%). These two did not show any other cardiac
abnormal measurements. Heart rate variability was normal in all



