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usually associated with poor prognosis, including high
WBC count and/or extramedullary involvement at diag-
nosis, higher frequencies of monocytic leukemia or
megakaryocytic leukemia, and higher frequency of MLL
gene rearrangement, and few infants have favorable cyto-
genetic characteristics, such as t(8;21)(q22;q22)/RUNX1I-
RUNXITI and t(15;17)(q22;q12)/PML-RARA [1-3]. Thus,
infants with AML are usually classified in the IR or HR
groups and receive treatments appropriate for this level of
risk.

Despite these ‘unfavorable’ characteristics, the out-
comes of infants with AML are generally not much worse
than those of older children with AML. For example, in the
Japan Infant Leukemia Study Group, the 3-year pEFS and
pOS were 72 and 76 %, respectively, for 35 infants with
AML [12]. The AML Berlin—Frankfurt-Miinster (BFM)
Study Group reported that the 5-year pEFS and pOS were
44 and 61 %, respectively, in the AML-BFM 98 study
(n = 59) and 51 and 75 %, respectively, in the AML-BFM
04 study (n = 61)[6]. The 5-year pEFS was 58 % in the
United Kingdom (UK) Medical Research Council (MRC)
AML-10 and AML-12 studies (n = 151) [7]. In other
Japanese AML studies, similar results were reported for
infant AML, with 5-year pEFS and pOS of 49.4 and
58.3 % in the Tokyo Children’s Cancer Study Group
(TCCSG) M91-13 and M96-14 studies (n = 24) [13] and
46.0 and 64.5 %, respectively, in the Japanese Childhood
AML Cooperative Group AML99 study (n = 27) [10]. In
the current study, pOS was lower in infants than in the
other age groups. However, this disparity was due to the
higher non-relapse mortality rate in infants and not the
cumulative relapse rate, which was not significantly dif-
ferent among the three age groups.

The high early mortality rate (17.8 %, 5/28) observed in
infants enrolled before the protocol amendments was
somewhat unexpected, because the induction regimen,
which consisted of etoposide (150 mg/m> per day on days
1-5), cytarabine (200 mg/m*day via 12 h continuous
intravenous infusion on days 6-12), and mitoxantrone
) mg/mzlday on days 6-10), together with an age-adjusted
dose of triple intrathecal chemotherapy on day 6, was
identical to the induction regimen used in prior Japanese
studies, although the dose modification method differed
among these studies [10, 12, 13]. In the TCCSG M91-13
and M96-14 studies, the doses were adjusted for body
surface area, with an additional dose reduction of 33 %,
and the early mortality rate was 12.5 % (3/24). In the
AMLO9 study, the doses were adjusted for body weight, as
in our study before the protocol amendments, and the early
mortality rate was 3.7 % (1/27).

It is notable that all non-leukemic deaths during the
initial induction course were due to pulmonary complica-
tions following infectious complications. Of note, three
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patients had HPS. These findings suggest that infections in
infants are likely to induce hypercytokinemia and result in
severe conditions, such as ARDS and/or HPS. Conse-
quently, we also amended the protocol to avoid the pro-
phylactic administration of G-CSF, because this may
aggravate inflammatory cytokine production, is often
observed in engraftment syndrome after HSCT, and G-CSF
was reported to have no benefits in the treatment of chil-
dren with AML [14-16]. The BFM Study Group reported
that, although hemorrhage and leukostasis were the main
causes of death within the first 15 days of initial therapy,
fatal infections were more common between days 15 and
42. They also reported that acute toxicities during the
induction course, particularly severe infection and pul-
monary toxicity, were more frequent in infants than in
older children [17]. Therefore, the management of infec-
tious complications is vital to prevent early death when
treating infants with AML.

To prevent fatal infectious complications, we decided to
modify the doses of chemotherapeutic drugs during the
initial induction course, by reducing the doses of etoposide,
cytarabine, and mitoxantrone by 33 %, but not of intra-
thecal chemotherapy. However, appropriate dose adjust-
ments for infants are not well documented because very
few pharmacokinetic studies have been performed in
infants [18, 19]. Many factors may affect drug metabolism
in infants, including higher total body water content and
extracellular water content, higher unbound active fraction
of drugs because of lower affinity of drugs to serum pro-
teins, lower p450 enzyme activity, which could reduce or
increase the cytotoxic effects, and lower renal clearance,
which could increase systemic exposure of drugs because
of reduced tubular and glomerular function until about
6 months of age. In addition, the ratio of body weight to
body surface area is lower in infants than in older children.
Therefore, if the doses are calculated based on the body
surface area, the infants would be exposed to greater
amounts of each drug. Thus, prior studies have used arbi-
trary methods to modify the drug doses for infants,
including adjustment for body weight in the BFM [6],
CCG-2891 [20], and AML99 [10] studies, while the doses
were reduced by 25 % in the MRC AML-10 and AML-12
studies [7].

In addition to reducing the doses of chemotherapeutic
drugs, we have also revised the guidelines for general
supportive care and infection prevention, by recommend-
ing bacterial and fungal prophylaxis, intravenous immu-
noglobulin therapy to maintain IgG levels >500 mg/dl, and
the use of rooms with positive air pressure with high-effi-
cacy particulate air (HEPA) filtration. Although the inci-
dence of RSV infection is low among patients with AML, it
is associated with high mortality in children with AML
[21], and it is well known that infants, both
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immunocompetent and immunocompromised, are particu-
larly vulnerable to RSV. Although RSV infection may be
prevented with palivizumab, a humanized monoclonal
antibody that targets the RSV epitope, it was not approved
for use in malignant disease in Japan until August 2013, so
its use was at the physician’s discretion. An aerosol for-
mulation of the anti-viral agent ribavirin is also effective
against RSV infection, but only oral agents have been
approved in Japan.

With these aforementioned amendments, most of the
grade >3 non-hematological adverse events decreased,
especially, clinically documented infections and pulmonary
complications (Table 4). No more early death was
observed and only 7.1 % cumulative incidence of non-
relapse mortality was documented among the 17 infants
enrolled after the protocol amendments. Although this
reduction in early and non-relapse death led to achievement
of >70 % pOS for the post-amendment cohort, improve-
ments in pEFS and pOS were not statistically significant.
Naturally, there are limitations for the exact explanations
due to a relatively small number of patients included in the
current study, but one must consider the possibility of
increased relapse led by treatment reduction in the post-
amendment cohort, although cumulative relapse rate itself
was not statistically different.

In conclusion, appropriate dose reduction of chemo-
therapeutic drugs, particularly in the induction phase,
together with enhanced supportive care is essential to
prevent non-relapse death when treating AML in infants.
As the conventional dose-intensifying approach is difficult
to apply for this age group, less toxic agents targeting
specific biological features are needed to improve the
outcomes of infants with AML.
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Mutations of the GATA2 and CEBPA genes in paediatric acute

myeloid leukaemia

Hereditary GATA2 mutations show predisposition to acute
myeloid leukaemia (AML) and myelodysplastic syndrome
(MDS) (Hahn et al, 2011). These mutations have also been
reported in chronic myeloid leukaemia (Zhang et al, 2008)
and monocytopenia and mycobacterial infection (MonoMAC)
syndrome (Hsu et al, 2011). More recently, GATA2 mutations
have been identified in de novo AML, especially in adult
patients with biallelic CEBPA mutations (Greif er al, 2012;
Green et al, 2013). GATA2 and CEBPA are transcription fac-
tors that are crucial for haematopoietic development. These
findings prompted us to identify possible GATA2 and CEBPA
mutations in patients with various paediatric leukaemias.

Direct Sequencing of GATA2 was performed in 157 de
novo AML patients, including 13 patients with acute
promyelocytic leukaemia (APL; French—American—British
type-M3) and 10 with Down syndrome (DS; Table S1), 22
secondary AML patients, 40 juvenile myelomonocytic leukae-
mia (JMML) patients, 50 acute lymphoblastic leukaemia
(ALL) patients, 70 cell lines (25 B-cell precursor-ALL, 15
T-cell-ALL, 22 AML, and 8 neuroblastomas), and 60 healthy
subjects. GATA2 mutation analysis was performed by direct
sequencing for all coding exons (exons 2—6) using an ABI
PRISM 3130 Genetic Analyser (Applied Biosystems, Branch-
burg, NJ, USA) (Table S2). For AML patients, CEBPA and
NPMI mutations were also examined. Mutational analyses of
FLT3, KIT, WT1 and RAS genes in our AML patients was
performed as described previously (Shimada et al, 2006).
Informed consent was obtained from the patients or the
patients’ parents according to guidelines based on the tenets
of the revised Helsinki protocol. The institutional review
boards of Gunma Children’s Medical Centre approved this
project.

GATA2 mutations were found in eight out of 157 AML
patients (5-1%), including three APL patients (Fig 1A,B), but
were absent in 18 patients with acute megakaryocytic leukae-
mia (FAB-M7; Table S3). FPurthermore, there were no
GATA2 mutations in patients with other leukaemias, in the
cell lines, or in the 60 healthy subjects, suggesting that
GATA2 mutations were indeed associated with leukaemogen-
esis in a subset of patients with de novo AML.

Germline GATA2 mutations were also examined in five
AML patients whose complete remission (CR) samples were
available, and a germline mutation was identified in one
patient. Furthermore, we performed GATA2 mutation analy-
ses of the patient’s parents and two siblings, and identified

the same GATA2 mutations in her father (II-4) and brother
(II1-1) but not in her mother (II-5) or sister (III-2) (Fig 1C).
Her father and brother lacked abnormalities in their full
blood cell counts, lymphocyte subsets, or episodes of oppor-
tunistic infections. The proband experienced severe mycotic
pneumonia during induction chemotherapy. Remarkably, she
has been in CR for more than 11 years, despite discontinua-
tion of chemotherapy. Three patients, for whom CR samples
were not available, had no history of MonoMAC syndrome.

In addition, 16 CEBPA mutations (10-2%) and three
NPM1 mutations (1-9%) were found in 157 paediatric AML
patients. Thirteen (81-3%) of 16 patients with CEBPA muta-
tions had been in CR for more than 4 years, suggesting that
CEBPA mutations may be associated with favourable out-
comes. Although most GATA2 mutations were found in
patients with biallelic CEBPA mutations in adult AML (Greif
et al, 2012; Green et al, 2013), only two of eight GATA2
mutation-positive patients had monoallelic CEBPA mutations
in this study (Table I).

We compared the clinical and molecular features between
patients with and without GATA2 mutations. However, there
were no significant differences in terms of age, initial white
blood cell count, gender, and cytogenetics (Table S3). Of the
eight patients with GATA2 mutations, one had a WTI muta-
tion, one had a KIT mutation, and two patients had RAS
mutations (Table I). FLT3-internal tandem duplication,
MLL-partial tandem duplication, and NPMI mutations were
not found in any patients with GATA2 mutations (Table S3).
All of the GATA2 mutations were found in the intermediate
risk subgroup or APL patients with t(15;17), whereas
none were found in those with core-binding factor AML [i.e.
t(8;21) and inv(16)]. GATA2 mutations were found in
two patients with 11q23 translocations, including t(11;19)
and t(7;11), and three patients with complex chromosomal
abnormalities, whereas most GATA2 mutations were found
in cytogenetically normal AML patients in previous reports
(Table I) (Greif et al, 2012; Luesink et al, 2012).

GATA2 mutations were previously reported in patients
with M1, M2, and M4 subtypes of AML (Greif et al, 2012;
Luesink et al, 2012), which is in accordance with our results.
GATA2 mutations have not been previously reported in APL,
but our study found these mutations in three APL patients.
Of note, promyelocytic leukaemia protein has been shown to
interact with GATA2 and potentiate its transactivation capac-
ity (Tsuzuki et al, 2000).

© 2013 John Wiley & Sons Ltd
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Fig 1. Identification of GATA2 mutations by Exon 2
direct sequencing. (A) Eight GATA2 mutations

were identified in 157 Japanese paediatric de

novo acute myeloid leukaemia (AML) patients

(5-1%). Major missense mutations were R362 ©)

(R362P, R362Q, and R362G). Small vertical
arrows indicate the mutated nucleotides. (B)
Of the eight mutations, six mutations were
identified in the ZF2 domain, one mutation

Exon 3 Exon 4 Exon5 Exon 6

& Missense mutation
& Frameshift deletion

was identified in the ZF1, and a mutation was
identified on the outside of the ZF domain.

(C) The family pedigree is shown. Squares
indicate males and circles indicate females. The
proband (III-3) is indicated by an arrow. The
proband, her father (1I-4), and her brother
(11I-1) harboured GATA2 mutations (shown by
squares containing dots). Her uncles and 1]
grandfather died of lung cancer (I-1 and II-2)

and gastric cancer (II-1). wt, wild-type.

Gastric cancer

The outcomes of our patients with GATA2 mutations was
not poor (3-year overall survival and event free survival:
87-5%), which is in agreement with previous reports on de
novo AML (Greif et al, 2012; Luesink et al, 2012): two of
eight patients received autologous-stem cell transplantation
(Auto-SCT), and one died of gastrointestinal haemorrhage
after Auto-SCT. The remaining six patients who did not
receive Auto-SCT were still alive (Table I).

In this study, one patient with a germline GATA2
mutation developed AML. Her paternal grandfather (I-1)
and second uncle (II-2) died of lung cancer at the age of
70 and 42 years, respectively, while her first uncle (II-1)
died of gastric cancer at 69 years of age (Fig 1C).

© 2013 John Wiley & Sons Ltd
British Journal of Haematology, 2014, 164, 142-159
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Increased GATA2 protein expression has been associated

with biochemical recurrence and distant metastatic progres-
sion in prostate cancer (BShm et al, 2009), as loss of
GATA2 reduced the viability of Non-small cell lung cancer
cells with RAS-pathway mutations, whereas wild-type cells
were unaffected (Kumar ef al, 2012). These facts indicate
that GATA2 upregulation is strongly associated with
maintenance of cancer cells. The association between
GATA2 mutations and solid tumours remains to be
elucidated.

Our results indicate that GATA2 mutations are associated
with a favourable outcome in paediatric AML. Therefore,
less aggressive treatment strategies without SCT may be

143

—220—



Correspondence

E fé" appropriate for paediatric AML patients with GATA2 muta-
;c: 2 tions, although most patients with GATA2 mutations were
! 8 2 (:. classified into an intermediate risk group. Furthermore, the
) &) ¢ o . . . .
;5 = ZRZE ~ % association between germline GATA2 mutations and solid
T g = ) = . .
22| % E § B E | tumours remains to be elucidated.
o
E E
E < - = Acknowledgements
5138 ° T ool 8
O|z»=2 = AAZA g We are grateful to all members of the Japanese Childhood
g 8 p
g - AML Cooperative Study Group. Members of the Japanese
N = . .
=8 % g é g R % Rl & Childhood AML Cooperative Study Group who contributed
=1 & o) . ..
5 E 2R S8 =2L|e data to the study include Ryoji Hanada, Department of Hae-
Z matology/Oncology, Saitama Children’s Medical Centre;
o . gy gY;
¢ 2 g Masahiro Tsuchida, Department of Haematology/Oncology,
2E5legga LI R|< Ibaraki Children’s Medical Centre; Akira Morimoto, Depart-
2 g EUL AL P
T 4 . . .
e + -8 ment of Paediatrics, Kyoto Prefectural University of Medi-
2 i cine; Ryoji Kobayashi, Department of Paediatrics, Hokkaido
& 2] .. .
2192000 6 0 0 o é University School of Medicine; Hiromasa Yabe, Department
m O ZZZ Zzzz 8 of Paediatrics, Tokai University School of Medicine; Kazuko
g g g g g g EL Hamamoto, Department of Paediatrics, Hiroshima Red Cross
] - . o
9 § & & 5 & & & & = Hospital; Shigeru Tsuchiya, Department of Paediatric Oncol-
P 8 % P
g <00 < CC00 | % . .
é ogy, Institute of Development, Aging and Cancer, Tohoku
E o o E 2% u & University; Yuichi Akiyama, Department of Paediatrics,
I ) National Hospital Organization Kyoto Medical Centre; Hisa-
o p g ¥
. ;j § to Kigasawa, Department of Haematology, Kanagawa Chil-
= N dren’s Medical Centre; Akira Ohara, Department of First
3¢ s P
F: E‘ S = Paediatrics, Toho University School of Medicine; Hideki
= g L . .
b g9 = o Nakayama, Department of Paediatrics, Hamanomachi Hospi-
I, bl = s tal; Kazuko Kudo, Department of Paediatrics, Nagoya Uni-
< LEE g p goy
§‘ EI S 9 &= versity Graduate School of Medicine; and Masue Imaizumi,
S — k) . .
i o € = &= Department of Haematology/Oncology, Miyagi Prefectural
= [la Ts2o g Children’s Hospital. The authors would like to thank Enago
4 & o (L. a3 E (www.enago.jp) for the English language review. This work
2 © ,&; g R a8 was supported by a grant for Cancer Research, a grant for
1 % o= Q| g . .
2 < noo~ § < ?'i‘ ~ 2| 9 Research on Children and Families, and Research on Intrac-
8 . TS LEE g3
9 og ¢ el table Diseases, Health and Labour Sciences Research Grants
- T X o8 D = e .
% S; < % AC GRS S ~ | from the Ministry of Health, Labor and Welfare of Japan, by
2 & ICEEE T g AT TS S 8 Grants-in-Aid for Scientific Research (B, C) and Exploratory
= = pHastTeda=ET = .. ;
S < ) S E = Z E 5o § = Research from the Ministry of Education, Culture, Sports,
2 e geeIExaS |8 .
= gl X Sy TR TF|E Science and Technology of Japan, by the Programme for
-2 gElH® a9 mE oS ) . :
‘é 21 EZ E3 n g = i & b4 LBES Promotion of Fundamental Studies in Health Sciences of the
) ~ ) R4 : 3 . . . . . R
s gy 5” B ol :’o, .Ej ESE ] Lg < National Institute of Biomedical Innovation (NiBio) of
8 5 RS TIEEEs |55 Japan, and by a Research grant for Gunma Prefectural
= 2z Hospitals.
g = 2
Elo2|anws ~evwn | &L
SlEx|8TTE 229 |8g Author contributions
= g8
£ 8w e — o . % % Y.H. designed the study; M.F,, S.A, MK, AK, MS,, AT,
g Z1=52553 =2 =2 é 2 K.H. and LT. collected patient samples and clinical data;
E = }: < N.S., K.O., M.-J.P, Y.M. and S.M. performed the laboratory
Fl e s o = research; N.S., M.-J.P. and Y.H. analysed and interpreted the
ElLo| oS ® X e T I . .
& o8 data; N.S. performed the statistical analysis; N.S. and Y.H.
o § .
. I 55 wrote the manuscript; H.A. and Y.H. supervised the work;
2| 2| Fe== 22w g8 - . .
= ~ and all authors critically reviewed the manuscript and gave
& El~ o n o~ oo | AT their final approval.
144 © 2013 John Wiley & Sons Ltd

British Journal of Haematology, 2014, 164, 142-159

— 221 —



Conflicts of interest
The authors declare no competing financial interests.

Norio Shiba"?

Michinori Funato®

Kentaro Ohki"

Myoung-ja Park’

Yasuhiro Mizushima*

Souichi Adachi®

Masao Kobayashi®

Akitoshi Kinoshita’

Manabu Sotomatsu’

Hirokazu Arakawa’

Akio Tawa®

Keizo Horibe’

Ichiro Tsukimoto'®

Yasuhide Hayashi'

!Department of Haematology/Oncology, Gunma Children’s Medical
Centre, Shibukawa, “Department of Paediatrics, Gunma University
Graduate School of Medicine, Maebashi, *Department of Paediatrics,
Graduate School of Medicine, Gifu University, Gifu, Department of
Paediatrics, Kyoto-Katsura Hospital, *Department of Human Health

Correspondence

Biomedical and Health Sciences, Hiroshima, "Department of Paediat-
rics, St. Marianna University School of Medicine, Kawasaki, *Depart-
ment of Paediatrics, National Hospital Organization Osaka National
Hospital, Osaka, *Clinical Research Centre, National Hospital Organi-
zation Nagoya Medical Centre, Nagoya, and '°First Department of
Paediatrics, Toho University School of Medicine, Tokyo, Japan
E-mail: hayashiy-tky@umin.ac.jp

Keywords: GATA2, CEBPA, pacdiatric acute myeloid leukaemia,
acute promyelocytic leukaemia, germline mutation

First published online 14 September 2013
dot: 10.1111/bjh.12559

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Clinical and cytogenetically characteristics of
157 AML patients.

Table S2. PCR primers used for mutation screening.

Table $3. Clinical and molecular characteristics of GATA2
mutation positive patients.

Sciences, Kyoto University Graduate School of Medicine, Kyoto,

®Department of Paediatrics, Hiroshima University Graduate School of

References

Bohm, M., Locke, W.]., Sutherland, R.L., Kench,
1.G. & Henshall, .M. (2009) A role for GATA-2
in transition to an aggressive phenotype in pros-
tate cancer through modulation of key andro-
gen-regulated genes. Oncogene, 28, 3847-3856.

Green, C.L., Tawana, K., Hills, RK., Bodor, C.,
Fitzgibbon, J., Inglott, S, Ancliff, P., Burnett,
AK., Linch, D.C. & Gale, R.E. (2013) GATA2
mutations in sporadic and familial acute mye-
loid leukaemia patients with CEBPA mutations.
British Journal of Haemnatology, 161, 701-705.

Greif, P.A., Dufour, A., Konstandin, N.P., Ksien-
zyk, B., Zellmeier, E., Tizazu, B., Sturm, }., Bent-
haus, T., Herold, T., Yaghmaie, M., Dorge, P.,
Hopfner, K.P., Hauser, A.,, Graf, A., Krebs, S.,
Blum, H., Kakadia, P.M., Schneider, S., Hoster,
E., Schneider, F., Stanulla, M., Braess, J., Sauer-
land, M.C., Berdel, W.E,, Biichner, T., Woer-
mann, B.J., Hiddemann, W., Spiekermann, K. &
Bohlander, S.K. (2012) GATAZ2 zinc finger 1
mutations associated with biallelic CEBPA
mutations define a unique genetic entity of
acute myeloid leukemia. Blood, 120, 395-403.

Hahn, C.N., Chong, C.E., Carmichael, C.L., Wil-
kins, E.J., Brautigan, P.J., Li, X.C,, Babic, M,,
Lin, M., Carmagnac, A., Lee, Y.K,, Kok, CH,
Gagliardi, L., Friend, K.L., Ekert, P.G., Butcher,

© 2013 John Wiley & Sons Ltd

C.M., Brown, A.L., Lewis, L.D., To, L.B., Timms,
A.E., Storek, J., Moore, S., Altree, M., Escher,
R., Bardy, P.G., Suthers, GK., D’Andrea, RJ.,
Horwitz, M.S. & Scott, H.S. (2011) Heritable
GATA2 mutations associated with familial
myelodysplastic syndrome and acute myeloid
leukemia. Nature Genetics, 43, 1012~-1017.

Hsu, A.P., Sampaio, E.P., Khan, ], Calvo, KR,
Lemieux, J.E., Patel, S.Y., Frucht, D.M,, Vinh,
D.C., Auth, R.D., Freeman, A.F., Olivier, K.N.,
Uzel, G., Zerbe, C.S., Spalding, C., Pittaluga, S.,
Raffeld, M., Kuhns, D.B., Ding, L., Paulson, M.L.,
Marciano, B.E., Gea-Banacloche, J.C., Orange,
].S., Cuellar-Rodriguez, J., Hickstein, D.D. &
Holland, S.M. (2011) Mutations in GATA2 are
associated with the autosomal dominant and spo-
radic monocytopenia and mycobacterial infection
(MonoMAC) syndrome. Blood, 118, 2653~2655.

Kumar, M.S., Hancock, D.C., Molina-Arcas, M.,
Steckel, M., East, P., Diefenbacher, M., Arment-
eros-Monterroso, E., Lassailly, F., Matthews, N.,
Nye, E., Stamp, G., Behrens, A. & Downward, J.
(2012) The GATA2 transcriptional network is
requisite for RAS oncogene-driven non-small
cell lung cancer. Cell, 149, 642655,

Luesink, M., Hollink, IL.H., van der Velden, V.H.,
Knops, R.H., Boezeman, ].B., de Haas, V., Trka,
J., Baruchel, A., Reinhardt, D., van der Reijden,

British Journal of Haematology, 2014, 164, 142-159

— 222 —

B.A., van den Heuvel-Eibrink, M.M., Zwaan,
CM. & Jansen, J.H. (2012) High GATA2
expression is a poor prognostic marker in pedi-
atric acute myeloid leukemia. Blood, 120, 2064~
2075.

Shimada, A., Taki, T., Tabuchi, K., Tawa, A,
Horibe, K., Tsuchida, M., Hanada, R., Tsukimoto,
L. & Hayashi, Y. (2006) KIT mutations, and not
FLT3 internal tandem duplication, are strongly
associated with a poor prognosis in pediatric
acute myeloid leukemia with t(8;21): a study of
the Japanese Childhood AML Cooperative Study
Group. Blood, 107, 1806-1809.

Tsuzuki, S., Towatari, M., Saito, H. & Enver, T.
(2000) Potentiation of GATA-2 activity through
interactions with the promyelocytic leukemia
protein  (PML) and the t(15;17)-generated
PML-retinoic acid receptor alpha oncoprotein.
Molecular and Cellular Biology, 20, 6276-6286.

Zhang, S.J., Ma, LY., Huang, QH, Li, G, Gu,
B.W., Gao, X.D., Shi, J.Y., Wang, Y.Y., Gao, L.,
Cai, X., Ren, R.B., Zhuy, J., Chen, Z. & Chen,
S.J. (2008) Gain-of-function mutation of GATA-
2 in acute myeloid transformation of chronic
myeloid leukemia. Proceedings of the National
Academy of Sciences, 105, 2076-2081.

145



g
o
>
£
@
@
g
@
8
=
=3
=
<
J
£
<
2
e
@
£
<L
e
5
2
©
=
o
=
o
Q
©

natare

gmeﬁas

The landscape of somatic mutations in Down
syndrome-related myeloid disorders

Kenichi Yoshida!217, Tsutomu Toki®17, Yusuke Okuno®!7, Rika Kanezaki®, Yuichi Shiraishi4,

Aiko Sato-Otsubo!2, Masashi Sanadal:2, Myoung-ja Park®, Kiminori Terui®, Hiromichi Suzukil 2,

Ayana Konl2, Yasunobu Nagatal-2, Yusuke Sato:2, RuNan Wang?, Norio Shiba®, Kenichi Chiba%, Hiroko Tanaka®,
Asahito Hama’, Hideki Muramatsu’, Daisuke Hasegawa$, Kazuhiro Nakamura?, Hirokazu Kanegane!9,

Keiko Tsukamoto!!, Souichi Adachi'?, Kiyoshi Kawakami!3, Koji Kato!4, Ryosei Nishimura!®, Shai Izraeli'®,
Yasuhide Hayashi®, Satoru Miyano®%, Seiji Kojima’, Etsuro Ito>18 & Seishi Ogawal->18

Transient abnormal myelopoiesis (TAM) is a myeloid proliferation resembling acute megakaryoblastic leukemia (AMKL), mostly
affecting perinatal infants with Down syndrome. Although self-limiting in a majority of cases, TAM may evolve as non-self-limiting
AMKL after spontaneous remission (DS-AMKL). Pathogenesis of these Down syndrome-related myeloid disorders is poorly
understood, except for GATAT mutations found in most cases. Here we report genomic profiling of 41 TAM, 49 DS-AMKL and

19 non-DS-AMKL samples, including whole-genome and/or whole-exome sequencing of 15 TAM and 14 DS-AMKL samples.

TAM appears to be caused by a single GATAT mutation and constitutive trisomy 21. Subsequent AMKL evolves from a pre-existing
TAM clone through the acquisition of additional mutations, with major mutational targets including multiple cohesin components
(53%), CTCF (20%), and EZH2, KANSLT and other epigenetic regulators (45 %), as well as common signaling pathways, such as
the JAK family kinases, MPL, SH2B3 (LNK) and multiple RAS pathway genes (47 %).

TAM represents a transient proliferation of immature megakary-
oblasts that occurs in 5-10% of perinatal infants with Down syn-
drome!?. Although morphologically indistinguishable from AMKL,
TAM is self-limiting in the majority of cases and usually terminates
spontaneously within 3-4 months of birth!. Hepatic infiltration of
myeloid cells is a common finding and can be severe enough to be
fatal, owing to hepatic failure, with liver fibrosis occurring in 5-16%
of cases?~%. Moreover, even when spontaneous remission is achieved,
approximately 20-30% of surviving infants develop DS-AMKL years
after remission, although some DS-AMKL cases have no documented
history of TAM*. In contrast to non-Down syndrome-related AMKL
(non-DS-AMKL), which generally shows poor prognosis, individuals
with DS-AMKL typically have a favorable prognosis. In molecular
pathogenesis of these Down syndrome-related myeloid disorders,
GATAI mutations are detected in virtually all affected infants,
suggesting their central role in Down syndrome-related myeloid
proliferation®. However, it is still open to question whether a GATAI

mutation is sufficient for the development of TAM in individuals with
Down syndrome, what is the cellular origin of the subsequent AMKL,
whether additional gene mutations are required for progression to
AMKL, and, if so, what are their gene targets, although several genes
have been reported to be mutated in occasional cases with DS-AMKL,
including JAK1, JAK2 and JAK3 (refs. 7-10), TP53 (refs. 10,11), FLT3
(ref. 8) and MPL!2. We reasoned that identifying a comprehensive
registry of gene mutations and tracking them at a clonal level using
massively parallel sequencing would provide vital information for
addressing these questions.

RESULTS

Genomic landscape of Down syndrome-related myeloid
neoplasms

We performed whole-genome sequencing of 4 trios consisting
of samples from TAM, AMKL and complete remission phases
(Supplementary Figs. 1 and 2 and Supplementary Table 1). In total,
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Figure 1 Representative Circos plots of paired TAM and DS-AMKL cases.
Locations of somatic mutations, including of missense, frameshift,
nonsense and silent mutations (colored circles), are indicated. Total
(black) and allele-specific (red and green for alleles showing relatively
larger and smaller copy numbers, respectively) genomic copy numbers,
as well as somatic structural variants (colored bars), are indicated in the
inner circle. Sample 1Ds are shown within each plot; plots were created
with Circus53.

we confirmed 411 single-nucleotide variants (SNVs) and 17 small
nucleotide insertions and deletions (indels) by Sanger sequencing
and/or deep resequencing (Supplementary Fig. 1 and Supplementary
Table 2). We detected only a few structural variants, including
deletion, amplification and uniparental disomy, in the TAM and
DS-AMKL genomes (Fig. 1 and Supplementary Fig. 3). The mean
number of validated somatic mutations in DS-AMKL samples (71 or
0.023 mutations/Mb) was twice the number observed in TAM sam-
ples (36 or 0.012 mutations/Mb) (Supplementary Fig. 1a). Mutation
numbers in samples from both phases were substantially lower than
in most other cancers (Supplementary Fig. 4), although differences
in mutation rates could partly be affected by different definitions
and algorithms for mutation calling. The spectrum of mutations was
over-represented by C-to-T and G-to-A transitions in both TAM and
DS-AMKL samples, resembling the mutational spectra in gastric and
colorectal cancers'® and in other blood cancers (Supplementary
Fig. 1b)1415, We unmasked the details of clonal evolution and expan-
sion leading to AMKL through the use of deep sequencing of individual
mutations detected by combined whole-genome and whole-exome
sequencing (Fig. 2 and Supplementary Table 2). Intratumoral hetero-
geneity was evident at initial diagnosis with TAM and in the AMKL
phase in all cases (Supplementary Fig. 5). In UPN001, UPN002 and
UPNO004, AMKL evolved from one of the major subclones in the
TAM phase with a shared GATAI mutation, as reported previously
in relapsed acute myeloid leukemia (AML) in adults (Fig. 2a,b,d)!%.
In contrast, UPN003 showed a unique pattern of clonal evolution, in
which AMKL originated from a minor subclone in the TAM phase
that was totally unrelated to the predominant clone in terms of somatic
mutations, with no mutation shared by both phases, and carried an
independent GATAI mutation (Fig. 2¢). In both scenarios, progression
to AMKL seemed to be accompanied by many additional mutations,
including common driver mutations that were absent in the original
TAM population, indicating a multistep process of leukemogenesis.

Exome sequencing

We further investigated non-silent mutations by whole-exome sequenc-
ing of additional samples to generate a full registry of driver mutations
that are relevant to the development of TAM and subsequent progres-
sion to AMKL (Supplementary Fig. 6 and Supplementary Table 1). We
detected GATA I mutations in all TAM and DS-AMKL cases, indicating
sufficient sensitivity in our whole-exome analysis. In total, we confirmed
26 and 81 non-silent somatic mutations identified in the exome analy-
sis of 15 TAM and 14 DS-AMKL samples, respectively, with 3 GATAI
mutations common to both phases (Supplementary Table 3). The mean
number of non-silent mutations was significantly higher in DS-AMKL
samples (5.8; range of 1-11) than in TAM samples (1.7; range of 1-5)
(P =0.0002) (Fig. 3a). Of the 107 mutations, 84 were single-nucleotide
substitutions that were mostly within coding sequences, except for 4
splice-site mutations. We also observed predominantly C-to-T and G-
to-A transitions for non-silent substitutions (Supplementary Fig. 7).
The remaining mutations were frameshift (n = 21) or non-frameshift
(n=2) indels, most frequently involving GATAI (n = 13). One individual
with DS-AMKL (UPN004) had no SNVs or indels (Fig. 3a), but copy

Structural variants

# Amplification

# Deletion

# Uniparental disomy

SNVs and indels

@ Missense mutation
% Indel

& Nonsense mutation
# Silent mutation

number analysis identified a large deletion at 16q involving the CTCF
locus (Supplementary Fig. 3), suggesting that the alteration of CTCF
could be a driver event in this case. Therefore, at least one additional
genetic lesion other than GATAI mutation was detected in our whole-
exome sequencing, despite the low frequency of leukemic cells appearing
to show the morphology of immature megakaryoblasts (blast percentage)
in many cases, which isa known characteristic of DS-AMKL samples!®:17.
Whole-exome sequencing results suggested the presence of intratumoral
heterogeneity in the majority of DS-AMKL cases (Fig. 3b).

Spectrum of recurrent mutations in DS-AMKL

Recurrently affected genes are of primary interest in identifying
driver mutations. Whereas GATAI was the only recurrent mutational
target in TAM samples, an additional eight genes were recurrently
mutated in the DS-AMKL samples, including RAD21, STAG2, NRAS,
CTCF, DCAF7, EZH2, KANSLI and TP53 (Table 1). These genes are
expressed in a wide variety of hematopoietic compartments, including
in both myeloid and lymphoid cells, except for EZH2, whose expres-
sion is largely confined to CD34* cells!® (Supplementary Fig. 8).
We also found that these genes were expressed in DS-AMKL cells at
similar levels to common hematopoietic genes!®, although we did not
observe significant difference in their expression levels in DS-AMKL
and non-DS-AMKL cells (Supplementary Fig. 9).

We then performed targeted deep sequencing of these 8 genes in
an extended set of 109 samples (including 29 samples in 25 discovery
cases) consisting of 41 TAM, 49 DS-AMKL and 19 non-DS-AMKL
samples (Supplementary Tables 1 and 4). We also included additional
genes in targeted sequencing that were either functionally related
to the above eight genes or were mutated only in single cases but
had been previously reported to be mutated in DS-AMKL (JAK3) or
other myeloid neoplasms (SH2B3, SUZ12, SRSF2 and WT1I), together
with other common mutational targets in adult myeloid malignancies
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Figure 2 Clonal evolution of Down syndrome-related myeloid disorders.
(a~d) Observed VAFs of validated mutations listed in Supplementary
Table 2 in both TAM and AMKL phases are shown in diagonal plots (top)
for UPNOO1 (a), UPNOO2 (b), UPNOO3 (c) and UPNOO4 (d), where
VAFs of genes on the X chromosome in male cases or in regions of
uniparental disomy were halved. Half the value of the blast percentage,
which corresponds to the allele frequency of a heterozygous mutation
distributed in all tumor cells, is also shown by a red arrowhead, except
for UPNOO3 AMKL, for which clinical data were not available. Driver
mutations including in GATAI, STAG2, RAD21 and NRAS are indicated
by black arrows. Predicted chronological behaviors of different leukemia
subclones are depicted below each diagonal plot. Distinct mutation
clusters are indicated by color. In UPNOO1, UPNOO2 and UPNCO4,
founding clones of TAM shown in blue became dominant in the AMKL
samples, in which some subsequent subclones evolved through the serial
acquisition of SNVs. In contrast, in UPNOO3, a subclone in the TAM
phase (blue) and not the founding clone of TAM (agua) became dominant
in the AMKL sample. VAFs of some mutations were higher than for
GATA1 but seem to be actually equivalent to it given the error range

of PCR-based deep sequencing.

(Supplementary Fig. 10 and Supplementary Tables 5 and 6).
We also analyzed by RT-PCR two recurrent fusion genes previously
reported in non-DS-AMKL cases, RBM15-MKL1 (OTT-MAL)?0:2!
and CBFA2T3-GLIS2 (refs. 22,23).

Mutations of cohesin and associated molecules

Major components of the cohesin complex, including RAD21 and STAG2,

were frequent targets of gene mutations in DS-AMKL (Table 1). Including
an additional mutation in NIPBL, 8 of the 14 discovery DS-AMKL cases

(57%) had a mutated cohesin or associated component (Supplementary
Table 3). Cohesin is a multiprotein complex consisting of 4 core compo-

nents, including the SMC1, SMC3, RAD21 and STAG proteins?*?>. In

concert with several functionally associated proteins, such as the NIPBL

and ESCO proteins, cohesin is engaged in the cohesion of newly repli-

cated sister chromatids by forming a ring-like structure?®, preventing
their premature separation before late anaphase. Cohesin has also been

implicated in post-replicative DNA repair and long-range regulation of
gene expression?5-30, Targeted deep sequencing confirmed recurrent
mutations and deletions in all core cohesin components (STAG2, RAD21,

SMC3 and SMCIA) and in NIPBL in 26 of 49 DS-AMKL cases (53%) but
in none of the 41 TAM cases, although 2 non-DS-AMKL cases (11%)

had STAG2 mutations (Fig. 4a,b and Supplementary Tables 7 and 8).

Strikingly, all mutations and deletions in different cohesin components
were completely mutually exclusive, suggesting that cohesin function
was the common target of these mutations. All but one STAG2 mutation
(encoding a p.Arg370Gln substitution) was either a nonsense, frameshift
or splice-site change (Fig. 4a,b, Supplementary Figs. 11 and 12a, and
Supplementary Table 7). Similarly, 6 of 9 RAD21 mutations were hetero-
zygous nonsense or frameshift alterations. Four of the five mutations in
NIPBL, SMC1A and SMC3 were also nonsense or splice-site changes
causing abnormal exon skipping (Fig. 4a and Supplementary Table 7).
Thus, most of these mutations were thought to result in premature trun-
cation, leading to loss of cohesin function. The leukemogenic mechanism
of mutated cohesin components is still elusive; some studies have impli-
cated aneuploidy caused by cohesin dysfunction in oncogenic actions®!.
However, DS-AMKL cases have been characterized by a largely normal
karyotype®2. We found no significant difference in the frequency of aneu-
ploidy between cases with mutated and wild-type cohesin in the current
DS-AMKL cohort. Many cases with mutated cohesin had completely
normal karyotypes, except for constitutive trisomy 21, arguing against
the hypothesis that aneuploidy has a major role in the pathogenesis of
cohesin-mutated DS-AMKL (Fig. 5a).
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CTCF mutations

Given the high frequency of cohesin mutations, new recurrent CTCF
mutations were of particular interest because the functional interac-
tion of cohesin and CTCF proteins has been of emerging interest in
the long-range regulation of gene expression?6:30:3334 CTCF is a zinc-
finger protein implicated in diverse regulatory functions, including
transcriptional activation and/or repression, insulation, formation
of chromatin barrier, imprinting and X-chromosome inactivation®.
CTCEF binds to target sequence elements and blocks the interaction
of enhancers and promoters through DNA loop formation (insulator
activity)3$, and several lines of evidence suggest that cohesin occupies
CTCF-binding sites to contribute to the long-range regulation of gene
expression by participating in the formation and stabilization of a
repressive loop?637. CTCF was mutated or deleted in ten DS-AMKL
cases (20%), one TAM case (2%) and four non-DS-AMKL cases (21%),
with seven mutations representing nonsense, frameshift or splice-site
changes and an additional six alterations representing deletions result-
ing in the loss of protein function (Fig. 4a,b, Supplementary Figs. 11
and 12b, and Supplementary Tables 7 and 8). To our knowledge, this
is the first report of frequent recurrent CTCF mutations in cancer,
although rare mutations (occurring in approximately 2% of cases)
have recently been reported in breast cancer sequencing®.

Mutations in epigenetic regulators

EZH2, which encodes a catalytic subunit of the Polycomb repres-
sive complex 2 (PRC2) that is responsible for di- and trimethylation
of histone H3 lysine 27 (H3K27)3%, is another recurrent mutational
target in DS-AMKL (Table 1). Inactivating mutations in EZH2 have
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Figure 3 Somatic mutations detected by whole-exome sequencing of
Down syndrome-related myeloid disorders. (a) Number of validated
somatic mutations in 25 individuals with TAM and DS-AMKL identified
by whole-exome sequencing. Paired sampies are indicated by asterisks.
The mutation rates per phase are given. (b) VAFs of individual mutations
determined by deep sequencing, with VAFs adjusted for genomic

copy numbers. Long indels of >3 bp were excluded from the analysis
because their VAFs were difficult to accurately estimate. The VAF for
each sample estimated on the basis of blast percentage is indicated

by a purple horizontal bar.

been reported in up to 13% of myelodysplastic syndromes and related
chronic myeloid neoplasms?®. Although rarely mutated in adult
AMLY, EZH2 represents one of the most frequently mutated and
deleted genes in childhood AMKL, as we identified mutations or dele-
tions in 16 of 49 DS-AMKL cases (33%) and in 3 of 19 non-DS-AMKL
cases (16%) (Fig. 4a,b, Supplementary Fig. 12c and Supplementary
Tables 7 and 8). No other PRC2 components were mutated, except
for SUZ12, which was mutated in a single DS-AMKL case (Fig. 4a
and Supplementary Table 7). Although frequent mutations in other
epigenetic regulators, including in TET2, IDHI or IDH2, DNMT3A
and ASXLI, are cardinal features of myeloid neoplasms in adults,
we rarely found these mutations in DS-AMKL and non-DS-AMKL
cases, only identifying occasional DNMT3A (n = 1), ASXL1 (n=1)
and BCOR (n = 2) mutations in DS-AMKL (Fig. 4a).

KANSLI (encoding KATS8 regulatory NSL complex subunit 1; also
known as MSL1V1 or NSL1) represents a new recurrent mutational
target in human cancer (Table 1), although haploinsufficiency of
KANSLI through germline deletions or mutations has been implicated
in a congenital disease known as 17q21.31 microdeletion syndrome
(MIM 610443)4243, We found heterozygous mutations in KANSLI in
three DS-AMKL and three non-DS-AMKL cases, and most of these
mutations were nonsense or frameshifts, leading to loss of protein
function (Fig. 4a and Supplementary Table 7). KANSLI protein is

Table 1 Recurrenily mutated genes other than GATAI in DS-AMKL samples in

whole-exome sequencing
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necessary and sufficient for the activity of the KAT8 (MOF) histone
acetyltransferase complex, which is engaged in the acetylation of
histone H4 lysine 16 (H4K16), leading to transcriptional activa-
tion. Loss of acetylation of H4K16 has been reported to be a com-
mon hallmark of human cancer, and other
histone acetyltransferases for H4K16 have
been reported to form recurrent fusion

partners in leukemia, including MOZ and

Amino acid Sample (UPN)
Gene Mutation type RefSeq change Nucleotide change number MORF*, suggesting a role for compromised
CTCF  Splice site NM_008565 p.Gly318_ €.953-2A>G 016 H4K16 acetylation by KANSLI mutations
splice in leukemogenesis. Of interest, KANSLI is
CTCF Frameshift p.Asn314fs €.940_941insAC 020 also responsib]e for the acetylation of the
DCAF7  Missense p.Leu340Phe  ¢.1018C>T 001 TP53 tumor suppressor that is important
DCAF7  Missense p.Leu340Phe  ¢.1018C>T 003 for TP53-dependent transcriptional activa-
EZHZ  Frameshift p.710_716del c.2129_2148delATCACAGGA 001 tion5. KATS also interacts with a histone
. TAGGTATTTTT H3 lysine 4 (H3K4) methyltransferase, MLL,
kztz M'Ssensej p-Arg25Cin c.74G>A ) 002 and the interaction of MLL and KATS8 com-
KANSLI Frameshift p.Arg720fs ¢.2159_2160insCG 020 lexes facilitates the cooperative recruit-
KANSLI Nonsense p.Ag462*  ¢.1384C>T 024 P p
NRAS  Missense p.Glyl2Ser  ¢.34G>A 001 ment of both complexes to gene promoters
NRAS  Missense p.Tyr64Cys c191ASG 001 and enhances transcription initiation at tar-
NRAS  Missense p.Glyl2Ala  c.35G5C 003 get genes™”. Thus, impaired TP53 function
RAD21  Nonsense p.Argl139* C.415AST 001 and/or deregulated expression of MLL gene
RAD21  Frameshift p.374_375del  ¢.1120_1124delTCTTT 002 targets could also contribute to leukemogen-
RAD21  Missense 5 pleubllArg  c.1832T>G 018 esis by KANSLI mutations.
RAD21  Nonsense 5265 p.Arg65* c.193C>T 024
STAGZ  Nonsense 001042750  p.Arg604* €.1810C>T 003 Other mutations in DS-AMKL
STAG2  Nonsense p.Arg216* c.646C>T 019 RAS pathway mutations are common in
STAGZ2  Frameshift p.Asn863fs ¢.2588_2589insT 020 hematopoietic malignancies and other
TP53 Nonsense p.Glus8g* ¢.202G>T 002 human cancers but have not to our knowl-
TP53  Non-frameshift N 000848 p.157_162del  ¢.469_486delGTCCGCGCCA 002 edge been described in DS-AMKL. In the
TGGCCATC current cohort, we identified RAS pathway
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Figure 4 Driver mutations in Down syndrome—

DS-AMKL TAM Non-DS-AMKL

related myeloid disorders and non-DS-AMKL.
(a) Driver mutations in 109 samples of 49
DS-AMKL, 41 TAM and 19 non-DS-AMKL cases.

Types of mutations are distinguished by color.
Each sample is also described in Supplementary
Table 12. (b) Distribution of RAD21, STAG2,
CTCF and EZH?2 alterations. Alterations encoded

Epigenetic regulator Cohesin 1)

by confirmed somatic mutations are indicated
by red arrowheads.

Signaling

mutations in the NRAS, KRAS, PTPN11, NF1
and CBL genes in 8 DS-AMKL cases (16%)

and 6 non-DS-AMKL cases (32%), but these
mutations were rarely found in TAM cases
(n = 3; 7%) (Fig. 4a). Tyrosine kinase and
cytokine receptor mutations were also com-
mon in DS-AMKL. We found mutations in
JAK1, JAK2, JAK3, MPL or SH2B3 (LNK) in
17 DS-AMKL cases (35%) but rarely in TAM
(n = 1) and non-DS-AMKL (n = 2) cases.
We found no FLT3 mutations in our cohort.
The identified mutations were largely mutu- b Yg'

Other

risomy 21

E Missense mutation § Nonsense mutation

ﬂ Homozygous mutation = Somatic mutation

§ Splice-site mutation % Smalt indel 7 Large deletion

RBM15-MKL ¥ CBFA2T3-GLIS2 [ Not determined

*Identified in whole-genome and/or whole-exome sequencing

G62R  R139" Q433"
v A4 v

ally exclusive. We found JAK2 mutations in RAD2T
4 DS-AMKL cases and 1 non-DS-AMKL case, (8a24.11) Z A 2 - 5 O3laa
including mutations encoding p.Val617Phe 17F RES™ 129_133del 874_375del LetR
(n = 2), p.Leu6l1Ser (n = 1), p.Arg683Ser R69* R146" R370Q A387fs Ng63fs
v v w hd
(n = 1) and p.Arg867GIn (n = 1); of these, STAG2 N 1STAGI |_C
JAK2 mutations encoding p.Arg683Ser (Xq25) = — N < " 1,268 aa
and p.Arg867GIn substitutions have been Q96_splice R216" 377_378del R604 K975_splice
reported in acute lymphoblastic leukemia R213fs N314fs F379S G403fs
(ALL)*647 but not in myeloid malignan- OTCF | * o
cies®46, Thus, we re-evaluated the diagnosis (16g22.1) A T 727 aa
of AMKL in both UPN097 (p.Arg683Ser) T69fs G318_splice D390N R448™ | Zinc finger
and UPNO023 (p.Arg867Gln), in whom the Eg2_splice R288” R6581 RE9OH G743fs
v v

initial diagnosis of AMKL was strongly sup- EZH2 _{ c
ported by typical surface marker expression (7636-1) Y r 751 aa

R25Q  1109fs D516E GB60R 710_716del

of CD41, CD41b, CD117, CD13, CD33,
CD34 and CD36 in UPN097 and of CD7,
CD13, CD34, CD41aand CD42b in UPN023,
together with characteristic cytomorphology. Similarly, the mutation
encoding p.Leu611Ser was reported in both ALL® and polycythemia
vera®®. Thus, it seems that some JAK2 mutations are involved in both
myeloid and lymphoid leukemogenesis. As reported previously!®11,
TP53 mutations were found in approximately 10% of DS-AMKL cases.
Two identical somatic mutations found in the DCAF7 gene (encod-
ing p.Leu340Phe) might be interesting because the DCAF7 protein
interacts with the DYRK1a kinase encoded within the Down syn-
drome critical region on chromosome 21 (ref. 50). DCAF7 has been
shown to interact with DYRK1a through its N-terminal or C-terminal
region, and the p.Leu340Phe substitution identified in our study was
also located in the C-terminal domain. However, no additional muta-
tion was detected in the extended cohort; therefore, the relevance of
DCAF7 remains to be determined.

Allelic burden of major recurrent mutations relative to

GATAT mutations

‘We assessed intratumoral heterogeneity and the clonal origin of muta-
tions by calculating the variant allele frequency (VAF) of each muta-
tion relative to that of the GATAI mutation using deep sequencing.
Mutations in cohesin components, CTCF and EZH2 showed compa-
rable VAFs to GATAI mutations (Fig. 5b), suggesting their role in

the early stage of DS-AMKL development. In contrast, RAS pathway
and other tyrosine kinases and cytokine receptor mutations showed
significantly lower VAFs than corresponding GATAI mutations
(P =0.0001) (Fig. 5b), indicating that they are more likely to repre-
sent subclonal mutations, which were typically preceded by mutations
in cohesin components, CTCF and EZH2 and were involved in the
evolution of multiple DS-AMKL subclones. Although RAS and JAK
pathways activated by gene mutations represent potentially druggable
targets and several promising compounds are currently available, this
observation may largely preclude the efficient use of such compounds
in eradicating founding DS-AMKL clones.

Distinct genetic features of Down syndrome- and non-Down
syndrome-related AMKL

Despite their morphological similarities, both forms of AMKL in
childhood are characterized by distinctive genetic features. According
to the current study and a recent report of integrated analysis of non-
DS-AMKL??, GATAI mutations and trisomy 21 are less common in
non-DS-AMKL than in DS-AMKL cases (Fig. 4a and Supplementary
Table 9). In our series, DS-AMKL was characterized by high fre-
quencies of mutations in the cohesin complex, EZH2 and other epi-
genetic regulators, as well as in JAK family kinases, which were less
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Figure 5 Relationship of cohesin mutations with karyotypes and
comparison of mutation loads between major gene targets in DS-AMKL
and GATAI. (a) The number of chromosomai abnormalities is compared
between cases with and without cohesin mutations or deletions for DS-
AMKL cases. Zero signifies chromosomal abnormalities without change
in chromosome count, such as partial amplification or deletion of the
chromosomal region or balanced translocation. (b) Diagonal plots of copy
number-adjusted VAFs comparing coexisting GATA1 and other pathway
mutations, including cohesin, CTCF, EZHZ2, tyrosine kinase and the RAS
pathway mutations, as indicated by color.

common mutational targets in non-DS-AMKL. Previous studies iden-
tified recurrent CBFA2T3-GLIS2 and RBM15-MKL gene fusions in
non-DS-AMKL, which were found in 27% and 15.2% of non-DS-
AMKL cases, respectively?>5!, whereas these fusions were not detected
in DS-AMKL cases in another report (n = 10 cases)?*. Similarly, in
the current cohort, RT-PCR analysis identified 2 CBFA2T3-GLIS2
and 3 RBM15-MKL fusion genes in 19 non-DS-AMKL cases but not
in TAM and DS-AMKL cases (Fig. 4a and Supplementary Table 10),
illustrating the genetic differences between DS-AMKL and non-
DS-AMKL. In addition, our RNA sequencing of the current cases
(n=17) (Supplementary Table 11) also showed no CBFA2T3-GLIS2
and RBM15-MKL fusions.

DISCUSSION

Whole-genome and/or whole-exome analyses and follow-up targeted
sequencing identified several new aspects of the pathogenesis of
Down syndrome-related myeloid proliferation. First, the initial TAM
phase was characterized by a paucity of somatic mutations. The mean
number of non-silent mutations per sample (1.7; range of 1-5) was sur-
prisingly small compared with that reported in other human cancers
(Supplementary Fig. 13), in line with a recent report that identified
1.2 (range of 1-2) mutations per sample by whole-exome sequencing in
5 TAM samples®2. In addition to reporting a low somatic mutation
frequency in their initial TAM phase, Nikolaev et al.5? also reported
accumulation of somatic mutations (including single cases of SMC3
and EZH2 mutation) during progression from TAM to DS-AMKL.
Excluding common GATAI mutations, we identified no other recur-
rent mutations, with only 0.7 non-silent mutations per case, indicating
that TAM could be caused by a single acquired GATAI mutation in
addition to constitutive trisomy 21.

Intratumoral heterogeneity was evident not only in the DS-AMKL
phase but also at the initial diagnosis of TAM, and subsequent DS-
AMKL originated from one of the multiple subclones present in the
TAM phase, usually representing the progeny of the largest subpopu-
lation. In most cases, the DS-AMKL clone was accompanied by newly
acquired driver mutations not shared by the original TAM popula-
tion, generating a unique landscape of gene mutations in DS-AMKIL,
which was characterized by high mutational frequencies in cohesin or
CTCF (65%), other epigenetic regulators (45%), and RAS or signal-
transducing molecules (47%) (Fig. 4a). Tumor recurrence or evolu-
tion has not to our knowledge been characterized by the distinct gene
mutations in greater detail than in the present study. In total, 44 of the
49 DS-AMKUL cases had additional mutations beyond those in GATAI
(Fig. 4a), even though there was a clear limitation on capturing muta-
tions using the targeted sequencing approach.

The very high frequency of cohesin (53%) and EZH2 (33%) muta-
tions and deletions in DS-AMKL but not in TAM or non-DS-AMKL
cases was noteworthy because the reported mutation rates of cohesin
and EZH2 in adult AML and other human cancers remain approxi-
mately 10% (refs. 14,40,41), underscoring a major role for these muta-
tions in the pathogenesis of DS-AMKL. The leukemogenic mechanism

a Chromosomal abnormalities
. BTrisomy2tonly B0 21 82 w23
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of mutated cohesin remains elusive, and frequent CTCF mutations also
need further evaluation to characterize their possible cooperative role
with cohesin mutations?6-30:33:34, To our knowledge, KANSLI muta-
tions have not been reported previously and represent a new recurrent
mutational target in human cancer, although their functional impact
on AMKL development remains unknown. Evaluation of the allelic
burden of these mutations by deep sequencing disclosed a clonal hier-
archy among different driver mutations in which clonal mutations
in cohesin, CTCF and epigenetic regulators frequently preceded
subclonal mutations in RAS and signal transduction molecules.

In conclusion, Down syndrome-related myeloid proliferation is
shaped by multiple rounds of acquisition of new mutations and clonal
selection, which are initiated by a GATA I mutation in the TAM phase
and further driven by mutation in cohesin or CTCF, EZH2 or other
epigenetic regulators, and RAS or signal-transducing molecules,
leading to AMKL. DS-AMKL and non-DS-AMKL showed similar
phenotypes but had distinct genetic features, which may underlie
their different clinical characteristics.

URLSs. European Genome-phenome Archive (EGA), https://www.ebi.
ac.uk/ega/; EBCall, https://github.com/friend Lws/EBCall; Catalogue
of Somatic Mutations in Cancer (COSMIC), htip://cancer.sanger.
ac.uk/cancergenome/projects/cosmic/; PubMed, hitp://www.ncbinlm.
nit.gov/pubmed/; UCSC Genome Browser, hitp://genome.ucsc.edu/;
Integrative Genomics Viewer, hitp://www.broadinstitute.org/igvs;
DNACopy, hitp://biostatistics.oxfordjournals.org/content/5/4/557 full.
pdf; Genomon-fusion (in Japanese), http://genomon.hge.jp/rna/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Sequencing data have been deposited in the
European Genome-phenome Archive (EGA) under accession
EGASOO001000546.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Subjects and samples. Genomic DNA from 84 individuals with Down
syndrome-related myeloid disorders (41 samples from the TAM phase and
49 from the AMKL phase) and 19 with non-DS-AMKL were analyzed by
whole-genome and/or whole-exome and/or targeted deep sequencing. In six
cases with Down syndrome-related myeloid disorders, samples were collected
from both the TAM and AMKL phases. RNA sequencing was also performed
for 12 of the 49 DS-AMKL cases and for 5 additional DS-AMKL cases. RNA
samples were also available for RT-PCR analysis from 30 cases with TAM,
32 cases with DS-AMKL and 15 cases with non-DS-AMKL. Written informed
consent was obtained from each subject’s parents before sample collection
(Supplementary Note). This study was approved by the Ethics Committees of
the University of Tokyo according to the Helsinki convention. GATAI muta-
tions were detected by Sanger sequencing of all TAM and DS-AMKL samples
according to the previously described procedure®. Detailed information on
subjects and samples is provided in Supplementary Tables 1, 4, 11 and 12.
Tumor DNA was extracted from bone marrow- or peripheral blood-derived
mononuclear cells at diagnosis. Genomic DNA samples from peripheral blood
from subjects in remission or from nail tissues at diagnosis were used as germ-
line controls. Genomic DNA was extracted using a QlAamp DNA Blood Mini
kit and a QIAamp DNA Investigator kit (Qiagen). Total RNA was extracted
using the RNeasy kit (Qiagen) with RNase-free DNase (Qiagen).

‘Whole-genome sequencing. DNA samples were processed for whole-exome
sequencing using NEBNext DNA sample Prep Reagent (New England Biolabs)
according to the modified Illumina protocol. Sequence data were generated on
the Illumina HiSeq 2000 platform in 100-bp paired-end reads. Data processing
and variant calling were performed as described previously®. All candidate
variants were validated by deep sequencing.

Validation and quantitative measurements of the frequencies of mutant
alleles by deep sequencing. Individual mutation sites were amplified by
genomic PCR using primers tagged with Notl cleavage sites and subjected to
high-throughput sequencing as described previously®, except that target DNA
was not pooled. Deep sequencing was performed using the MiSeq or HiSeq
2000 platform. Data processing was performed according to the previously
described method with minor modifications®®. Briefly, each read was aligned
to a set of PCR-amplified target sequences using BLATS, and dichotomic vari-
ant alleles were differentially enumerated. For indels, individual reads were
first aligned to each of the wild-type and indel sequences and then assigned
to the one to which better alignment was obtained in terms of the number
of matched bases. Each SNV and indel whose VAF in the tumor sample was
equal to or greater than 2.0% and significantly higher than the frequency in
the germline sample was adopted as a somatic mutation. The error size for
estimated VAFs was evaluated by assuming binomial distributions in deep
sequencing, which were confirmed by observed allele frequencies at hetero-
zygous SNPs in normal DNA samples (Supplementary Fig. 14a), in which the
variance (0%) ranged from 4.0~11.0 x 10~* (Supplementary Fig. 14b).

Clustering analysis of mutations. To identify the chronological behavior of
the structure of the tumor subpopulation for the TAM and AMKL phases,
somatic mutations detected in both phases by whole-genome sequencing were
clustered according to their VAFs as measured by deep sequencing. Copy
number-adjusted deep sequencing data, in which the VAFs of genes on the
X chromosome in male cases or in regions of uniparental disomy were halved,
were subjected to unsupervised clustering. Six mutations located in amplified
or deleted genomic regions were excluded from the analysis. Long indels of
>3 bp, except for those affecting key genes such as GATAI and RAD21, and
mutations in repetitive regions were excluded from the analysis because their
VAFs could tend to be underestimated.

All validated mutations were grouped into three categories according to the
following criteria: (i) mutations found only in TAM (VAF in AMKL < 0.02),
(ii) mutations found only in AMKL (VAF in TAM < 0.02) and (iii) mutations
found in both TAM and AMKL (VAF in TAM > 0.02 and VAF in AMKL >
0.02). Clustering of mutations in each category was performed using Mclust,
provided as an R package, on the basis of the VAFs of the mutations in the
TAM and AMKL phases, where one-dimensional clustering of mutations in

categories (i) and (ii) was performed on the basis of the homoscedastic model
and two-dimensional clustering was performed for mutations in category
(i) on the basis of the ellipsoidal model. The most appropriate number of
clusters was determined by using the Bayesian information criterion (BIC)
score. Singleton points identified by this algorithm were regarded as outliers.
Clonal subpopulations within tumors were also evaluated by kernel density
analysis (Supplementary Fig. 5), where we drew kernel density estimate plots
for the VAFs of validated variants using the density function in R.

Whole-exome sequencing and detection of somatic mutations. Exome
capture was performed using SureSelect Human All Exon V3 or V4 (Agilent
Technologies) or the TruSeq Exome Enrichment kit (Illumina). Enriched
exome fragments were then subjected to massively parallel sequencing using
the Genome Analyzer IIx or HiSeq 2000 platform (Illumina). Candidate
somatic mutations were detected using our in-house pipeline EBCall
(Empirical Bayesian mutation Calling; see URLs)®?. All candidates were
validated by Sanger sequencing or independent deep sequencing.

PCR-based targeted deep sequencing. Deep sequencing of DCAF7, EED,
JAKI, JAK3, KANSL1, SH2B3, and SUZ12 was performed using the primers
tagged with NotlI cleavage sites whose sequences are listed in Supplementary
Table 6. Data processing and variant calling were performed as described
previously®®. All candidate variants were validated by Sanger sequencing or
independent deep sequencing using non-amplified DNA.

Targeted deep sequencing. In total, 39 gene targets were exhaustively exam-
ined for mutations in all 109 cases using deep sequencing (Supplementary
Table 5). Genomic DNA (1-1.5 jig) from bone marrow~derived mononuclear
cells or peripheral blood was enriched for target exons using a SureSelect
custom kit (Agilent Technologies) designed to capture all of the coding exons
from the 39 target genes, and high-throughput sequencing was performed on
the enriched targets using the HiSeq 2000 platform with a standard 100-bp
paired-end read protocol. Sequencing reads were aligned to hgl9 using
Burrows-Wheeler Aligner (BWA) version 0.5.8 with default parameters. The
allele frequencies of SNVs and indels were calculated at each genomic posi-
tion by enumerating the relevant reads with SAMtools®. Initially, all variants
showing VAF > 0.02 were extracted and annotated using ANNOVAR® for
further consideration if they were found in >6 reads out of >10 total reads
and appeared in both plus- and minus-strand reads. For the cases for which
no germline DNA was available, relevant somatic mutations were called by
eliminating the following entries, unless they were registered in the Catalogue
of Somatic Mutations in Cancer (COSMIC) v60 (ref. 61) or reported as somatic
mutations in PubMed: (i) synonymous variants and those having ambiguous
(unknown) annotations, (ii) known SNPs in public and private databases,
including dbSNP131, the 1000 Genomes Project as of 23 November 2010 and
our in-house database, (iii) sequencing or mapping errors, (iv) all missense
SNVs with allele frequencies of 0.45-0.55 and (v) variants localized to dupli-
cated regions found in SegDups of the UCSC Genome Browser. To eliminate
sequencing errors in category (iii), we excluded all variants found in 31 normal
Japanese samples at, on average, allele frequency > 0.25. Mapping errors were
removed by visual inspection with the Integrative Genomics Viewer browser®2.
All candidate variants were validated by Sanger sequencing or independent
deep sequencing.

Calculation of copy numbers for target exons. Letting 4" be the sequencing
depth at the ith nucleotide of the jth exon in sample s, the standardized depth
of the jth exon is calculated as

s _ J>s
D} =k ) d!
1
where k is determined to satisfy

ko = ZD;
J

for a fixed constant ko (for example, kg = 1). The correlation coefficient
(R = R*!) between two vectors D and D} was calculated, where Df and
D! represent the depth for a given sample (sample s) and each of the 443
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samples (sample t), analyzed for other projects, with completely normal copy
numbers in array-comparative genomic hybridization (aCGH; t=1,2, 3,...,
443), respectively, through which a total of mg (= 12) control samples showing
the largest R values were selected (T)y; m = 1, 2, 3,..., mg) and used for copy
number calculation. The copy number of the ith target exon of sample s (Crf)
was calculated as

Cnf = Di 1D}

where Df was calculated by averaging my samples by
gy
D5 =3 DI fmg
m=1

Copy numbers were calculated for exons with mean depth of >500. Circular
binary segmentation was also used to identify discrete copy number segments
using DNACopy (see URLs); segmented copy number (61?) was defined
for the ith exon of sample s. The distribution of Cni was calculated for all
samples, and exons showing | Crj — E(Cni)| > 4 5.d. were considered to have
copy number losses or gains.

Screening for CBFA2T3-GLIS2 and RBM15-MKLI fusion genes. CBFA2T3-
GLIS2 and RBM15-MKLI fusion genes were screened by RT-PCR2263, Primer
sequences are given in Supplementary Table 13. PCR amplification was
performed by 40 cycles at 94 °C for 2 min, 60 °C for 30 s and 68 °C for
1 min, followed by denaturation at 94 °C for 2 min and extension at 68 °C
for 7 min.

SNP array analyses. All tumor samples subjected to whole-exome sequencing
were also analyzed for copy number alterations using SNP arrays (Affymetrix
GeneChip Human Mapping 250K Nspl Array or Genome-Wide Human SNP
Array 6.0) as described previously!0:6465,

RT-PCR analysis of STAG2 and CTCF transcripts. To confirm abnormal
splicing of CTCF in UPN016 and UPN071 and that of STAG2 in UPN067,
RT-PCR were performed using cDNA derived from each subject, with cDNA
from CMK11-5 (DS-AMKL-derived cell line with no known mutations in
both genes) used as a control (Supplementary Fig. 11). Primer sequences are
given in Supplementary Table 14. Total RNA (1 jug) was subjected to reverse
transcription using M-MLV reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions. Electrophoresis was performed using
Experion (Bio-Rad).

RNA sequencing. Detailed information on samples is provided in
Supplementary Table 11. Library preparation and sequencing were

performed as described previously4. Fusion transcripts were detected using
Genomon-fusion.

Gene expression analysis of recurrently mutated genes. Expression data
for the recurrently mutated genes in whole-exome sequencing were retrieved
from the BioGPS database! for normal hematopoietic cells, including whole
bone marrow, CD33" myeloid cells, CD34* cells, CD19" B cells and CD4*
T cells, and from published data!® and our RNA sequencing data for
DS-AMKL samples.

Statistical analysis. The number of non-silent mutations identified by whole-
exome sequencing in TAM and DS-AMKL samples (Fig. 2a) and the number
of chromosome abnormalities in DS-AMKL cases with and without cohesin
mutations or deletions (Fig. 5a) were compared using the Mann-Whitney U
test. The difference in VAF between two mutations (Fig. 5b) was tested by
Wilcoxon signed-rank test.
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Corrigendum: The landscape of somatic mutations in Down syndrome—
related myeloid disorders

Kenichi Yoshida, Tsutomu Toki, Yusuke Okuno, Rika Kanezaki, Yuichi Shiraishi, Aiko Sato-Otsubo, Masashi Sanada, Myoung-ja Park,
Kiminori Terui, Hiromichi Suzuki, Ayana Kon, Yasunobu Nagata, Yusuke Sato, RuNan Wang, Norio Shiba, Kenichi Chiba, Hiroko Tanaka,
Asahito Hama, Hideki Muramatsu, Daisuke Hasegawa, Kazuhiro Nakamura, Hirokazu Kanegane, Keiko Tsukamoto, Souichi Adachi,
Kiyoshi Kawakami, Koji Kato, Ryosei Nishimura, Shai Izraeli, Yasuhide Hayashi, Satoru Miyano, Seiji Kojima, Etsuro Ito & Seishi Ogawa
Nat. Genet. 45,1293-1299 (2013); published online 22 September 2013; corrected after print 30 October 2013

In the version of this article initially published, the discussion of cited reference 52 should also have noted that the work “reported accumulation
of additional somatic mutations (including single cases of SMC3 and EZH2 mutation) during progression from TAM to DS-AMKL? The error
has been corrected in the HTML and PDF versions of the article.
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NUP98-NSDI Gene Fusion and Its Related Gene
Expression Signature Are Strongly Associated with a
Poor Prognosis in Pediatric Acute Myeloid Leukemia

Norio Shiba,"” Hitoshi Ichikawa,’ Tomohiko Taki,' Myoung-ja Park,' Aci Jo,> Sachiyo Mitani,’ Tohru Kobayashi,>
Akira Shimada‘,5 Manabu Sotomatsu,' Hirokazu Arakawa,” Souichi Adachi,® Akio Tawa,’ Keizo Horibe®
Masahiro Tsuchida,” Ryoji Hanada,'® Ichiro Tsukimoto,'' and Yasuhide Hayashi'®

'Department of Hematology/Oncology, Gunma Childrens Medical Center, Shibukawa, Japan
“Department of Pediatrics, Gunma University Graduate School of Medicine, Maebashi, Japan
3Division of Genetics, National Cancer Center Research Institute, Tokyo, Japan

*Department of Molecular Diagnostics and Therapeutics, Kyoto Prefectural

University of Medicine Graduate School of Medical Science, Kyoto, Japan

>Department of Pediatrics, Okayama University Graduate School of Medicine, Okayama, Japan
®Department of Human Health Sciences, Kyoto University Graduate School of Medicine, Kyoto, Japan
’Department of Pediatrics, National Hospital Organization Osaka National Hospital, Osaka, Japan
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Department of Pediatrics, Ibaraki Childrens Hospital, Ibaraki, Japan

“Division of Hematology /[Oncology, Saitama Children’s Medical Center, Saitama, Japan
"Department of First Pediatrics, Toho University School of Medicine, Tokyo, fapan

The cryptic t(5;11)(q35;p15.5) creates a fusion gene between the NUP98 and NSD! genes. To ascertain the significance of
this gene fusion, we explored its frequency, clinical impact, and gene expression pattern using DNA microarray in pediatric
acute myeloid leukemia (AML) patients. NUP98-NSD/ fusion transcripts were detected in 6 (4.8%) of 124 pediatric AML
patients. Supervised hierarchical clustering analyses using probe sets that were differentially expressed in these patients
detected a characteristic gene expression pattern, including 18 NUP98-NSD | -negative patients (NUP98-NSD [-like patients).
In total, a NUP98-NSD [-related gene expression signature (NUP98-NSD/ signature) was found in 19% (24/124) and in 58%
(15/26) of cytogenetically normal cases. Their 4-year overall survival (OS) and event-free survival (EFS) were poor (33.3%
in NUP98-NSDI-positive and 38.9% in NUP98-NSD!-like patients) compared with 100 NUP98-NSD/ signature-negative
patients (4-year OS: 86.0%, 4-year EFS: 72.0%). Interestingly, t(7;1 1)(p15;p15)/NUP98-HOXAI3, t(6;11)(q27;q23)/MLL-MLLT4
and t(6;9)(p22;q34)/DEK-NUP2 [ 4, which are known as poor prognostic markers, were found in NUP98-NSD /-like patients.
Furthermore, another type of NUP98-NSD/ fusion transcript was identified by additional RT-PCR analyses using other pri-
mers in a NUP98-NSD!-like patient, revealing the significance of this signature to detect NUP98-NSD! gene fusions and to
identify a new poor prognostic subgroup in AML. © 2013 Wiley Periodicals, Inc.

INTRODUCTION

Acute mYeIOld leukemia (AML) is a Complex Additional Supporting Information may be found in the online

disease caused by mutations, epigenetic modifica-
tons, and deregulated expression of genes, lead-
ing to increased proliferation and decreased
differentiation of hematopoietic progenitor cells
(Frohling et al., 2005; Marcucci et al., 2011; Pui
et al., 2011). Several important molecular markers
have been discovered in AML that have not only
helped to characterize better patients, but also to
improve risk stratification (Marcucci et al., 2011;
Pui et al,, 2011). However, in a subset of AML
patients, no prognosis-associated cytogenetic aber-
rations or mutations are known (Frohling et al,
2005; Marcucci et al,, 2011; Pui et al., 2011). In
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hematological malignancies, 11p15 translocations
involving the nucleoporin 98-kDa (NUP98) pro-
tein gene are relatively rare. This notwithstanding,
more than 20 different chromosomal rearrange-
ments have been identified (Romana et al., 2006).
These translocations fuse NUP9IS with respective
partner genes, including many homeobox genes
and nuclear non-homeobox genes (Arai et al.,
1997; Taketani et al,, 2002a,b,¢c). Although the
NUPY8 fusion genes are rare, they have provided
valuable information regarding the role of homeo-
box proteins in leukemogenesis (Nakamura et al.,
1996; Nakamura, 2005).

The cryptic t(5;11)(q35;p15.5), which is fre-
quently accompanied by deletion of the long arm
of chromosome 5, del(5g), creates a fusion gene
between NUPIS and the nuclear recepror-binding
SET-domain protein 1 (NSD7) gene (Jaju et al,
2001). This fusion gene has mainly been idenufied
in pediatric AML,, by the use of fluorescence in
situ  hybridization (FISH) with subtelomeric
probes (Jaju et al., 2001; Brown et al., 2002; Panar-
ello et al., 2002; Cerveira et al., 2003), it is rare in
adult AML., (Brown et al., 2002; Casas et al., 2003;
Nebral et al., 2005; Walter et al., 2009). Recently,
the NUP9S-NSDI gene fusion, identified by high-
resolution genome-wide copy number analysis and
reverse transcription (RT)-PCR in pediatric and
adult AML patients, was associated with poor
prognosis (Hollink et al, 2011). To increase our
understanding of this gene fusion, we explored
the frequency, clinical significance, and gene
expression pattern of NUP98-NSDI using DNA
microarray in pediatric AML patients.

MATERIALS AND METHODS

Patients and Samples

From January 2000 to December 2002, 318
patients were diagnosed with de novo AML. The
diagnosis of AML was based on the French-Amer-
ican-British (FAB) classification, and cytogenetic
analysis was performed using conventional G-
banding. Of these patients, samples from 124
patients with known mutation status and gene
expression profiling data were available, including
10 patients with FAB-M3 and six patients with
Down syndrome who were treated on different
treatment protocols (Kudo et al., 2007; Tsukimoto
et al,, 2009; Imaizumi et al,, 2011). Age and initial
white blood cell (WBC) count were higher,
patients with t(8;21) were more frequent, and M7
patients with Down syndrome were fewer in the

Genes, Chromosomes & Cancer DOI 10.1002/gec

present study cohort than in the non-analyzed
patients (Supporting Information Table SI).
There were no significant differences in survival
between these two groups [4-year overall survival
(OS): 76.6% versus 79.9% and 4-year event-free
survival (EFS): 65.3% versus 71.1%]. Informed
consent was obtained from the patients or the
patients’ parents, according to guidelines based on
the tenets of the revised Helsinki protocol. The
insticutional review boards of Gunma Children’s
Medical Center and National Cancer Center
approved this project.

Reverse Transcription-PCR and Sequence Analysis

Total RNA extracted from leukemic cells at di-
agnosis was reverse transcribed to ¢cDNA with a
c¢DNA Synthesis Kit (GE Healthcare, Tokyo, Ja-
pan). PCR was performed with AmpliTaq Gold
DNA polymerase (Applied Biosystems, Branch-
burg, NJ), using a DNA thermal cycler (Applied
Biosystems). For the detection of NUPIS-NSD/
and the reciprocal fusion cranscript, NUPIS—5F
and NSD/—1R, and NSD7/—2F and NUP98—6R
were used, respectively (Supporting Information
Table 82) (Jaju et al., 2001; Brown et al., 2002).
PCR conditions were as follows: initial denatura-
tion at 94°C (9 min), 40 cycles of 96°C (45 sec),
58°C (45 sec), and 72°C (1 min), followed by final
elongation at 72°C (7 min). For sequencing, PCR
products were amplified using the BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems) under the following conditions: 95°C (2
min) followed by 25 cycles of 95°C (10 sec), 50°C
(5 sec), and 60°C (4 min). Direct sequencing was
performed using an ABI PRISM 310 Genetic Ana-
lyzer (Applied Biosystems). To confirm and iden-
tify the gene fusions precisely, we used various
primer sets for RT-PCR followed by direct
sequencing (Supporting Information Table S2).
Mutations of NPM1 were also examined as previ-
ously reported (Dohner et al., 2005). Mutation
analyses of the DNMT3A, FL13, MLL, KIT, NRAS,
KRAS, and W77 genes have been reported previ-
ously (Shimada et al., 2006, 2008; Sano et al., 2012;
Shiba et al., 2012).

Microarray Analysis

Gene expression profiling data for the 124
patients (Gene Expression Omnibus accession
number, GSE35784) were obtained and analyzed
as follows. Total RNA was re-purified using the
RNeasy MinElute cleanup kit (Qiagen, Hilden,
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Germany), and the integrity of the purified RNA
was confirmed using a 2100 Bioanalyzer and an
RNA 6000 Nano LabChip kit (Agilent Technolo-
gies, Santa Clara, CA). The DNA microarray used
was a Human Genome U133 plus 2.0 array (Affy-
metrix, Santa Clara, CA). Target cRNA was pre-
pared from 20 ng purified RNA with a two-cycle
¢DNA synthesis kit and 3'-amplification reagents
for IVT labeling (Affymetrix). Hybridization to
the microarrays, washing, and staining with the
antibody amplification procedure and scanning
were performed according to the manufacturer’s
instructions. Using the GeneChip Operating Soft-
ware version 1.4 (Affymetrix), the scanned image
data were processed and the expression value (sig-
nal) of each probe set was calculated. The signal
values were normalized so that the mean in each
experiment was set at 100 to adjust for minor dif-
ferences between the experiments. Statistical
analyses and fold change calculations were per-
formed using expression values that were log-
transformed after addition of 10 to reduce adverse
effects caused by noise at low expression levels
(Ichikawa et al., 2006; Jo et al., 2009). To identify
differentially expressed probe sets between
NUPYIS-NSDI-positive and -negative patients, P-
values in Student’s #-test and fold change values
were used. Hierarchical clustering analysis was
performed using the Cluster and Tree View soft-
ware (Eisen et al., 1998). For this analysis, log-
transformed expression values were normalized for
each probe set by subtracting the mean, and
uncentered correlation metric and complete link-
age clustering methods were used. Unsupervised
clustering analyses was performed and visualized
as previously described (Ichikawa et al., 2006).

Statistical Analysis

All analyses were carried out using the SPSS statis-
tical package program (version 18.0J; SPSS Tokyo, Ja-
pan). Survival distributions were assessed using the
Kaplan-Meier method and the differences were com-
pared using the log-rank test. EFS and OS were
defined as the times from diagnosis to event (relapse
or death of any cause) and from diagnosis to death
from any cause, respectively. Statustical analyses were
performed using Fisher’s exact test for categorical var-
tables and Mann-Whitney’s U test for continuous var-
iables. For all analyses, the P-values were two-tailed,
and P < 0.05 was considered significant. To identify
independent predictors of poor prognosis, multivariate
Cox regression analysis was performed using factors
that were significant in frequencies between NUPYS-
NSDI signature positive and negative cases.

RESULTS

Detection of NUP98-NSD |-Positive Patients

We identified the NUPYE-NSDI fusion transcript
in 6 (4.8%) out of 124 Japanese pediatric AML
patients. The reciprocal fusion transcript NSD/-
NUP9Y8 was detected in five of the patients (Sup-
porting Information Fig. S1A). Sequence analysis of
the PCR products confirmed that NUP9S and
NSD1 were fused in-frame, joining NUP9IS exon 12
with NMSD7 exon 6 (Supporting Information Fig.
S1B) (Jaju et al., 2001; Brown et al., 2002; Panarello
et al., 2002; Casas et al., 2003; Cerveira et al., 2003;
Hollink et al., 2011). The reciprocal fusion products
were also fused in-frame, joining NVSD/ exon 5 with
NUPI8 exon 13 (Supporting Information Fig. S1C).

Detection of NUP98-NSD [-Like Patients by Gene
Expression Analysis

To investigate the gene expression pattern char-
acteristic of NUP98-NSDI-positive patients, we
used gene expression profiling data on the 124
patients. In unsupervised hierarchical clustering
analyses (Supporting Information Fig. S2),
NUPIS-NSDI-positive patients did not form a
cluster, whereas patients with ©(8;21)(q22;q22),
t(15;17)(g22;q21), and inv(16)p13;q22) formed
unique clusters. Comparing the 6 NUP9S-NSDI-
positive patients with the other 118 patents
resulted in the idenufication of 87 differentially
expressed probe sets (P < 0.001, fold change > 2)
(Supporting Information Table S3). Fifty-one
probe sets, including several HOX genes, were
overexpressed, and 36 probe sets were underex-
pressed. Interestingly, in supervised hierarchical
clustering analysis using those 87 probe sets, a rel-
atvely large cluster including 18 NUPIS-NSDI-
negative patients was found, not only a cluster of
the 6 NUPY9§-NSDI-positive patients (Fig. 1).
These 24 patients also formed a single cluster in
similar supervised clustering analyses in which
probe sets were selected by slightly different crite-
ria (Supporung Information Fig. S3). The robust-
ness in clustering suggests that these 24 patients
have certain common features and that they con-
stitute a distinct subtype. Thus, we termed this
characteristic gene expression pattern the NU/P9S§-
NSDI signature. We also designated the 18
patients lacking the NUPIS-NSDI gene fusion but
displaying the NUP98-NSD1 signature as NUPIS-
NSDI-like AML patients. Of the 24 patients dis-
playving the NUPIS-NSDI signature, a common
overexpression of 3 HOXB genes (HOXB3,

Genes, Chromosomes & Cancer DOT 10.1002/gce

—235—



