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were defined as EVI7, as described in a previous study.”
EVI1 was present in 18 patients (36%). EVIY expression
levels i different MLL translocation parmers relative to
that in SKOV3 cells are shown in Ounline Supplementary
Figure 51, The clinical features of EVI1 and EVIY patients
are summuarized in Table 1. EVi7" patients were significant-
ly older (P=0.08) and had a higher WBC count (P=0.01) at
the time of diagnosis than EVI7 patients. Most of the AJLL-
rearranged AML cases were classified as FAB-MS or FAB-
M4, Specifically, most EVIT patients (84%) presented with
FAB-M3S morphology, which was less fequent in EVif-
patients {22%,), consistent with the findings of a previous
study.” BV was not correlated with sex or MEL wranslo-
cation pariners, The frequency of FLT3-ITI) was signifi-
cantly higher in £VIi7° patients (P=0.04). We also analyzed
CEBPA and NPAT mutations, which are established favor
able prognostic factors; however, none of the patients har
bored these mutations, except for one EVIY patient harbor-
ing double CEBPA mutations.

Next, clinical outcomes were compared between EVI
patients and EVI4 patients (Pigure 1), In the ALL-
rearranged AML cohort (n=50), EVI4- patients had a signif-
icantly worse EFS than EVIY patients (P<0.0001) (Figure
1A). However, OS did not differ significantly between the
wwo groups (P=0,054) (Figure 1B). Among several types of
MLL-rearrangements, VLL-AF9 was the most common
transiocation (n=29, 58%) (Table 1), Therefore, clinical out~
comes in the cohort of MLL-AF9 positve patients were
cormpared between EVI* patlents (n=11) and EVi{padents
{(n=18). The results showed significant differences in EFS
{P<0.0001) and OF (P=0.0008} (Figure 1C and ). By con-

trast, no differences in EFS (P=0.36) or OS (P=0.57) were
observed among patients with MLL-rearranged AML after
excluding MLL-AF9 positive patients (Figure 1E and F. The
cliinical outcomes associated with each type of MLL-
rearrangement could not be analyzed because of the small
sample size, Multivariate Cox regression analysis, including
FLT3-TTD, WBC count, and age identified EVI1* as the only
prognestic factor predicting poor EFS in the total cohort of
MLL-rearranged AML (hazard ratio (HR), 4.94; P<0.01) and
in the MLL-AF9 positive cobort (HR, 33.81; P<0.01), but
not OS (Ondine Supplemerary Table 51).

These results suggest that EVIY overexpression is an
independent adverse prognostic factor because of its asso-
clation with reduced remission duration in pediatric
patients with ALL-rearranged AML, especially in patients
harboring MLL-AF9. A recent large study identified several
novel prognostic MLL-rearranged subgroups, including a
favorable-risk MLL-AF41 g positive subgroup and & poor-risk
MLL-AF6 positive subgroup.” However, MLL-AF9 positive
patients are categorized as an intermediate risk group, and
this subgroup may be dichotomized as a favorable and
poorrisk subgroup based on £VI7 expression levels, Pre-
treatment sereening for EVIY expression should be consid-
ered in patients with AlLL-rearranged AML to enable better
sisk assessment and altemative consolidation therapies to
be considered. Cur results need to be confirmed in larger
studies because of the limited case numbers,

From a biological viewpoint, the *evil’-like adverse effects
of EVI1 in patients with MLL-AF9-positive AML were par-
tially elucidated in a recent study in which EVIY positive
cells harboring MLL-AF9 showed distinct merphological,
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moleculat, and mechanistic differences from EVIY negative
cells.” Moreover, £VI4 overexpression has been linked to
CD52 overestpression, which could be a therapeutic target
for monoclonal antibody treatment.” Further investigation
is required to identify novel prognostic factors in the vari-
ous subgroups of MLL-reartanged AML and to develop
therapeutic strategies effective for patients with EVIt oves-
expression.
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Prognostic implications of CEBPA mutations in pediatric acute
myeloid leukemia: a report from the Japanese Pediatric
Leukemia/Lymphoma Study Group
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INTRODUCTION

CCAAT/enhancer-binding protein alpha (CEBPA) is a transcription
factor that co-ordinates cellular differentiation. CEBPA is expressed
in myeloid precursors during hematopoiesis, where it regulates
the expression of several granulocyte-specific genes.! CEBPA
inhibits E2F pathways, thereby downregulating oMyc and
allowing myeloid precursors to  enter the granulocytic
differentiation pathway.®® The CEBPA gene ik located on
chromosome 19 band q13.1. Approximately 10% of acute
myeloid leukemia {AML} patients harbor mutations in CEBPA
genes, and these mutations gan occur across the whole gene, but
there are two main hotspots.®® N-terminal out-of-frame musations
are located betwesn the major tanslational start site and a
second ATG further downstream. They abolish translation of the
full-length p42 iscform of CEBPA, !eadma 10 overexpression of a
shorter dominant-negative p30 isoform.® C-terminal mutations are
generally in-frame insertions/deletions lecated in the basic leucine
zipper (bZIP) dema in; these mutations disrupt binding to DNA or
dimerization.” Most AML patients with double CEBPA mutations
harbor both N- and Ceerminal mutations, which are typically
present on different alleles; however, homozygous mutations have
also been described®

CEBPA mutations are a favorable prognostic factor for AML,
particularly in patients harboring double CEBPA mutations and 2

normal karyotype® ™ However, the prognostic value of CEBPA
mutations has been studied mostly in adult AML patients, with
few studies examining mutations in pediatric AML patients, The
first set of pediatric data was presented by the Talwan Pediatric
Oncology Gmup, but the report lacked data regarding clinical
outcome.'® The prognostic impact of CEBPA in pediatric AML was
reported by two other groups, namely, the Children's Oncology
Group and the Duich ChaEdhasd C&ncoicgy Group/the Berlin-
Frankfurt~-Miinster Study Group,'**® which both reported that,
after excluding core-binding factor {CBF)-AML cases, patients
harboring CEBPA mutations had a significantly better clinical
outcome than those harboring the wild-type (WT} gene; however,
the clinical implications of single vs double mutations were
unclear, A more recent study conducted by the Nordic Society of
Pediatric Hematology and Oncology suggests that CEBPA
mutations in pediatric AML patients are not associated with
improved survival'’ thus the clinical significance of CEBPA
mutations in pediatric AML patients is unclear. Although we
praviously reported the characteristics of CEBPA mutations in
Japanese children with AML, the small sample size meant that
further study was required,'

Here we examined the (EBPA mutation status and clinical
outcomes of pediatric AML patlents treated in the Japanese
Pediatric Leukemia/Lymphoma Study Group (JPLSG) AML-0S study.
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SUBJECTS AND METHODS
Patients and study protocol

The AML-08 study is a Japanese natlonwide multi-institutional study of
children {age <18 years) with de nove AML, all of whom were enrolled
between 1 November 2006 and 31 December 2010, The teal is registered
with the UMIN Clinical Trials Registry (UMIN-CTR; hitpy/fweavuminacjp/
ctr/index.htim; number UMINOO0000S511).

in all, 485 patients with suspected AML (diagnosed at 118 centers and
hospitals in Japan) were registered in the AML-03 study. Patients with
acute promyelocytic leukemia, Down's syndrome, secondary AML,
myeloid/natural killer cell Jeukemia and myeloid sarcoma, were not
eligible. Overail, 38 patients were excluded, malnly because of
misdiagnosis, while four additional patients were excluded for the
following reasons: the patient’s guardian refused permission to
participate {n = 1); there was a significant protocol viclation during the
inftial induction course (n==1); the hospital withdrew from the JPLSG
{n = 1}y and the patient was transferred to a non-JPLSG member hospital
{n=1}. Patients were stratified into three risk groups according to
specific cytogenetic characteristics and morphological responses to
treatment., CBF-AML patients were assigned to the low-risk group;
those with unfavorable cytogenetics {—7, Sg-, 1{18:21)(p11;422), Ph1,
Frs-like tyrosing kinase 3 internal tandem duplications (FLT3-ITDY
and poor induction responders were assigned to the higherisk
group; and the rest were assigned to the intermediate-risk group.
Detalls of the patient dispositlon, treatraent schedules and risk
stratification have been described previously.'™*° In the present study,
morphology was diagnosed prospectively using a central review system,
Cytogenetic tests were performed in regional laboratories, but the
reports were reviewed centrally. The study was conducted in accordance
with the principles set down in the Declaration of Helsinki and was
approved by the Ethics Committees of all participating institutions,
All patients, or the patients’ parents/guardians, provided written
informed consent.

Mutation analysis

cDNA was synthesized from RNA obtained from diagnostic bone marrow
samples using the Ommiscript Reverse Transcription Kit (Qlagen,
Chatsworth, CA, USA), according to the manufacturer's recornmendations.
The entire coding region of the CEBPA gene was amplified using the
overiappinﬁg PCR primer pairs followed by direct sequencing, as previously
described &'

Statistical analysis

Patient characteristics were analyzed using Fisher's exact test {categorical
vartables} and the Kruskal-Wallis test {continuous variablesh. Bventdree
survival (EFS) was defined as the time from the diagnosis of AML to the fast
follow-ups or the first event {failure to achieve remission, relapse, secondary
malignancy or any-cause death), Ouerall survival (0S) was defined as the
time from the diagnosis of AML to any-cause death. The Kaplan-Meier
method was used to estimate EFS and 08, and dats were comparad using
the log-rank test. To determing the prognostic value of CEBPA mutation,
Cox regression analysis was performed using SAS version 9.2 {SAS Institute
inc., Cary, NC, USA). All tests were twotailed, and a Pvalue <005 was
considered statistically significant,

# &

RESULTS

Mutation analysis

Diagnostic samples from 315/443 {71.1%) eligible AML patients
were analyzed for CEBPA mutations; CEBPA data were unavailable
for 128 patients. There were no significant differences in the major
characteristics or clinical outcomes of the 315 patients and the 128
patients for whom no data were available (EFS £=0.78, O$
P =030} We found that 47/315 patients (14.9%) harbored a
mutation in CEBPA, 26 (8.3%) harbored a single mutation and 21
(6.7%) harbored double or triple mutations. The location and
combination pattern of all the detected mutations are shown in
Figure 1 and Table 1. Single mutations were distributed across the
entire gene, but most in-frame insertions/deletions were located
in the bZIP domain. By contrast, double or triple mutations were
clustered in the N- and C-terminal hotspats, Thirteen out of the 21
cases (61.9%) harbored both an N-terminal out-of-frame mutation
and an in-frame mutation in the bZIP domain, which wers
predicted to result in a lack of WT CEBPA pd2 expression, We
identified five patients with triple mutations but could not
exclude the possibility that these mutations occurred in different
cells. Moreover, the method we used cannot identify whether
mutations are {ocatad on different alleles. Further study is required
to overcome these limitations,

Polymorphisms in the CEBPA mutations

Overall, 131 patients {41.6%) harbored an in-frame 6-bp insertion
(ACCCGO) iIn the transactivation domain 2 {TADZ), resulting in a
His-Pro  duplication {HP196-197 insertion). This mutation is
observed In approximately 10% of healthy controls and AML
patients and is reported as a germling polymorphism,*™* We did
not identify any differences in characteristics bepween the HP196-
197 insertion-positive and -negative groups, and the clinical
outcomes of both groups were similar {data not shown). There-
fore, we ignored this mutation during our analysis of clinical
outcome, along with other mutations that did not result in aming-
acid changes.

Patient characteristics

Patient characteristics according to CEBPA mutation status are
shown in Table 2. Patients harboring a single CEBPA mutation were
described as 'CEBPA-single’ and those harboring double or triple
CEBPA mutations were described as ‘CEBPA-double’. CEBPA-double
patients showed 2 significantly higher percentage of M1 or M2
French-American-British subtypes (P< 0.001), Compared with WT
patients, patients with CEBPA mutations were older (P =003} at the
time of diaghosis. CEBPA mutations were predominant in those with
an intermeadiate risk (P==0.002) and a normal karyotype (P<0.001)
There was a well-balanced gender distribution {P=0.84), and there
wera no significant differences in the number of patients with FLT3-
ITD and NPMT mutations among the three CEBPA subgroups,
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Table 1. Summary of CEBPA mutations detected in 315 acute myeloid leukemia patients
Mutation status Mutation 1 Mutation 2 (Mutation 3)
N-terminal Middle C-terminal N-terminal  Middie C-terminal No. of
AA 1-120 AA 121-277 AR 278-358 AA 14120 AA121-277 AA 278358 patients
CEBPA-single Out-of-frame 7
ins/del
in-frame ins/del 1
Missense 1
Nonsense 2
Out-of-frame 3
ins/del
Missense 2
in-frame 8
ins/del
Missense 2
Total 26
CEBPA-double Out-of-frame in-frame ins/del 1
ins/del
Missense Missense 1
Missense Missense 1
Missense Missense 1
Out-of-frame In-frame ins/del 2
ins/del
Out-offrame Missense {in-frame i
ins/del ins/dely
Out-of-frame In-frame ins/del  {In-frame 2
ins/del ins/del)
Missense Missense 1
{Missense)
Missanse Missense (In-frame 1
ins/del)
Total 21
Abbreviations: AA, amino acid; CEBPA, CCAAT/enhancer-binding protein aipha; del, deletion; ins, insertion. Note: Patients harboring a single CEBPA mutation
were described as CEBPA-single and those harboring double or triple CE8PA mutations were describad as CEBPA-touble.

Prognostic impact of CEBPA in the total cobort

We first analyzed the clinical outcomes of patients harboring
CEBPA mutations and then compared them with the outcomes of
CBF-AML patients and patients without CBF or CEBPA mutations
{denoted ‘'WT non-CBF) (Figure 2}, The CBF-AML group included
AML patients harboring t(821){(0g22;422) along with inv{16)
p13.1922) or its varlant t{16;18)(p13.1;022). Seven CBF-AML
patients harboring CEBPA mutations were categorized as 'CEBPA-
mutant’. Patients harboring CEBPA mutations showed better 05
{P=={(1,048}, but not EFS {P=:0.051), than WT non-CBF patients
{Figures 2a and b). However, patients with CEBPA mutations
showed poorer OS {P=0,0008) than patients with CBF-AML.
Furthermora, we examined whether the number of CFBPA
mutations had an impact on prognosis {(Figures 2c and d)
CEBPA-double patients did not show significantly better EFS and
OS5 than CEBPA-single patients (P== 033 each), There was also no
significant difference In EFS and OS5 betwsen C(EBPA-double
patients and WT non-CBF patients (P=0055 and P=0057,
respectively).

Prognostic impact of CEBPA in the normal karvotype cohort

We next examined prognosis in the normal karyotype cohort,
because CEBPA mutations have been described as a favorable
prognostic factor, particularly in cytogenetically normal AML
{Figure 3), There was no significant difference in EFS and 0§
between CEBPA-double patients and WT or CEBPA-single patients
{EFS: CEBPA-double vs WT, £ =:0.15; CEBPA-double vs CEBPA-single,
P= 021 O& CEBPA-double vs WT, P=0.28; (EBPA-double vs
LEBPA-single; P == 0.44), Patients with CEBPA-single showed almost
identical EFS (P=0.97) and 08 (P=0.77) to those of WT patients.

% 2014 Macmiillan Publishers Limited

Prognostic impact of CEBPA mutation type

We also examined the prognostic impact of the location of the
CEBPA mutations, which has never been examined in pediatric
AML patients. Only patients with hotspot mutations predicted to
cause translation of the p30 isoform and/or disruption or loss of
the C-terminal bZIP domain were included in the analysis. In the
total cohort, patients with an N-terminal cut-of-frame mutation
and a Cterminal in-frame mutation {n=13, denoted as CEBPA-
double N Cterm) had significantly better EFS (P=0.01), but not
08§ (P=0,06), than WT non-CBF patients (Figures 4a and b). This
patlent group also had significantly better EFS, but not OS, than
other CEBPA-clouble patients (n = 8}, suggesting that a2 combina-
tion of Neterminal and Ceterminal mutations results in a better
prognosis for CEBPA-double patients {data not shown). We also
investigated differences in outcome between CEBPAssingle
patients with an N-terminal mutation and those with a C-terminal
mutation and found that the clinical outcomes were nearly
identical. In the normal karyotype cohort, we found no significant
difference in the outcome of four groups: patients with an
N-terminal out-of-frame mutation, patients with a Cterminal in-
frame mutation, patients with an N-terminal out-of-frame muta-
tion and a C-terminal in-frame mutation, and WT patients, which
may be due 10 the small sample size {Figures 4¢ and d).

Multivariate analysis

Multivariate Cox regression analysis, including age and white
blood cell count at the time of diagnosis, was performed to
axaming whether CEBPA mutations were a favorable prognostic
factor (Table 3), FLT3-ITD and NPM1 mutations were not included
as variables owing to the small numbsr of positive cases and
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Table 2. Characteristics of patients categorized according to CEBPA mutation status
Total wr CEBPA-single CEBPA:double pvalue
Number 315 268 26 21
Age, years : 003"
Median 7.9 7.6 98 86
Range 0.0-17.5 0.0-~17.5 0.3-~162 1.3~-159
Sex, n (%) 0.84*
Male 167 {53) 144 (54) 13 (50) 10.(48)
Famale 148 (47) 124 (46) 13 (50) 11 (52)
WEC (% 10°/1) 0.052°
Median 57.8 526 58.1 124
Range 0.8-985 0.8-552 1.9-381 3.9-985
Risk-groups, n (%) 0.002°
Low B7 {28) 81 (30) 4 (15) 210
Intermediate 132 {42} 101 (38) 15 (58) 16 (76)
High 43 (14) 37 (14) B (23) 0 (0)
Unclassified 33 (17) 49 (18) 114 3(14)
FAB, n (%5} <0,001%
Mo 712 73 0 {0} o
M1 43 {14) 28 (10) 5 (19 10 (48)
M2 79 {25) 63 (29) 9 (35 7 {33)
M4 52{17) 46 (17) 6 (23) 0(0)
Ms 70 {22) 67 (25) 1 2 (10}
16 81{3) 52 2 {8} 1{5)
M7 31 {10 29 (1) z {8 0 (0)
RAEB-T 25 {8) 23 (9 14 1 (8
Karyotype, n {%) <0.001%
Normal 62 {20 35(13) 14 (54) 13 (62)
821 75 (24) 69 (26) 3(12) 3{14)
inv(18) 25 {8) 249 16 0
1123 48 {15) 47 (18) 010 1{5)
other 105 {33) 93 (35) 8 (31) 419
Molecular abnormalities, n {9}

FLT3-TOD 42 {(13) 35 (13) 6 {23) 1 {5) 021"
NPMT 12/167 {7) 10/128 (8} 2/22 1% 0/17 {0} 0.58%
Abbreviations: CEBPA, CCAAT/enhancer-binding protein alpha; FAB, French-American-Britishy FLT34TD, Fms-like tyrosine kinase 3 internal tandem

duplications; NPM1, nucleophosmin; WBC, white blood cell count; WT, wild type, *Fishers exact test. *Kruskal-Wallis test.

because no statistically significant differences were detected by
univariate analysis. For the total cohort {n= 315}, multivariate
analysis identified both CEBPA-single and CEBPA-double as
independent favorable prognostic factors for EFS (hazard ratio
(HRY: 047 and 033 P=0.02 and 001, respectively; upper
column, Table 3). CEBPA-double was also identified as an
independent favorable prognostic factor for OS5 (HR: 0.30;
P==0.04). For the normal karyotype cohort (n=62), CEBPA-
double was also identified as an independent prognostic factor
for favorable EFS (MR: 0.28; £ == 0.04; lower column, Table 3}, This
may indicate that other factors, such as age and white blood call
count, had masked the benefit of CEBPA mutations in the
univariate analysis.

DISCUSSION

Here we examined CEBPA mutations in 315 pediatric AML patients
enrolled in the AML-05 study. We detected CEBPA mutations in 47
patients (14.9%), which is comparable 1o the reported frec%uency
in adult and pediatric AML patients {approximately 10915 In all,
26 out of the 47 cases {55.3%) harbored a single CEBPA mutationy;
this percantage is higher than that reported In previous studies of
pediatric AML patients.’™'® We detected the HP196-197 insertion
in 1317315 cases (41.6%). This well-known polymorphism was

Bloed Cancer Journal

previously observed in approximately 10% of AML cases; thus the
percentage identified in the present study was rather high?'#
Whether this polymorphism is also common in healthy Japanese
populations remains to be seen, A recent study by a Korean group
reported the incidence of this polymorphism as 30%; thus the
frequency of this polymorphism may vary considerably according
to geographical region.”® The majerity of CEBPA-double patients
comprised M1 or M2 French~American-British subtypes, which is
in agreement with the findings of previous studies,'™'® CEBPA
mutations were predominant in the intermediate risk and normal
karyotype group, which is also consistent with previous
findings, >

With regard to prognosis, the results presented herein suggest
that CEBPA mutations, especially CEBPA-double, are an indepen-
dent favorable prognostic factor in pediatric AML patients.
Multivariate analysis of the normal karyotype cohort identified
CEBPA-double as an independent favorable prognostic factor for
EFS, but not O5; this finding may be due 1o the small sample size.
As the majority of pediatric AML patients fack markers that
indicate a favorable or poor prognosis, it is important to identify
prognostic markers in intermediate-risk patients. CEBPA mutations
show promise as markers of a favorable prognosis in pediatric
AML patients, because they are strongly associated with
intermediate risk.

© 2014 Macmillan Publishers Limited
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Figure 2. Kaplan-Meler survival curves showing EFS and OS from the time of diagnosis according to CEBPA mutation status. {a) EFS and {b) 08
of patients harboring CEBPA mutations, patients harboring WT CEBPA {excluding core-binding factor-acute myeloid leukemia (CBF-AML) cases
{WT non-CBF)) and patients with CBF-AML. {c) EFS and {d) OS of patients harboring a single CEBPA mutation {CEBPA-single), patients harboring
double or triple CEEPA mutations (CEBPA-double), WT patients {excluding CBF-AML cases (WT non-CBF)) and patients with CBF-AML, P-values

were determined using the log-rank test.
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Figure 3. Kaplan-Meier survival curves showing EFS and OS in acute myeloid leukernia patients with a normal karyotype. (aj EFS and (b) OS of
patients harboring a single CEBPA mutation {CEBPA-single), patients harboring double or triple CEBPA mutations (CEBPA-double) and WT

patients. P-values were determined using the leg-rank test.

Consistent with our results, several studies (including one
pediatric study} postulated that AML patients harboring double
CEBPA mutations have a favorable prognesis.”"* Two different
CEBPA mutations have a synergistic effect on AWML development,
and the mechanism underlying leukemogenesis is likely to be
different from that in AML patients harboring a single CEBPA
mutation®® We found that a combination of N-terminal and
C-terminal mutations is essential for a better prognosis in CFBPA-
double patients (data not shown}, indicating that & favorable
prognosis s restricted in patients who lack WT CEBPA p42
axprassion among CEBPA-double patients, Moreover, a recent

2 2014 Macmilllan Publishers Limited

study of a large cohort of adult AML patienis suggests that
patients harboring double CEBPA mutations belong to 2
genetically distinct subtype and should be clearly distinguished
from patients harboring a single mutation.”® In this study, we
could not examine the prognostic impact of concomitant
molecular mutations because of their low incidence; therefore
further analyses of pediatric AML patients is required,

In contrast to double CEBPA mutations, the prognostic value of
single CEBPA mutation Is currently under debate because of its
small number, We detected a relatively large number of cases
harboring a single CEBPA mutation in the total cohort, and
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Fgure 4. Kaplan-Meler survival curves showing EFS and 0OS$ according to the location and number of CEBPA mutations. Only patients with
hotspot mutations predicted to cause p30 isoform translation and/or disruption or loss of the Cterminal bZIP domain were included in the
analysis. (@) EFS and {b} OS in patients harboring a single N-terminal mutation {CEBPA-single N-term), patients harboring a single Cterminal
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binding factor-acute myelold leukemia (CBF-AML) cases {WT non-CBF)} and patients with CBF-AML. {¢) EFS and {d) O5 of AML patients with a

normal karyotype. P-values were determined using the log-rank test,

Table 3. Multivariate Cox regression analysis for EFS and 08
EFS s
HR 8% I Prvaluz HR 95% (I Peyatue
Total cohort {n=315)
Mutation status, vs WT non-CBF
CBF 0.3% 0.19-0.49 <01 8,09 0.03-0.25 <00
CEBPA-single 0.47 0.24-0,91 0.02 .60 0.29-1.28 G118
CEBPA-double 0,33 0.14-0.76 0.01 0.30 0.08-0.94 0.04
Age (-1 year} 1.00 0.97-1.03 0.86 1.03 0.99-1,07 017
WBL (250000} 1.81 1.28-2.55 <001 1,50 0.96-2,33 0.07
Normol karyotype cohort fne 62}
Mustation status, vs WT
CEBPA-single 0.54 0.22-1,33 018 .88 031~247 081
CEBPA-clouble 0.28 0.08-0.95 0.04 049 0.11-2.17 .35
Age {1 yean) 0.95 0.89-1.02 0.14 0.04 0.86-1.02 0.13
WBQ (=50000) 208 1.00-4.22 008 1.34 0.55-3.28 0.52
Abbreviations: CBF, core-binding factor; CESPA, CCAART/enhancer-binding protein alpha; €, confidence intervaly EFS, svent-free survival HB, hazard ratio; O,
overall survival; WBC, white blood cell count; WT, wild type.

multivariate analysis identified single mutation as an independent
prognostic factor for favorable EFS (Table 3). Two adult AML
studies (but no pediatric studies} showed that a single CEBPA
mutation can be an independent favorable prognostic factor in
patients harboring NPM1T mutations.*®* Indeed, the two patients
in the present study that harbored both a single CEBPA mutation

Blood Cancer Journal

and an NPM7 mutation showad good long-term survival without
any avents. We also tried to examine the clinical significance of
the location of the mutation in CEBPA-single patients but found
no significant difference in outcomes for patients harboring
Neterminal or Cterminal mutations. However, the (EBPA-single
patients in the normal karyotype cohort who harbored a

& 2014 Macmillan Publishers Limited
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C-terminal mutation may have slightly poorer £FS and OS than
those who harbored an N-terminal mutation {Figures 4¢ and d),
which is not consistent with previous adult AML studies.”*"® Gene
exprassion profiling suggests that CEBPA-single patients harboring
a C-terminal mutation are more similar to CEBPA-double patients
than to CEBPA-single patients harboring N-terminal mutations.'
This latter study was performad in adult AML patients and needs
1o be validated in pediatric AML patients.

So far, the biclogical mechanisms underlying a favorable clinical
cutcome for AML patients harboring CEBPA mutations (including
relative drug sensitivity) are not clear. Further studies of single and
double CEBPA mutations and the underlying biology are required
to enable better risk assessment and therapeutic approaches in
pediattic AML

CONCLUSION

This s the first nationwide study to examine the clinical
significance of C(EBPA mutations in Japanese pediatric AML
patients. The results suggest that CEBPA mutations, especially
double or triple CEBPA mutations, are an independent favorable
prognostic facior for pediatric AML patients. CEBPA-double
patients should be stratified into the favorable risk group, and
the prognostic significance of these mutations should be validated
prospectively.
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Acute myeloid leukemnia with ¢(6;9)(p22:¢34) is listed as a distinct entity in the 2008 World Health Organization clas-
sification, but littde is known about the clinical zmpiz;atxom of t{6;9)- -positive myeloid leukemia in children, This inter-
national multicenter study presents the clinical and genetic characteristics of 62 pediatric patients with ¢(6; ‘”;’)/QEK
NUP2 t4-rearranged myeloid leukemia; 54 diagnosed as having acute mvgimd leukemia, representing <1% of all
childhood acute myeloid leukemia, and eight as having myelodysplastic syndrome. The t(6;9)/DEK-NUP214 was
associated with relatively late onser (median age 10.4 years) male predominance (sex ratio 1.7), French-American-
British M2 classification (54%), myelodysplasia (100%), and FLT3-ITD (42%). Outcome was substantially better
than previously reported with a S-year event-free survival of 32%, 5-year overall survival of 58%, and a 5-year cumu-
lative incidence of relapse of 57 %, Hematopoietic stem cell transplantation in first complete remission improved the

S-year event-free survival compared with chemotherapy alone (68% versus 18%; P<0.01) but not the overall survival
(68% versus 54%; P=0.48). The presence of FLT3-ITD had a non-significant negative effect on 5-year overall survival
compared with non-mutated cases (22% versus 62%; P=0.18). Gene expression profiling showed a unique signature
characterized by significantly hxgber expression of £YA3, SESNY, PRDAM2/RIZ, and HIST2H4 genes. In conclusion,
U6:9)/DEK-NUP214 represents a unique subtype of acute myelazd leukemia with a high risk of relapse, high frequen-
ey of FLT3-ITD, and a specific gene expression signature.

Introduction

The 6;9)(p22;484), frequently reported with a breakpoint
in 6p23 but now known to involve the DEK gene mapping 1o
6;)22.8, is & rare wranslocation, estimated to occur in 1-2% of
cases of childhood acute myeloid leukemia (AML). The
translocation was first identified in 1976, and the fizst pedi-
atric patient was described in 1982 The World Health
Organization (WHO} classification of myeloid neoplasms and

acute leukemia from 2008 lisred the o6;9)(p22;434) as a dis-
tinct  entity”  However, our current knowledge of
H6:93(p22,434) in AML is drawn from relatively small series of
patients, predominantly adults, associating H6;9) with voung
age at onset and a poor ourcmmc,”’* Typically, the t(6;9) pres-
ents as de nove AML, mowhol&gically associated with French-
American-British (FAB} type M2, bone marrow basophilia,
Auer rods, and dysplasia.*’* The wranslocation is pmmaniy
the sole cyrogenetic abnormality {80%); among the 20% of

©2014 Ferrata Storli Foundation. This is an open-access paper. doi10.3324/haematol 2013.098517
The onling version of this article has & Supplementary Appendix.
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patients with additional secondary changes, gaing of chro-
mosomes & and 13 are most frequent.™ Internal tandem
duplication (ITD) in the FMS-related tyrosine kinase 3
(FLT3) gene oceurs in 20-30% of de nove AML in adults and
in approximately 10% of childhood AML but in up to
70% of t(6;9)-positive cases. ™" The clinical outcome is
poor, with S-year overall survival rates of 28% reported in
children and 9% in aduls.™ Recent smaller studies,
including both aduit and pediatric patients, have shown
that sreatment with early allogeneic hematopoietic stem
cell wansplantation (HSCT) in first complere remission
may improve the outcome. "

The €6;9) results in a fusion of the 5 part of the DEK
gene at 6p22.8 and the 8’ part of the NUP214 gene, for-
merdly known as CAN, located at 9¢84, forming the
chimeric DEK-NUP244 gene.” The DEK-NUP214 protein
has been reported to enhance protein synthesis in cells of
the myeloid lineage bur is unable to block differentia-
tion ™ The leukemogenic potential of the fusion protein
is restricted to a very small subpopulation of hematopoi-
etic stem cells.”

The characteristics of 1(6;9¥DEK-NUPZ14 AML have so
far not been separately described in pediatric patients and
the prognostic impact in pediatic AML fs unclear™ "
The aims of this study were to characterize the clinical,

enetic and morphological features of 1(8;9)-positive child-
ﬁmd myeloid neoplasins in the largest series so far; to
evaluate cutcome and to identify genes potentally
involved in leukemogenesis of t6;9) using gene expression
profiling.

Miethods

Patienis

The inclusion crteria comprised age between U-18 years and 2
diagnosis of dv seve AML or myelodysplastic syndrome (MDS
with 6,9/ DER-NUPZ 4 made berween 1 January, 1993 and 31
December, 2011,

The study was conducted within the Intemadonal Berin-
Frankfare-Munster study group cooperation and 24 study groups
and treazment centess participated, providing background data for
frequency analysis and submitting clinical and generic data on 62
patients, In addition, the study groups contributed smears, bone
marrow biopsies, and material for gene expression analysis, The
nomenclature was reviewed following the International System
for Human Cyrogenerc Nomenelature 20097 by three of the co-
avthors {H, B], and BB Available diagnossic smears and bone
marrow biopsies were reviewsd by co-author GK,

Patients were treated according to natonal AML wials, and the
weatment protocols were approved by local ethical commiteees in
complhiance with national regulations.

Gens expression profiling and guantitative real time
polymerase chain reaction analysis

Gene expression profiling was performed on 297 pediauic AML
patients’ samples of which cight were 16;9)-positive. The gene
expression profiling data on the full cohort have already been pub-
lished bur an individual analysis of URVDEKNUPZ 14 was not
performed ™ Original data are avatlable in the Gene Expression
Ommuibus repository  (hpedAewwandrindienihgow/peo; accession
(GSE17855) The gene expression profiles of ({f9)-posisive cases
were compared with those of other representative pediatric AML
samples.” Four top scoring, differentally expressed genes were
selected For mRMNA expression validation by quantitative real time

polymerase chain reaction (RT-qPCR) analysis based on statistical
significance, occurrence of muldple probes in the top-Hst, and log-
fold change, combined with potential biological relevance; E¥AS
{eyes absent homolog 3, Drosophila), SESNT (sestrin 1),
PROM/RIZ (PR domain containing 2, with ZNF domain), and
HIST2H (histone cluster 2, H4), RT-qPCR was performed on
g6,/ DERK-NUP2 té-positive samples from 17 patients and one
cell ling (FKH-1) and compared with AML withous Y69YDEK-
NUP214 (31 samples from patients and 153 cell lines) using the ARI
PRISM 7900HT sequence detector {Applied Biosystems, Foster
City, CA;, USAL Primer sequences are listed in Ouline
Supplementary Table 51,

Statistical analvses

The Xaplan-Meier method was used to estimate the B-year
probabilities of overall survival and event-free survival. The S-year
cumulative incidence of relapse was calculated by the method of
Kalbfleisch and Prentice ” The median time to HSCT in first com-
plete remission was 150 days, with 98 days as minimum. Patients
with an svent within 180 days of treatment were excluded from
the analysis comparing the effect of HSCT in Hisst complete rens-
sion with that of conventional chemotherapy alone. Statistical
analyses were conducted using SPSS for Mace, version 20 (SPSS
Science, Chicago, 1L, USAL

Gene expression profiling data were acquired using Expresso
{Bioconductor package Affy). Probe-set intensities were normal-
ized using variance stabilization normalization (Bioconductor
package VSN) in the statistical data analysis environment R, ves-
sion 211 An empirical Bayes linear regression model was used
1 compare the signatures for the t6:9)-positive cases with those
of the other AML cases”™ Moderated T-statistics Pvalues were
correcred for multiple testing using the false discovery rawe
method, as defined by Renjamini and Hochberg™

Detatls of the methods and primer sequences are provided in
the Onling Supplemtentary Appenidiz.

Rasulis

OF the 24 study groups/centers that participated in the
study, 15 provided clinical and cytogenetic data and sam-
ples for morphologic and gene expression analyses. The
remaining nine study groups reported no patients with
{69V DEK-NUP214, Data on 70 children were submitted.
Eight patients were excluded; four were diagnosed before
1993 and four had incomplere karvotype with unknown
{6;9) breakpoints and no proof of the DEK-NUP214 gene
fusion. Accordingly 62 patients fulfilled the inclusion crite-
ria. One study group did not report frequency background
data and was not included in the frequency analysis, and
since this was an AML estimate, EWOG-MDS was not
included either. Thus 22 of the 24 study groups/centers
reported altogether 7363 childhood AML cases with com-
plete cytogenetic data, 45 of which had «69VDEK-
NUP2z14, corresponding to a frequeney of 0.6% of pedi-
atric AML.

OfF the 62 (69 DEK-NUP214 myeloid malignancies, 54
were diagnosed as de wovo AML and eight as MDS. The
clinical, morphological, and genetic characteristics of the
cohort are listed in Table 1. The AML and MDS groups
were comparable except for age; children diagnosed with
MDS were younger (median age 7.4 years versus 11.4
vears; P<0.05). This notwithstanding, considering all other
similarities, we combined 1(6;9V/DER-NUP214 AML and
MDS cases into one entity,
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Morphology

The majority of t{6:9) cases were categorized as FAB
type M2 (549%) or FAB type M4 (26%;) (Table 1). Peripheral
blood and bone marrow smears from 11 and 15 cases,
respectively, of which two were MDS cases, were evalu-

-

able for review along with 7 bone marrow biopsies.
Dysplasia was defined according o EWOG-MDS guide-
lines.” All bone marrow biopsies displayed mild to mod-
erate bilinear dysplasia. Basophils were present in the
bone marrow from five (33%) of the reviewed cases, but
did not exceed 2% in any case. Data on basophils were
available for 16 cases without central review; five had 0.5~
2% basophils i the bone marrow while no basophils
were reported in the remaining 11 patients. No Auver rods
were identified in the material reviewed, Among the cases
not centrally reviewed, Auer rods were reported in ten of
28 (36%; cases. The morphological characteristics found
by the central review are shown in Online Supplementary
Froure 81, ‘

fable 1. Characteristios of patients with H6:9)p22:934)/DEX-RUP214-
rearranged myeloid leukemia

3%) 5(63%

346
TS 13

£e

Hematolagic parameters median (range)
WRC{(R164) (N=38) BA 021900 118 (18200 180 (021018
b {g/dLy (N=56) 20094022y 32N BDOS12D)
Platelets (x1071) (N=18) 630 {6.0-235.0) 76,5 (15.0-92.0) 705 {6.0-235.0)
PB blasts (%) (N=58) 34 (Dgye §(l-16y 31 (-9
BM ilasts 19} (N=58) i (1853 10 (5-18)~ 53 (5-05)

AR

M

Cylogenetics
1{6:9) sols abmormality 40 (74%) 7 (8895 A7 {81%)
Additional aberrations H(10%) 1 (13%) 11 {19%)
FI8H or POR only 4 (%) i 4 (6%

)

3

Complete remission 5 (53%) 5 (53%) 55 (4%)
No event 20 (37%) 5 (63%) % (10%)
25 (16%) 1 (38%) 28 (45%)
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Cytngenetics

Successhul cytogenetic results were available in 58 of the
cases; in the remaining four, the DEK-NUP214 gene fusion
was detected by RT-PCR or fluerescence ju sim hybridiza-
tion. Among the 38 cytogenetically informative cases,
t{6:9){p22;¢34) was the sole cytogenetic abnormality in 47
(81%) while 11 {19%) had additional aberrations, includ-
ing loss of chromosome Y in three boys and wisomy 8 and
trisomy 13 each present in three cases, either alone or
combined. The karyotypes with additional aberrations are
listed in Ounline Supplementary Table 52.

Outcoms and prognostic facters

Outcome data were available for all 62 children, There
were no differences in overall and event-free survival
between children diaghosed with AML or with MDS;
however, due to the heterogeneity of the treatment strate-
gies for AML and MDS, the following survival estimates
are based on AML cases only (Table 2}, The median fol-
low-up for the survivors was 4.7 years (range, 0.2 - 17.1}.
Fifty of the children (93%) achieved a cornplete remission
and 25 {46%) experienced relapse. The latest event
oceurred 41 months after diagnosis. The S-year evenr-free
survival rate was 32% (£149%), the S-vear overall survival
rate was B3% [£14%), and the J-vear cumulative inci-
dence of relapse was 57% (£14%).

Sex, age, and white blood cell count were not prognostic
factors for event-free survival, overall survival or cumula-
tive incidence of relapse {Table 2). Patients with FABR M4
had & worse outcome than patients with other FAB sub-
types, with a S-year event-free survival of 9% versus 40%
(P=0.04) and S-vear cumulative incidence of relapse of
91% versus 49% (P<0.01) respectively, but they were over-
represented among the FLTR-ITD-positive cases (P=0,02).

In total, FLT3-ITD status was known in 33 (33%) cases:
14 (42%) were FLT3-ITD-positive and 19 (58%) were
FLT3-ITD-negative (wild-type and one tyrosine kinase
domain point mutation). The allelic ratio of FLT3-TD was
not available, Among the 29 FLT3 informative AML cases
included in the survival analysis, presence of ELT3-ITD
had a non-significant negative effect on outcome com-
pared with absence of FLT3ITD (Table 2 and Ouline
Supplementary Figure S2CID).

Inthe evaluation of HSCT, MDS patients were excluded
along with cases with events earlier than 150 days to cor-
rect for time to transplantadon. Bighteen AML patients
were transplanted in first complete remission and 14 after
relapse. The characteristics of the HSCT are presented in
Online Supplemenimry Table 53, HSCT in first complete
remission significantly improved the S-vear event-free sur-
vival compared with treatment with chemotherapy alone
in first complete remission: 68% versus 18% (P<0.01), but
did niot improve the overall survival rate {68% versus 54%;
P=0.48; Ouline Supplomentary Figure S24,B). A total of five
patients died after HSCT; one from progressive disease
following relapse and four from pmceéixre—reiated toxicity
{twao infections and two cases of multiorgan failure).

FLT34TD swatus was known for 24 of the 48 cases
inciuded in the HSCT analysis, Twelve were FLT3-ITD-
positive, of which eight received chemotherapy only and
four had HSCT in first complere remission. None of the
eight patients treated with conventional chemotherapy
survived without an event, whereas there were no events
among the four ITD-positive patients treated with HSCT
in first complete remission. Twelve patients were FLT3-
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ITD-negative; three were transplanted in first complete
remission, of whom one relapsed and nine received
chemaotherapy slone in first complete remission, of whom
six relapsed,

Multivariate analysis was used to assess survival param-
erers of patients with FLT3-ITD treated with HSCT in first
complete remission. The limited number of patents and
information on FLTA-ITD status necessitated a surict selec-
tion of variables that could be included in the Cox model.
We therefore performed stepwise exclusion and the best
possible model was adjusted for HSCT and FLT3.ITD.
FAB type M4 was merrepre%amed among FLT3-ITD-pos-
jtive cases and was not an independent prognestic factor;
thus, FAB type M4 was excluded from further analysis.
Treatment with HSCT in frst complete remission was
mdeg:enden ly associated with higher event-free survival
{P=0.03} whereas FLT3-ITD mutation was not an inde-
pendent prognostic factor (Onfine Supplementary Table $4).

Gene exprogsion g}fﬁ;ﬁ’ﬁag

The supervised analysis of gene expression levels of
DEK-NUP214-positive samples versus other pediatric
AML samples resulted in a top-table of 180 distinctive

probe-sets with a false discovery rate-adjusted I value
«W){)‘& The {69V DEK-NUP244 cases were characterized
Fh expression of four genes in particular HIST2H4
id-change 2.75; adjusted P value of B17x10°%;
i’RDﬁf;/RI«., {log fold- c:hanga 1.5, adjusted P value 2.86
x10), represemed by four probensets in the top-table,
SESNY (log fold-change 1.24; adjusted P value 6.30 x10%),
and FYA-3, represented rwice with log fold-changes 0.46
and 0.33 Qad usted P value 1.75 x107), mRNA expression
levels determined by RT-qPCR correlated well with the
expression profiles derived from gene expression profiling.
The expression of these four genes among cytogenetic
subgroups of pediatric AML, determined by both gene
expression profiling and RT-qPCR, and their correlations
are shown in Figure 1. The unsuperv;seé arxalySis is pre-
sented in Onling Supplesentary Figure §3, revealing that the
t{6;9)/DEK-NUP214 cases did not cluster in an unsuper-
vised manner.

In the top-table, 158 probe sets represented up-regulated
genes, including several HOXA and HOXB genes;
(HOXB2, B3, B4, B3, Bé, B8, and B9). The high expression
levels of the FIOXA and the FIOXB genes were validated
in a previous study,”

Table 2, Overall survival, event-free survival, and cumulative Incidence of relapse for children with ¢(6;9)(p22;434)/DEK-NUP214-rearranged AML
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Discussion

The t{6;9YDEK-NUP214-rearranged cases in this cohore
represenzed less than 1% of childhood AML with avail-
able cytogenetics based on the daw collecred from 22
major study groups/centers - a frequency lower than pre-
viously reported.”® The wanslocation is easily detected by
conventional karyoryping and the risk of undetected cases
is considered minimal. An explanation for the low fre-
guency could be the inclusion in the denominator of AML
children from the study groups who did not report 1(6:9)
cases in the frequency analysis.

The median age was 10.4 vears and no patient was diag-
nosed before 3 vears of age. The age distribution is very
different from the general age distribution in AML in
which approximately 80% of patients are less than 8 vears
of age at diagnosis.” To our knowledge, no 1(6:9)-positive
cases have been reported in children below 8 vears of age’,
which strengthens our finding. The male dominance in
this study has also been observed in adult series of
£(6;9).7

As in most previous adult studies on 6,9 AML, the
FAB subtypes FAB M2 and FAB M4 were most com-
mon, % together constituting 80% of all cases in the
present cohore (Table 1), The present study suggests that
there are differences in the morphology among pediatric
and adult £(6;9) myeloid malignancies. Basophilia seems
less conumon in children than in adults along with a signif-
icant but milder degree of dysplasia in childhood myeloid
malignancies.”* Pseudo-Pelger Huét cells were found in
all 18 patients reviewed. This observation i in contrast to
that in pediatric MDS, in which such cells are only rarely
found {GK, personal commumication 2012). The similar clini-
cal and morphological characteristics berween 6;%)-posi-
tive AML and MDS found in this large pediatric series sug-
gest that o6;9VDEK-NUPZIG, like t(B21YRUNXA-
RUNX{ITT and inv(16)(p18422) or «(16;,16)(p13;422)
CBFB-MYH14, should be classified as AML regardless of
the blast count,

FLTR-ITD mutations were present in 42% of the present
cohort, which is less than reported in the literature,™ and
had a negative impact on outcome (Table 2), though this
did not reach staustical significance. The COG study on
t{6;9) AML reported no significant impact of FLT3-ITD on
outcome (overall survival rates For FLT3-ITD-positve and
-negative cases were 39% versns 20%, respectively).
However, the [TD-positive patients in the COG study
were allocated ro a high-risk wreatment protocol including
HSCT while ITD-negative cases were assigned to an inter
mediate-risk protocol without wransplantation,” which
might have influenced the outcome. In the present study,
all eight FLTIITD-positive patients wreated without
HSCT in Hrst complete remission experienced 2 relapse
and subsequently only two survived (with followe-ups of
12 and 13 months), whereas the four FLT3-[TD-positive
patients treated with HSCT were alive without disease in
first complete remission at follow-up. Six of the nine [TD-
negative patients, rreated with chemotherapy in first com-
plete remission, relapsed. We found a significant improve-
ment of event-free survival resulting from treatment with
HSCT in first complete remission compared with treat-
ment with chemotherapy only, but this did not rransiate
into superior overall survival (Table 2 and Online
Supplementary Takle S4), suggesting a high salvage rate.
Only St lude reported 6;9) as a rreatment-stratifying

aberration in the AMLOZ and 08 protocols relevant for two
patients included in this study and allocated to the high-
risk arm including HSCT. It should be emphasized that
retrospectively collected data have serious limitations
since the factors for allocating patients to HSCT, such as
co-morbidity, individual assessment of the treating physi-
cian, and availability of donor, remain uriknown and this
weakness must be taken into account when avaluating the
value of HSCT. We have statistically tried to overcome
some of the obstacles, such as disease stage, by only eval-
uating HSCT in first complete remission and corrected for
time to transplantation. Parameters important for the out-
come of HSCT, such as donor characteristics, and HLA
match are given in Online Supplememary Table 83. The
numbers are small and considering the above-mentioned
limitations, our results are in accordance with those of
other small series.”"* Notably, 14 children were transplant-
ed after relapse and it is possible that a potential beneficial
effect of HSCT after relapse is reflected in the high salvage
rate. HSCT seems beneticial in patients with t{6,9)/DEK-
NUP214 and in particular for patients with FL73-1TD.

We identified a unique gene expression signature with,
among others, high expression of HIST2H4, PROMURIZ,
EYA3 and SESNY in addition to HOXA and HOXE gene
pverexpression being characteristic of DEK-NUPZ14-posi-
tive cages, as it is for AML with NPA/-mutations,
NUP9E-NSD1-rearrangements and partial tandem dupli-
cations of the MLL gene, suggesting a common pathway
of levkemogenesis in these cases. The overexpression of
HOXA and HOXE genes in DEK-NUP244-positive cases
was previously validated.™ It is noteworthy that both
DEK-NUP214 and NUP28-NSD1 are characterized by
high HOXA and HOXDB gene expression since these two
cytogenetic subgroups share other genetic and clinical
characteristics: a high frequency of FLT3-ITD (40-70% and
»90%, respectively)™ and absence of patients below 2
vears of age” Furthermore, the NUP214 and NUP98 onco-
genic fusion proteins are similar in many respects, First,
both fusions include a nucleoporin-specific FG region
{phenylalanine-glvcine repeats), which is associated with
various histone-modifying complexes.”™ Second, both
fuse to a nuclear factor, mostly but not uniquely a direct
rranseription factor*** Thivd, both fusion products are
localized to the nucleus, as opposed to the wildtype
nucleoporing, which are mainly present in the nuclear
pore complex.”™ It is, therefore, likely that these nucleo-
porin-containing fusion proteins are functionally similar,
acting as aberrant transcriptional modulators.

Within this study, we validated the selective up-regula-
tion of four genes in {69 DEK-NUP214~positive pedi-
atric cases: HIST2H4, PRDM2/RIZ, EYA3 and SESN1. The
HIST2I 14, mapping at 1g21.2, encodes a member of the
histone Hd family but the function of HIST2H4 in leuke-
mogenesis Is unknown, The PRDAZ (1p36.21) gene, also
known as RIZ, encodes rwo proteins: RIZ-PR (RIZ1) and
RIZ-CR (RIZ2), The proteins are identical except that RIZ-
PR has an N-terminal PR domain with methyltransterase
activity that is lacking in RIZ-CR. RIZ-FR has wmor sup-
pressor activity whereas RIZ-CR has been described to
acts as an oncogene,” " The probe used in our gene expres-
sion profiling analyses did not distinguish berween the
two transcripts. However, in the RT-gPCR validation of
the expression levels, we analyzed the gene expression of
each transcript and found that both the tumor-suppressive
RIZ-PR and the oncogenic RIZ-CR were up-regulated. The
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EYA3 gene (1p35.3) encodes a member of the ‘eyes absent’
protein family and is involved in repair and cell survival as
a response to DNA damage in organogenesis.™ The
fourth gene SESNY (6¢21) codes for a member of the ses-

¢

trin family and iz known w be a TP53 rarger”
Considering their known wmor suppressor fusction, it is
surprising that the SESNT gene and the RIZ-PR wanscript
were both up-regulated in t(6;%)-positive cases.

It is siriking that several of the genes found 1o be signif-
icantly up-regulated in DEK-NUP2g—rearranged cases are
known to influence the modeling and function of histones.
Depletion of both DEK and EYAS causes phosphorylation
of H2Ax (yH2A%), a subunit of histone H2A,7* DEK pro-
tein is able to bind to histones and reduce the levels of his-
wne H2 and H4 acewvlation, thus playing an important
role in chromatin modification, histone acerylation and
sranscription.”™” In addition, the most significantly up-reg-
ulated gene was HIST2H4 and the tumnor suppressor activ-
ity of RIZ-PR is related to the histone methyl-transferase
activity of the PR domain.” We hypothesize that specific
histone modifications are key events during leukemogen-
esis, possibly through modulating the epigenetiz state of
the cell.

In conclusion, 462V DEK-NUP244-rearranged cases rep-
resent less than 1% of all childhood AMI. and are charac-
terized by a late onset, male predominance, FLT3-ITD
mutations, and a high risk of relapse. Nevertheless, a large
proportion of the patients can be cured and HSCT poten-
tally benefits patients with «(6,9) and especially those

with FLTA-ITD. In addition, we identified 2 unique gene
expression signature including several up-regulated genes
involved in histone modification, and a typical HOXA/B
profile, which may be a target for future therapy.
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Comparison of a Fludarabine and Melphalan Combination-Based Reduced Toxicity
Conditioning With Myeloablative Conditioning by Radiation and/or Busulfan in
Acute Myeloid Leukemia in Japanese Children and Adolescents

Hiroyuki Ishida, mp, PhD, 2% Souichi Adachi, wmp, php,” Daiichiro Hasegawa, MD, PhD,? Yasuhiro Okamoto, mp, ?ho,
Hiroaki Goto, mp, php,° ]El‘O !nagaka, mp, php,” Masami Inoue, mp,® Katsuyoshi Koh, mp,” Hiromasa Yabe, Mt), php, 10

Keisei Kawa, mMp, pho,’

' Koji Kato, mp, #hp,’? Yoshiko Atsuta, Mp, php,

1314 and Kazuko Kudo, mp, php'>

Background, The relative efficacy of allogeneic hematopoietic
cell transplantation (allo-HCT) after reduced toxicity conditioning
{RTC) compared with standard myeloablative conditioning (MAC) in
pediatric patients with acute myeloid Jeukemia {AML) has not been
studied extensively. To address whether RTC is a feasible approach
for pediatric patients with AML in remission, we performed a
retrospective investigation of the outcomes of the first transplant in
patients who had received an allo-HCT after RTC or standard MAC,
using nationwide registration data collected between 2000 and 2011
in Japan. Procedure. We compared a fludarabine (Flu) and
melphalan (Mel}-based regimen (RTC; n=34) with total body
irradliation (T8I and/or husulfan (Bul-based conditioning (MAC;
n=102) in demographic- and disease-criteria-matched childhood

remission (CR1/CR2). Results. The incidence of engraftment, early
complications, grade -1V acute grafi-versus-host disease (GVHD),
and chronic GVHD were similar in each conditioning group. The risk
of relapse {25% vs. 26%) and non-relapse mortality (13% vs. 11%)
after 3 years did not differ between these groups, and univariate and
multivariate analyses demonstrated that the 3-year overall survival
{08} rates after Flu/Mel-RTC and MAC were comparable (mean, 72%
frange, 51-85%] and 68% lrange, 38-77%l, respectively),
Conclusions. The results suggest that the Flu/Mel-RTC regimen is a
clinically acceptable conditioning strategy for childhood and
adolescent patients with AML in remission. Although this retrospec-
tive, registry-based analysis has several limitations, RTC deserves to
be further investigated in prospective trials. Pediatr Blood Cancer

and adolescent patients with AML in first or second complete @ 2014 Wiley Periodicals, Inc.

Key words:  acute myeloid leukemia; childhood; hematopoietic stem cell transplantation; melphalan; reduced toxicity

conditioning; reduced intensity conditioning

INTRODUCTION the most promising therapy for intractable disease, the intensity of
the conditioning regimen as well as the control of graft-versus-
leukemia effects are paramount in reducing the incidence of relapse
after allo-HCT [5,6]. Although conventionally, total body irradia-
tion (TBI) and cyclophosphamide (Cy) (TBI/Cy) have been the
primary conditioning regimen, the optimal regimen for childhood
and adolescent AML has not yet been identified. In addition to the

Intensive combination chemotherapy is associated with &
52-75% probability of survival for childhood and adolescent
patients with acute myeloid leukemia (AML); however, more than
30% of patients eventually relapse [1-4]. While allogeneic
hematopoietic siem cell transplantation {allo-HCT) is reportedly

Abbreviations: Allo-HCT, allogeneic hematopoietic cell transplantation; AML, acute myeloid leukemia; Bu, busulfan; CIR, cumulative incidence
of relapse; CR, complete remission; Cy, cyclophosphamide; FLTT3, fms-like tyrosine kinase receptor 3; Flu, fludarabine; GVHD, graft-versus-host
disease; HiR, bigh-risk cytogenetics/gene mutation; JSHCT, Japanese Society for Hematopoietic Cell Transplantation; ITD, internal tandem
duplication; LFS, leukemia-free survival; LoR, low-risk cytogeneties; MAC, myeloablative conditioning; Mel, melphalan; MBS, myelodysplastic
syndrome; NRM, non-relapse mortality; 08, overall survival; PS, performance status; RTC, rednced toxicity conditioning; TBI. total body
irradiation

YDepartment of P:zdntms* Kyoto Prefectural University of Medicine, Kyoto, Japsn; *Division of ?&dmmcs, Matsushita Mermorial Hospital,
Moriguchi, Japan: “Human Health Sciences, Gmduate School of Medicine, Kyoto University, Kyoto, Japan: *Department of Hematology and
Oncology, Kobe Children’s Hospmi Kobe, Japan; *Department of Pediatrics, Kagoshima University Graduate School of Medical and Dental
Sciences, Kagoshima, Japan; *Department of Hematology, Kanagawa Children’s Medical Center, Yokehama, Japan; "Department of Pediatrics,
National Kyushu Cancer Center, Fukuoka, }apan, $Department of Hematology and Oncology, Osaka Medical Center and Research Institute for
Maternal and Child Health, Izumi, Japan; “Department of Hem'xtoiegylﬂnwlagy. Saitamp Children’s Medical Center, Saitama, Japan;
®Department of Cell T&anspmmauon Tokai University Hospital, Isehara, Japan; *'Osaka Medical Center and Research Institute for Maternal and
Child Health, Iznmx, Japan; *Department of Hematology and Oncology, Children’s Medical Center, Japanese Red Cross Nagoya First Hospital,
Nagoya, Japan: *Department of HSCT Data Management/Biostatistics, Nagnya University Graduate School of Medicine, Nagoya, Japan;
Miapanese Data Center for Hematopoietic Cell Transplantation, Nagoya, Japan; *Division of Hematology and Oncology, Shizuoka Children’s
Hospital, Shizuoka, Japan

Conflict of interest: Nothing to declare.

H.IL. K. Kudo, and 5.A. designed the research, analyzed the data, and wrote the manuscript, D.H., ¥.0,, H.X., J.I, M.L, K. Koh, ML Y., K. Kawa, K.
Kato, and Y.A. collected and managed the clinical data and discussed the results. Y.A. supervised the data analyses.

"Correspondence to! Hiroyuki Ishida, Division of Pediatrics, Matsushita Memorial Hospital, 5-55 Sotojimacho, Moriguchi, Osaka 570-8540,
Japan. E-mail: ishidah@koto.kpu-m.ac jp

Received 4 July 2014; Accepted 11 November 2014

© 2014 Wiley Periodicals, Inc.

DOI 10.1002/pbe. 25389

Pubiished pnline in Wiley Online Library
(wileyonlinelibrary.com).

- 110 -



Z Ishida et al.

common late effects afler high-dose TBI-growth retardation,
neurocognitive defects, gonadal dysfunction, hypothyroidism,
cataracts, and infertility—there is an elevated risk of secondary
malignancy {7,8]. Some alternative strategies used to reduce the
incidence of these late complications of TBI/Cy include busulfan
(Bu)-based myeloablative conditioning (MAC) and reduced
intensity conditioning using fludarabine (Flu) combined with an
alkylator, with or without low-dose TBL. A retrospective non-
randomized study showed that reduced intensity conditioning was
associated with lower non-relapse mortality (NRM); however, there
was a higher incidence of relapse in recipients with adult AML and
myelodysplastic syndrome (MDS), leading to survival rates
comparable to those receiving MAC [5,6,9]. Although reduced
intensity conditioning relies on the graft-versus-leukemia effect of
alloantigen-reactive cells, the conditioning regimen itself also plays
a significant role in disease control. Gradually, reduced intensity
conditioning has been replaced with reduced toxicity conditioning
(RTC) regimens, and currently, RTC is the main conditioning
regimen used worldwide. Thus, the incorporation into the RTC
regimen of drugs with high anti-tumor activity and acceptable
toxicity merits further investigation [10]. RTC is defined as a
regimen associated with various degrees of myeloablation, but with
decreased toxicity associated with the conditioning compared with
that of traditional MAC [11], Consequently, RTC, without the full
dose of TBI and Bu but with the potential for myeloablative
intensity comparable to MAC, is preferable.

Although several reports indicale the utility of RTC, litile is
known about the efficacy and adverse events associated with its use
for childhood and adelescent patients with leukemia. The Pediatric
Blood and Marrow Transplant Consortium Study ONC0313
showed that favorable ontcomes could be achieved with an RTC
approach in pediatric patients in remission who are otherwise
ineligible for myeloablative transplantation [12]. Results from the
Center for International Blood and Marrow Transplant Research
indicated that the 3-year disease-free survival rates after RTC and
allo-HCT were comparable to those after dose-intensive MAC
regimens and allo-HCT. when children with acute Iymphoblastic
leukemnia underwent first transplantation [13]. Another recent study
reported to the Center for International Blood and Marrow
Transplant Research that the 5-year survival rate in patients
younger than 18 years with AML who received RTC regimens
was shmilar to those who received MAC regimens. Intriguingly,
this retrospective case-controlled study showed no increase in
relapse rates and no change in rates of NRM in recipients of RTC,
suggesting that RTC strategies are acceptable for children [14]
However, the patients in this analysis had received different first-
line chemotherapies, different combinations of anti-cancer drugs as
RTC, and represented various ethnic groups. The present study
aimed to investigate the efficacy and toxicity of Flu/melphalan
(Mel-based RTC in remission in Japanese childhood and
adolescent patients with AML who had been treated with a well-
defined first-line chemotherapy.

PATIENTS AND METHODS

Patients and Transplantation

According to results of the nationwide AMLI9 wrial in Japan,
overall survival (OS) of children with HLA-matched and related
donors in the intermediate-risk group defined by cytogenetics and

Pediatr Blood Cancer DO 10.1002/pbc

response to the induction therapies, and then selected fo receive the
transplantion in CR1 is similar to that of non-transplanted children
in CR1, indicating that in this group at least, transplantation from a
matched and related donor should be reserved for those in CR2 [3].
In the Japanese population, transplantation is now indicated in
pediatric patients with AML in the CR1 group only in cases of
induction delay/failure or with high-risk cytogenetics/gene muta-
tion (HiR), according to the AML-05 study {151, Patients in the CR2
group receive a transplant whether or not they have additional risks.
Patients registered to the Japanesc Society for Hematopoietic Cell
Transplantation (JSHCT) under 20 years of age with de nove AML
(excluding AML-M3) who underwent a first allo-HCT in CRI or
CR2 between January 2000 and December 2011 were selected for
present study (n = 693); 91 patients with Down syndrome, Fanconi
anemia or neurofibromatosis type 1, er who received a graft with ex
vivo T cell depletion, CD34-positive selection, or from an HLA-
haploidentical donor were excluded. Patients with low-risk
cytogenetics (LoR) who underwent transplantation in CR1 were
excluded (n=42) because the reason for {ransplantation in CR1
was unknown. In addition, patients who recieved miscellaneous
combinations (excluding RTC regimens consisting of Flu and Mel)
which did not meet the criteia for MAC were also excluded (5= 78)
[16]. The remaining 482 patients had received the following
condifioning regimens: TBI (8 Gy fractionated) combined with
either standard-dose Cy or Mel in the absence or presence of a
cytotoxic drug (TBI-MAC, n=336); Bu (>8mglkg, omal or
intravenous equivalent) {16] combined with either standard-dose
Cy or Mel in the absence or presence of a cytotoxic drug (Bu-MAC,
n=112); or Flu combined with Mel in the absence or presence of
cytarabine, etoposide, and/or low-dose TBI (<4 Gy) (Flu/Mel-
RTC, n= 34). LoR was defined as either 1(8;21) or inv{1 6}, HiR was
defined as either 46;11), 1(9:22), ¢((16:21), 7-/7g~, 5g-, or fms-like
tyrosine kinase receptor 3 (FLT3)-internal tandem duplication
(ITD). Intermediate-risk cytogenetics/gene mutation (IntR) was
defined as neither LoR nor HiR. Graft-versus-host disease (GVHD)
was graded based on the previously published and accepted criteria
[17]. NRM was defined as death occurring during continuous
remission, and lenkemia-free survival {LFS) was defined as survival
without any relapse of the underlying hematological malignant
disease or death from any cause,

Pair-match Analysis

Patients who received Fli/Mel-RTC were maitched to those
who received TBI-MAC {at a ratio of 1:2) or Bu-MAC {1:1) using
an optimal matching strategy (EZR software [Version 1.10}) with

TABLE I Conditioning Regimens

Reduced toxicity conditioning (RTC)
Fludarabine + melphalan + low-dose TBI 23

Fludarabine + melphalan + cytarabine = low-dose TBI 7

Fludarabine + melphalan + etoposide = low-dose TBI 4
Myeloablative conditioning (MAC)

TBI + cyclophosphamide & another cytotoxic drug 49

TBI + melphalan - another eytotoxic drug 19

Busuifan + cyclophosphamide & another cytotoxic drug i1

Busulfan + melphalan - another cytotoxic drug 23

TBI, total body irradiation.
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TABLE 1. Characteristics of Patients in the RTC and MAC Groups

RTC MAC P value Total
34 (%) 102 (%) 136
Year of transplant 0.32
2000-2005 11 {32 44 43 55
20062011 23 (68) 58 (1)) 81
Gender 0.69
Female 22 {65) 61 (60) 83
Male 12 {35) 41 (40) 53
Age at transplant 1.00
<10 years 23 {68) 67 66) 90
>10 years 11 32) 35 (34) 46
FAB classification
MO 3 T 4 @ 7
M1 5 (15) 10 {10) 15
M2 5 (15) 27 {26) 32
M4 8 (24) 13 {13) 21
MS 7 (€2} 21 @n 28
M6 3 ) 7 G 10
M7 3 &) 10 (1o 13
Others*/missing data 0 10 (10 10
0.17
MO-M4 21 - (62) 54 (53) 75
M5-M7 13 (38) 38 37 51
Others/missing data 0 10 (am 10
Status at transplant 100
CR1 22 (63) 67 (65) 89
CR2 12 (35 35 35 47
Cytogenetics/gene mugation 0.78
LoR 7 an 14 (14) 21
IntR 24 (75 78 (75) 102
HiR 2 (6) 7 4] 9
UE/missing data 1 3 3 3 4
Graft type 1.00
Related BM 8 24) 24 4) 32
Related PBSC 2 6 6 ) 8
Unrelated BM 13 (38) 34 (38) 52
Unrelated CB 11 (32) 33 (32) 44
(GVHD prophylaxis 021
Cyclosporine A-based 10 (29 37 (36) 47
Tacrolimus-hased 24 71y 58 &) 82
Others i} 7 N 7
Performance status at transplant 1.00
0 16 4n 47 {46) 63
1-4 12 €35) 37 36} 49
Missing data 6 (18) 18 18 24
HCTCI score 0.29
0 14 “h 46 45) 60
>1 5 (15) 6 6) 11
Missing data 5 44 50 (55) 65
Median observation period
Months 35 35

RTC, reduced-toxicity conditioning; MAC, myeloablative conditioning: FAB, French-American-British classification; LoR, IntR, HiR: low-,
intermediaté- or high-risk cytogenctics/gene mutation; UE, unevaluable; BM, bone marrow; PBSC, peripheral blood stem cell; CB, cord blood;
GVHD, graft-versus-host disease; HCTCI, hematopoietic cell transplantation comorbidity index. “AML with multi-lineage dysplasia or acute
undifferentiated leukemia,
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