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Myeloid Proliferation Related to Down Syndrome in the Updated 2008 WHO Classification

Machiko KaAwAaMURA' and Akira KIKucHI®

! Department of Pediatrics, Tokyo Metropolitan Cancer and Infectious Disease Center, Komagome Hospital
? Department of Pediatrics, Teikyo University, School of Medicine

Abstract Approximately 10% of Down syndrome (DS) neonates manifest a hematologic disorder referred to as tran-
sient abnormal myelopoiesis (TAM)/transient myeloproliferative disorder (TMD). Because this disorder resolves spon-
taneously, it is considered to have a good prognosis. In fact, 10-20% of these cases are life threatening or fatal. In
20% of the affected cases, acute megakaryoblastic leukemia (AMKL) subsequently develops before 4 years of age.
The morphologic, immunophenotypic and genetic features of TAM are biologically identical to those of DS-AML. On
the other hand, DS-AMKL has unique morphologic, immunophenotypic, clinical and molecular features, including
GATAI mutation, that justify its separation from other AMKL. In Japan, more than 90% of cases with DS-AMKL
achieved a complete remission, and the estimated 4-year event-free survival rate was 80%. Therefore this disorder is
unique to children with DS. For the first time “myeloid proliferations related to DS” was classified as a distinct entity
which includes (1) TAM and (2) myeloid leukemia associated with DS in the updated 2008 WHO Classification 4th
edition. We introduce these new criteria and add a supplementary explanation.

B 5 sv U ERD (DS) TRE 0%, FHERMc—aEEHRENEE (TAM) &5V i—ald
BERIRHEIER (TMD) &PRIEh 2 — B OBAMPBKIEERET 5. TAM REATMEYT 5 bONE Tk
BUIFEEZSNTWVWAA, EBRIE 10~20% BT bOHH 5. TAM £ RAE L 1IER O 20%4% 4 K &
CLEBNEERERER (MDS) PatERFRELIF (AMKL) (<BiTT 5. TAM OFHREBEE, &
HERY, BETFHRR,S b AMKL XA T &MV, —7 DS-AMKL i3, #HREEE RIERARE,
GATAl BEFERE S LD TFRIEFN - BRAKE» S0 AMKL EBRHah 3. HETE DS-
AMKL (3, 7oRshis 2550 o {b ¥k T b W AR 90% L L, 4 EFHEGFRS 80%EMMA TV 5.
C 5 Lo, 2008 EHETO WHO S5 4 T, DS BB BRI G LT LamEIL L
< (1) TAM, (2) DS BEM-EMtEAMmFE cafiantk, COFREKRELHETORSZNA 1.

Key words: Down syndrome, transicnt abnormal myelopoiesis, acute megakaryoblastic leukemia, GATAL,
WHO classification
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proliferative disorder, TMD) &FEiZh 2 —@¥:DiFHIM
RRIGEFIET 5. TAM REATET 26008<F
BRBIFEEAONTVWAY, HBRIEHN L DMLY,
EDHHIC ED & S MIRFEET I L EHS M T B &
HEERFALL > T3, TAM ORFEER DX 20%
A, 4% CIOBHEEAERE (MDS) PAMEERE
REAMPE (AMKL) 2879 5. TAM OIFERIIZHE
¥, QEHESN, BETFRED S S AMKL & XHH
TEMV., TAM TREFIIZ 21 Y v —LiFbicikiic
RERIT0H, MDS #° AMKL T &SI g s s
HHEDONE”, DS-AMKL G HMEESE I 9 5 3EH)
RS HSE < IBFBEEAE L L Th B,

I, DS DHMFEOS FEEBIc LW TEEIEART
EMBESMITN D, DS-MDS/AML 3E#MI<T, o
AML L IR >TVWB I EMREN, 2008 (EHT D
WHO 2 BHS 4 RRic T DS i B L 72 B B 18 5 i
Myeloid proliferation related to Down syndrome ] A3id U
THZ L7 BE LTais b - 72, FiaiEs=an
LETOREEINA T,

DS [CBE:E U7-BREI8TEEE Myeloid prolif-
eration related to Down syndrome J—#

|18

DS Tl3, non-DS EHANTHMPBIRIED Y X 7 A8
10~100 {5 LR 247, 20 Y 27 ZKEAKLE > THE
HTHbB. 48BKED non-DS TlEEM: Y » ¥ EM5E
(ALL) & 2Ma#iEamiE (AML) ol#ix 41 TH
D, [ CEMBEO DS T2 1.0:12 TRIFFSTS 5.

SR D DS T3 AMKL 45 non-DS &b~ B L 7
150 EDHECTHRIET 5. 4BRMTII DS D AML @
70%{3 AMKL T$H 2 DIZ% LT, non-DS TDZ D HIEL
{d3~6%TdH 5. DS-AMKL &, FRIEEE RSER
B, GATAI MIETFTEEESD IO TRIEFEN, BEEKY
o, oo AMKL E3RBjahTHw3Y, ch
50X F X FLFFHIL DS B AN A, WHO 0
h TR EoAMEE L Tikbh 318l 15 > TV 3,
4R D DS-AML (< i3, WS HEE b > AMKL #5
£<, ZhiMA T DS OFERDOH 10%IC i3 TAM/
TMD &MEEN 5, TEHEMIC DS-AMKL & 3XBIT & 13
WIRIEMSTFIET 5%,

CORFREAM»S 3 » ATERICERT 34, B
B - IIEFID 20~30%1F, 1~3 HELARIC B KRB
LW AMKL £5E 4 5. DS VT Fal U 7o fi5iessiE
AEhah, ChooREIcERSERENSLD, DS
WICIGALL E AML O E B S RS 52 & 2BEd
5 ENHETH S, DSETH non-DS B E[EKE, 3
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MR, REHBFEY, SalEENE L EaF
EENFESLETH D, FRICESORERERE
MBiITbhaRETHB",

1. —BEEHRY I | Transient abnormal
myelopoiesis (TAM)/transient myeloproliferative
disorder (TMD)

E C TAM &, AML & (2BEERAT, IEMICEKH T &
15V DS OFHERICIHFH LRETH 5. FRIIEMRSE
DEMES-> TV B,

%% I TAM 12 DS OFER DK 10%ICHAEST 5. €
FA IR Y v I —CREMNTFEOF LR b &
NICFHIET 5.

ERPRIVESEE - FIBRRICE, I/IMRRAES S » & b—
RIVITHER T, (b IERE/DEE ( Hegaybis v, Fi
BBk % G~5 Jipul, LiZLE 10 A khl) 2%
L, FERERGEHL D SARMMOE>HLIE LISV,
GUHEL LTFifES S b, Thic, LFRL, BHERHE
HEMREY, MU, EITHFREIES S 52, LEOWH
80%(34EHR 3 # ALINICAARTIART 545, —HidtEdm%
B L, £$EBFENLERERELE S,

TCHEHER), RFEABIL | TAM OIFIRZE, HEED
HoRk#id, Z{DDS-AML LEILTH 5. HKHllis
LU FRP ORI, MR ISR T, B
RS E 7L 7w  HIlaREEE L (Fig. 1), Th
SOHFRPEMFRTH A EERELTWVAS, KM
TIFRIRNZIE AR T D b H b, BHiTRAERSE,
EMERRHIIEIC LIE LS SUERR 200 37, TAM OHEE
BEFHE S RERREERTY., Rliv-H1—-3E<0
JiE 1T CD34, CD56, CD117, CD13, CD33, CD7, CD4 dim,
CD42, TPO-R, IL-3R, CD36, CD61, CD71 HSfif: & 15 5
%%, myeloperoxidase, CDI15, CD14, glycophorin A hsf&t
TH5. $130%DMEFTHLA-DR BB TH 5. B
HRFZDBWNIC I CDal Hifk & T CD61 Fitk o B
A,

RS 121 YV =R T GATAI BHET-hsia
ZEH TAM OFFRICFET 2. BEHT LA 95 /
LT LA TDS-AML & TAM ORUCHB OMEL H 5
VIR D BH, BRI TLI L™,

Tk & FRIAT : GRICARERT 25WHH 5%,
I~3 I, THS D 20~30%45 AML (SETE 5",
TAM T B (LRI L & 2T S hT L b,

2. DS BB HNMMERME | Mycloid leukemia associ-

ated with Down syndrome (ML-DS)

ER S HERETE, DS B3 non-DS B & HART 50
fFoEcataMmIc A Y LTV, DS-AML (4, @
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Fig. 1 Peripheral blood smear from 18-day-old infant with DS and TAM

A blood test revealed a white blood cell count of 11,300/ul (blast 11%), a hemoglobin concentration of 9.2 g/dl and a
platelet count of 3.0 X 10%ul. Immunophenotypic analysis showed the presence of CD7, CD13, CD33, CD34, CD41, CD56,
and HLA-DR. Cytogenetic study showed trisomy 21 as the sole abnormality. GATA/ mutation was detected. The process
resolved spontaneously over a period of 22 days. A: Two blasts showing basophilic cytoplasm. The intermediately differ-
entiated blast has a cytoplasmic bleb (right). B: More undifferentiated blasts without blebs are also shown (right), (These
pictures were provided from Hasegawa and Manabe)

Fig. 2 DBone marrow smear from ML associated with DS in a 2-year-old boy who has no history of TAM

The bone marrow aspiration was dry tap. Immunophenotypic analysis showed that blasts were positive for CD7, CD13,
CD33, and CD36, but negative for CD34 and CD41. In addition to trisomy 21, another chromosomal abnormality was de-
tected. The GATAT mutation was detected. A: An intermediately differentiated blast showing basophilic cytoplasm, distinct
nucleoi and cytoplasmic blebbing as show here (left). B: The undifferentiated blast doesn’t have a cytoplasmic bleb (left).
The erythroblast has coarse chromatin (right). (These pictures were provided from Hasegawa and Manabe)

A B

Fig. 3 Bone marrow biopsy in a patient with ML associated with DS (reproduced from Pediatric MDS CD Atlas 2002
edited by Committee for MDS in The Japanese Society of Pediatric Hematology)
A: A biopsy showed proliferation of leukemic blasts. B: On a biopsy specimen by silver stain, myelofibrosis, ranging from

reticulin to collagenous is seen.
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% AMKL Th b, HERMAEMA DS BT 58H
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WA O, LS » THEERMNL T 5
CEIEBRIC, FRICOAFRCHEILIEBEEAR
W, TOXIRFBIE DS RICHERITLDOTHY, ML-
DS {2id, MDS & AML Ol E£EA T3,
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EEERAAS RN - COEMOB I, 3IWME TICHIET 3.
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BRLMPISEIR E 125, —ffic, DNRAREHEMERED
(RCC) (28249 5 fij (1 M5 I A I ER D B 15 MDS &
FoA3HE & IS IR 12 SE1T 9 5.

FEES : By B BB MAmicE, CoRER
RCC OF % b b AT FRRORIMA I W, FRIERA
B AERM:TH B, BRI —R O AR M ER R DEE
LD LEFELLGANMNDH B,

AML D54, FIRE & & ICRIFRRAIRARAEE
AMMICTETES 5. FRnERG Lid LIEEE R EIEA/NR
%, & ECERRNERERY, IMREIEREEDL,
EXIMVMESEBES N B,

g TR, BMFFEROEER, AE»SDLR
BAEHE LS, MNEERPFEEOERIET, MIAHE
BHEET S (Fig. 2). M ICHFEREERRICEI/E
WHRA2SARERMS ZIELBETAON S, Tl
{38 myeloperoxidase & TdH 5. FRIMEKATEANTA (L,
Ui LIS ERERIEZE (LR, =%, =M, Bolkitzes
CRIEKERT. HRRARORZKMA NS &
bdH 5,

B OB IR IRE L %X v b7 — 7 THIRKS
h, BitiEmksIEREE L5 (Fig. 3). RIMEREM ISR
HEHEVEFTRIML, RIOERE & bItbT 5.
IFhERRORMBRIC S MR ED T 5. FERAEE
CEBELTVY A1, ERROBERSEhicAaSh
5. AMKL T3, BEERMEREROMVNEONERK
BRE LTHiAeS LERIcINU, & EichiEKERo
mEs5,

RERIRT © DS-AMKL OMifEIE, TAM O &
ROZHBYERTY, Rfiv-"-RBESOEMAT
CD117, CDI3, CD33, CD7, CD4, CD42, TPO-R, IL-3R,
CD36, CD41, CD61 CD71 Hif5#tk & 78 5 A5, myeloperoxi-
dase, CD15, CD14, glycophorin A (£fg¥:TH S, LHL

TAM & 817450, CD34 {3 50%!Z, CD56 & CD4l 36 &
Z 30%DIER CRiETH 5. DS ORI AML O
fa, B0B0 AML HHIC—BT 2 EKBBERY. B
MFHAIRL O REHBENBIICBE L T, TAM BB,
CD41 & CD61 HERKIFHRROBMICECKEMTSH 5.
MEFE 210V I —1MAT, &EET GATAL
23— K128 zTORMBERE DS O TAM /-1
MDS/AML OFEHEEZZ s THW A, 5L Lo
AML {3 GATA] BIRFERMIE “BEHEDO" MDS/AML
LEZORTWVA, ML-DS TI3, trisomy 8 {3 13~44%
I2& 5h', monosomy 7 R7EWANAENTH B,
FEFERT 4 BREO GATAI BIZFEROS
3 ML-DS i3, {b¥ficdd 3RnsL, 20Tk
{2 non-DS D AML &L CETHLRIFTH 5™, ML-
DS i, ML-DSic@L 7o b a—-LThftshd~E
TH b, GATAI BInTFEROH BEER D ML-DS (4,
non-DS @ AML & B L TTFRBTRBTH HY,

II. DS @D TAM LT AMKL DiB# &
BAOBRKICDINT

KE, BE, 3—o9/,°0TAM 264 AOREIDH
Ben®  HE TAM EEARARIRT 555, 10~20%BHT
T 5., BREET S TAM OFEFE, RAKE, AMEREK
10 Hpd LA EDiEd, TEOEBRE, Wi, &7
BE, BEKRkBLU31ATRLERLLVERNST,
cytarabine ‘D EI#EEE (1 mg/kg/day 7 BRY) OEROE W
HARER TV B0,

HAT/NRMEES MDS BE LA LE 212 OHER
27 ¥4 — FIEETV, 2003~2005 HICFEAE L 72 DS
D TAM 3 Flic> W THRARMAEEZT- . 73 fcp
19 7 (26%) MFELL, 16H] (22%) (& TAM DHLEIC
EERET 52 BRETER©H - 2. TAM BEAREH
Lz 5D 24 MDS, 11 fhs AMKL 2FAEL, 82
HrL o 10 Bl 9 Blic GATAI Bz TFEREMA O, F
BARBETE, R 37 RS, M2amekg o
T Pl, EgECYvE Y Smydi Lk, 28FETH -
f:. TAM OEEFOEBRBERAENET 2100, WIEN
EFUBIRD ) IC, AIARIEEIC & 2 ERIDE & B
{bas N EERRORI AR BT 2B TH 5,

~7%, DS-AMKL TRFHROFAEZHLMEZL, HR
I GG fc BA/NR AML LB E 7V — T D ik
(pirarubicin 25 mg/m’ 2 H, cytarabine 100 mg/m’ 7 H,
ctoposide 150 mg/m’ 3 A) T, TIARGARIL 97.2%, &
REFE (BFS) b 80%LA L EBFRAEEEL TV S,
F%ABET- 1 monosomy 7 TdH » 72°, WHO 53 T3,
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Fig. 4 A modified model for the progression of TAM and AMKL in Down syndrome®
Trisomy 21 is the first event of leukemogenesis of DS. The subsequent mutation of GATA/ in the fetus period is the

second hit, and contributes to the development of TAM.
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AMKL T /MR %4 - /- MDS DA LIFL
H#EDSN D, LichisT, TAM % cytarabine /DRI
B:CHEFE L MDS/AMKL ~DHEBEFHTE 3, bLN
W, Fk, TAMDSBRAEME L GATAI BEROH 3
EEERATICEEAEIR A0 IRIBIC 5 1 B 1R AT AMKL N0
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ICDOWT -BFM D 7' v — 7Tl GATAl RIZTFER%E
=% —1L1, cytarabine {8 T MDS/AMKL ~ O} % i
ATELLHERIKHAEZHEL TED, FHHEORKRC
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Whpotfel EEHELL®. —5H, non-DS D AMKL T
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form ZE GATAl ¥ ¥ 27T (GATAls) MEHRLTL
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High frequencies of simultaneous FLT3-ITD,

malignancies with NUP98-fusion genes

Leukemia (2010) 24, 1975-1977; doi:10.1038/leu.2010.207;
published online 23 September 2010

Acute myeloid leukemia (AML) is heterogeneous in clinical
features and molecular pathogenesis. Cooperating alterations of
several genes, including oncogenes or tumor suppressor genes,
lead to AML development." AML leukemogenesis is thought to
require at least two different types of genetic change: class |
mutations, which confer a proliferative or survival advantage;
and class Il mutations, which block myeloid differentiation
and provide self-renewability.! In hematological malignancies
with 11p15 translocations, the nucleoporin (NUP) 98 gene is
reportedly fused to various partner genes, often including
homeobox genes, such as HOXA9, AT1, A13, C11, C13, D11,
D13 and PMX1.2 With respect to the oncogenic mechanism of
NUP98-HOX fusion proteins, a previous study using a murine
bone marrow transplantation assay revealed that NUP98-
HOXA9, -HOXD13 and -PMX1 fusion proteins induce myelo-
dysplastic syndrome (MDS) or myeloproliferative neoplasm
(MPN), which progress to AML.? This latency period indicates
that additional genetic events might be required for leukemic
transformation. Therefore, we examined somatic mutations of
the FLT3, KIT, WT1, RUNX1, CEBPA, NPM1, NRAS, KRAS and
MLL genes, which are prevalent in AML, in leukemia patients
with NUP98 fusion genes. This study was approved by local
ethical committee.

Sixteen patients with chromosomal 11p15 translocations
included nine with NUP98-HOXA9Y, two with NUP98-
HOXAT13, two with NUP98-HOXA11 and one each with
NUP98-HOXC11, NUP98-HOXD11, NUP98-HOXD13 or
NUP98-NSD3 (Table 1). The partner gene fused to NUP98
could not be detected in one patient with t(4;11)(g21;p15);
however, fluorescent in situ hybridization analysis using a probe
containing NUP98 showed split signals (data not shown). No
patients had any additional chromosomal abnormality except
for chromosomal 11p15 translocations (Supplementary data).
Two patients with t(7;11)(p15;p15) had double NUP98 fusion
transcripts: patient (PN) 13 had simultaneous NUP98-HOXA9
and NUP98-HOXA13 fusions, and PN14 had simultaneous
NUP98-HOXA9 and NUP98-HOXAT1 fusions. In all, 15 of the
16 patients with NUP98-related hematological malignancies
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WTT and KIT mutations in hematological

were diagnosed as having myeloid malignancies, and the other
patient (PN16) were initially diagnosed as having T-cell non-
Hodgkin’s lymphoma with t(4;,11)(q21;p15), and transformed
into acute myelomonocytic leukemia with the same t(4;11)
(lineage switch). Patients with myeloid malignancies consisted
of 10 patients with AML, 2 patients with MDS and 3 patients
with MPN.

We examined the internal tandem duplications (ITDs) and
tyrosine kinase domain (TKD) mutations of the FLT3 gene in 16
patients, and detected ITDs in nine (56.3%) patients, and TKD
mutations in none (Table 1, Figure 1a). The incidence of FLT3-
ITD in our study was much higher than that in an AML cohort
reported previously (12-35%)." A high frequency of FLT3-ITD
was previously reported in 30-35% of AML patients with either
normal karyotype or with t(15;17)(q21;q11) resulting in PML-
RARA, and in 70% of AML patients with 1(6;9)(p23;q34) resulting
in DEK-CAN/NUP214." Interestingly, both NUP98 and NUP214
encode a part of the nucleoporin complex. The general activation
effects on reporters of the DEK-CAN/NUP214 fusion protein are
specific for myeloid cells.®> Moreover, in murine bone marrow
transplantation assays, NUP98-related fusion proteins such as
NUP98-HOXA9, -HOXD13 and -PMX1 induced MDS or MPN,
which progressed to AML.? These results demonstrate that the
nucleoporin-related proteins share a common ability for myeloid
differentiation. Furthermore, the very tight correlation between
nucleoporin-related fusion genes and FLT3-ITD suggest that FLT3-
ITD may contribute to the myeloid leukemogenesis involved in
nucleoporin-related fusions.

We further examined mutations of the KIT, WT1, AMLI,
CEBPA, NPM1, NRAS, KRAS and MLL genes,* which are
prevalent in AML. KIT, NRAS and KRAS mutations were found
in four (25.0%), three (18.8%) and two (12.5%) patients,
respectively (Table 1, Figure 1b). WTT aberrations were found
in eight patients (50.0%; Table 1, Figure 1c). No mutations were
found in the other four genes (RUNX1, CEBPA, NPM1 and MLL).
The mutations in KIT were all missense mutations including
Val399lle, Met541Leu and Asp816Val, and all mutations
of NRAS and KRAS were Gly13Asp. All of KIT, NRAS and
KRAS mutations were heterozygous. The aberrations in WT1
comprised a frameshift insertion of exon 7 in four patients,
missense mutation of exon 9 in one, deletion of exon 5 in one
and deletion of the whole cording region in two. Frameshift and
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Table 1 Clinical features and additional mutations of patients with NUP98-related leukemias
PN Age Sex Disease WBCat Karyotype Fusion pariner CR Relapse Therapy Prognosis FLT3 KIT wr1 NRAS KRAS

diagnosis gene of NUP98
PNT 14 M AML-MT 12500 (1112 HOXCT1 yes yes  Chemo+SCT Death TD Val399lle del WT wWT
PN2 12 F AML-M2 133100 H(7;11) HOXA9 yes yes Chemo+SCT Death WT WT Gly13Asp WT
PN3 13 M AML-M2 460000 1(7;11) HOXA9 yes yes Chemo+SCT Death ITD  Metb41leu insdbpfsX WT WT
PN4 13 F  AML-M2 147000 (7;11) HOXA9 yes yes Chemo+SCT Alive WT WT WT WT WT
PN5& 15 M AML-M2 22700 1(7;11) HOXAS yes no Chemo+SCT Alive WT WT WT WT Gly13Asp
PN6 57 M AML-M2 252000  (7;11) HOXA13 ves  yes Chemo Death ITD wT wT WT WT
PN7 38 M AML-M2 6400 #7;11) HOXA9 yes yes Chemo+SCT Death ITD  Asp816Val insdbpfsX WT WT
PN8 15 M AML-M4 187900  t2;11) HOXD11 yes no  Chemo+SCT Alive wWT wrT insdopfsX ~ WT  Gly13Asp
PN9 56 M AML-M4 204500 W7;11) HOXA9 yes yes Chemo Lost to follow-up  [TD WT WT WT WT
PN10 62 M AML-M4 6500 t2;11) HOXD13 yes no Chemo Alive ITD WT WT WT WT
PN11 60 M RA 6250  (8;11) NSD3 no  ND Chemo Death TD  MetS41leu insdbpfsX — WT WT
PN12 69 F  RAEB 2500 (7;11) HOXA9 no  ND Chemo Death wT wT wT wWT wWT
PN13 45 M CMML 29800 H7;11) HOXA9/HOXA13 vyes yes Chemo Death D WT Arg250Tp WT WT
PN14 58 F OCOMLPh) 11200  7;11) HOXA9/HOXATT yes  no Chemo Alive D wT del wT WT
PN15 3 F JMML 39400 H7;11) HOXAT1 yes no Chemo+SCT Alive WT WT del exons  Gly13Asp WT
PN16 51 F T-NHL 2600 14;11) undetermined  yes yes Chemo+SCT Death WT WT WT Gly13Asp WT
Abbreviations: AML, acute myeloid leukemia; Chemo, chemotherapy; CML, chronic myeloid leukemia; CMML, chronic myelomonocytic leukemia;
CR, complete remission; del, deletion; F, female; JMML, Juvenile myelomonocystic leukemia; M, male; ND, not determined; Ph-, Philadelphia
chromosome; PN, patient number; RA, refractory anemia; RAEB-1, refractory anemia with excess of blasts in transformation; SCT, stem cell
transplantation; T-NHL, T-cell non-Hodgkin’s lymphoma; WBC, white blood cell; WT, wild type.
t(11;12), t(11;12)(p15;913); t(2;11), 1(2;11)(g31;p15); t(4;11), t(4;11)(@21;p15); t(7;11), H{7;11)(p15;p15); 1(8;11), t(B;11; p11; p15).

a ™M PNL PN2 PN6 PN7 PN8 PNLI1 PNIL2
: é“
b Val399ile Asp816Val Met541leu
ATTCTGAC STCAATGCT  AGCCAGAGACATCAAGA  TTATTGIGATGATTCTG
AR T ¢
c Wild type 4bp insertion Arg250Trp
CGGTCGGLATCTGAGAL (GGILGGTCGGIATCTGA TTCTCC L GETELGAC
e AT
Figure 1 FLT3-ITD, KIT and RAS mutations, and WTT7 aberrations. (a) Identification of FLT3-ITD by reverse transcription PCR. M, size marker;
arrow indicates wild-type allele. (b) KIT mutations. All figures show the sequence of PCR products. (c) WTT aberrations. Left panel shows wild type
of WTT exon 7. Middle panel shows 4-bp insertion in exon 7 of WTT. Right panel shows WTT missense mutation. Left and middle panels show the
sequence of each plasmid subclone, and right panel shows that of PCR products.
missense mutation of WTT are heterozygous, whereas deletion Interestingly, five of the six patients with WTT aberrations had
was homozygous. FLT3-ITD, KIT and RAS mutations reportedly FLT3-ITD, and three of the five patients with both FLT3-ITD and
confer cellular proliferative abilities.” In our study, 14 patients WTT aberrations had a KIT mutation, although the simultaneous
(88%) had at least one mutation involved in cellular proli- FLT3-ITD and KIT mutations are reportedly very rare'. These
feration (FLT3, KIT or RAS). Recently, Chou et al.> reported results suggest that the NUP98-related leukemias share a distinct
that the NUP98-HOXA9 fusion is strongly associated with KRAS ~ molecular subgroup in leukemias. In addition, all four patients
and WTT mutations. Nras and Kras mutations were frequently ~ with KIT mutations had both FLT3-ITD (P=0.04) and WTT
found in AML developed in transgenic mice expressing NUP98-  aberrations (P=0.03), whereas all five patients with RAS
HOXD13.° These results indicate that NUP98-related leukemias mutations did not have FLT3-ITD. In all, 14 (88%) of the 16
have a high frequency of mutations involved in growth patients had either FLT3-ITD or RAS mutations, but they were
advantage. mutually exclusive as described in previous papers.' These
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suggest the distinct molecular basis between NUP98-related
leukemias having FLT3-ITD and those having RAS mutations.

The relationships between clinical features and gene muta-
tions were described in Table 1. In our study, male patients were
more likely than female patients to have FLT3-ITD (P=0.01)
and patients with FLT3-ITD have leukocytosis (P=0.08) more
than those without FLT3-ITD. Patients with RAS mutations were
significantly younger than those without the mutations (median
age of 15 vs 56 years; P=0.04). In total, 9 (64.3%) of the
14 patients who achieved complete remission relapsed, and
9 (60.0%) of the 15 patients whose data were available died,
although they were treated by different protocols (Table 1). All
three patients who had both FLT3-ITD and KIT mutations, and
five (83.3%) of the six patients who had both FLT3-ITD and WTT
aberrations, died. Many studies have shown that FLT3-ITD is
related to a poor prognosis in AML patients,' and that
KIT mutations are associated with a worse outcome in
CBF-leukemia patients.” WTT mutations are also reported to
be a poor prognostic factor in adult AML patients with normal
karyotypes.” These results suggest that simultaneous occurrence
of FLT3-ITD, KIT mutations and WTT aberrations in NUP98-
related leukemia may be associated with poor prognosis.

FLT3-ITD, KIT and RAS mutations lead to constitutive
activation of downstream pathway, resulting in acquirement of
a proliferative advantage." In a mouse model, FLT3-ITD alone
does not induce AML, and RAS mutations can induce myeloid
leukemia with distinct leukemogenic strengths and phenotypes.'
NUP98-related fusions alone require long periods of time to
induce AML, although these fusions induce MDS or MPN
by impaired myeloid differentiation.” Cooperation between
BCR-ABL (which enhances proliferation) and NUP98-fusion
(which inhibits differentiation) lead to CML blast crisis.”
Moreover, the WTT mutations were clustered within the DNA
binding domain, and were subsequently considered to impair
the ability of DNA to bind to target genes associated with
apoptosis, cell cycle or cellular proliferation.® These results
suggest that a high frequency of cell proliferation gene mutations
may contribute to leukemogenesis in NUP98-related leukemia,
and that simultaneous occurrence of FLT3-ITD and WTI
aberrations may have an important role in the clinical outcome
of NUP98-related leukemia.
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Array-based genomic resequencing of human leukemia
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To identify oncogenes in leukemias, we performed large-
scale resequencing of the leukemia genome using DNA
sequence arrays that determine ~9Mbp of sequence
corresponding to the exons or exon—intron boundaries of
5648 protein-coding genes. Hybridization of genomic
DNA from CD34-positive blasts of acute myeloid
leukemia (n=19) or myeloproliferative disorder (n=1)
with the arrays identified 9148 nonsynonymous nucleotide
changes. Subsequent analysis showed that most of these
changes were also present in the genomic DNA of the
paired controls, with 11 somatic changes identified only in
the leukemic blasts. One of these latter changes results in
a Met-to-lle substitution at amino-acid position 511 of
Janus kinase 3 (JAK3), and the JAK3(M511I) protein
exhibited transforming potential both in vitro and in vivo.
Further screening for J4K3 mutations showed novel and
known transforming changes in a total of 9 out of 286
cases of leukemia. Our experiments also showed a somatic
change responsible for an Arg-to-His substitution at
amino-acid position 882 of DNA methyltransferase 3A,
which resulted in a loss of DNA methylation activity of
>50%. Our data have thus shown a unique profile of gene
mutations in human leukemia.
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Introduction

Leukemias are clonal disorders of hematopoietic stem
cells or immature progenitors. Several subtypes of
leukemia are associated with disease-specific karyotype
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anomalies in the malignant blasts. Most cases of acute
promyelocytic leukemia a subtype of acute myeloid
leukemia (AML), for instance, are associated with a
t(15;17) chromosomal rearrangement that results in the
production of the PML-RARA fusion-type oncoprotein
(Tallman and Altman, 2008). Similarly, another subtype
of AML is associated with a t(8;21) rearrangement,
resulting in the production of the oncogenic RUNXI-
CBFA2T1 protein (Nimer and Moore, 2004).

The karyotype of leukemic blasts is an important
determinant of the long-term prognosis of affected
individuals. AML with t(15;17), t(8;21) or inv(16)
rearrangements thus constitutes a subgroup of leuke-
mias with a ‘favorable’ karyotype, with a 5-year survival
rate of >60%, whereas AML with an ‘adverse’
karyotype (monosomy 7, monosomy 5 or complex
anomalies) has a 5-year survival rate of only <15%
(Grimwade et al., 1998). The prognosis of AML with a
normal karyotype (constituting ~50% of all AML
cases) is substantially worse than that with a favorable
karyotype, with a 5-year survival rate of 24% (Byrd
et al., 2002), indicating that blasts with a normal
karyotype may contain transforming genes generated
as a result of (1) sequence alterations, (2) epigenetic
abnormalities or (3) small chromosomal rearrangements
not detectable by the G-banding technique. Indeed,
several genes, including NPMI1 and KIT, have been
found to be mutated and activated in AML blasts with a
normal karyotype (Schlenk et al., 2008).

The identification of transforming genes in AML will
require large-scale resequencing of the blast genome.
Although a new generation of sequencing technologies
is now available, whole-genome resequencing of many
samples remains a demanding task (Bentley et al., 2008;
Wheeler et al., 2008). Although DNA microarray-based
sequencing is suitable for analysis of multiple samples,
currently available platforms are limited in the number of
nucleotides that each array is able to probe. To overcome
such limitations, we have now applied the extra-large arrays
(‘wafers’) manufactured by Perlegen Sciences (Mountain
View, CA, USA) (originally developed for typing of
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single-nucleotide polymorphisms) (Patil et al., 2001) to
resequencing of the human genome. Our two-step
analysis of human leukemia specimens (n=20) has
identified a novel transforming mutation in the gene for
Janus kinase 3 (JAK3) and a hypomorphic mutation in
that for DNA methyltransferase 3A (DNMT3A).

Results

Sequencing strategy

Oligonucleotide probes on the sequencing wafer for the
first phase of our study were designed to detect
nonsynonymous nucleotide changes in the coding exons
of the genome. Intronic sequences (GT in the splicing
donor sequence AG-GT and AG in the splicing acceptor
sequence AG-G) adjacent to coding exons were also
interrogated with the wafer to capture splicing anoma-
lies. Genes examined by the wafer included those known
to be mutated in cancer and reported in the catalog of
somatic mutations in cancer (COSMIC, http://www.
sanger.ac.uk/genetics/cgp/cosmic) as of September 2006
(n=338) and those related to the regulation of DNA
repair (n=419), chromatin structure (rn=299), redox
regulation (n=102), epigenetic regulation (n=44), cell
signaling (n=2490), protein kinases (n=314), gene
transcription (n="797), cell cycle (n=297), apoptosis
(n=312), DNA replication (n = 144) or other functions
(n=92) (Figure la). A total of 5648 genes were thus
analyzed with the wafer.

To efficiently isolate oncogenes generated by point
mutation using our sequencing array, we selected
leukemic blasts with a karyotype characterized by few
chromosome anomalies and by few copy number varia-
tions of chromosomes, as determined by comparative
genomic hybridization with single-nucleotide polymorph-
ism-typing arrays (Supplementary Figure S1). We isolated
15 cases of de novo AML, 4 cases of AML that developed
from myelodysplastic syndrome, and 1 case of myelopro-
liferative disorder negative for the JAK2(V617F) and
MPL(WS515L) mutations (Kralovics et al., 2005; Pikman
et al., 2006) (Supplementary Table S1).

From each of these 20 individuals enrolled in the study,
we purified immature blasts positive for the surface
expression of CD34 (leukemic fraction) as well as a paired
control fraction of mature T cells positive for the surface
expression of CD4. Although monocytes-macrophages
may also express a low level of CD4 at the cell surface, our
magnetic bead-based purification system preferentially
enriched mature T cells with a high level of CD4
expression; contamination of the mature T-cell fraction
with monocytes-macrophages was judged to be <9% by
flow cytometry (Supplementary Figure S2).

Given the potential presence of substantial numbers
of unreported single-nucleotide polymorphisms in the
human genome, we adopted a two-step analysis to select
somatic changes (Figure 1b). In phase I, genomic DNA
was isolated from the CD34+ fraction, subjected to mid-
range PCR amplification and hybridized with the wafer
to examine ~9 Mbp of nucleotide sequence. In phase 11,
we constructed a smaller wafer to investigate only the
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Figure 1 Resequencing of the leukemia genome with wafers.
(a) Genes interrogated by the phase I wafer (n=5648) included
those listed in the COSMIC database and those categorized on the
basis of function of the encoded protein as indicated. (b) CD34*
and CD4" cell fractions were purified from individuals with
leukemia (7=20). Genomic DNA of the former fractions was
assayed with the phase I wafer including ~9Mbp of sequence,
resulting in the isolation of 9148 nonsynonymous nucleotide
changes in 3403 independent genes. The phase 1I wafer was then
constructed to analyze these 9148 changes and was hybridized with
genomic DNA from both CD34* and CD4+* fractions separately.
Only 11 mutations were found to be present in the former fraction
but not in the latter.

nucleotides shown to be changed in phase I relative to
the human reference sequence. Genomic DNA isolated
from leukemic blasts and paired control fractions was
then analyzed individually with the phase II wafer. We
assumed that a nucleotide change was a germline
polymorphism if it was observed in both leukemic and
control fractions of the same individual, and that it was
a somatic mutation if it was observed in the former
fraction but not in the latter.

Identification of the JAK3(MS5111) mutation

Screening of the leukemic blasts of the 20 individuals for
point mutations in phase I yielded 9148 nonsynonymous
changes among 3403 independent genes, a frequency
similar to that observed in other large-scale resequen-
cing studies performed with capillary sequencers
(Sjoblom et al., 2006; Greenman et al., 2007). However,
analysis of CD4+ fractions showed that most of these
sequence changes were also present in the paired control
genome, leaving only 11 nonsynonymous somatic
mutations in 11 genes (Supplementary Table S2). Such
small number of somatic mutations is in a good
agreement with the eight somatic mutations found in
AML through whole-genome resequencing using the



Illumina Genome Analyser (Illumina, San Diego, CA,
USA) (Ley et al., 2008). All of our 11 somatic changes
were confirmed by analysis of both genomic DNA and
c¢cDNA of the corresponding specimens with a capillary
sequencer (data not shown). These data thus support the
necessity of examining paired noncancerous specimens
to pinpoint somatic changes in the cancer genome.

One of the gene mutations found only in the CD34*
fractions results in a Met-to-Ile change at amino-acid
position 511 of JAK3. A heterozygous J4K3 mutation
responsible for the amino-acid change was confirmed in
both genomic DNA and cDNA from the CD34+*
fraction, but not in those from the corresponding
CD4+ fraction of patient ID JMO07 (Supplementary
Figure S3), who had de novo AML (M1 subtype) and
a normal karyotype (Supplementary Table S1). In
contrast to JAK2, activating mutations in which are
preferentially associated with myeloproliferative disor-
der, several gain-of-function mutations (such as I87T,
P132T, Q501H, A572V, R657Q and V7221) of JAK3
have recently been associated with acute megakaryo-
blastic leukemia of children (Walters et al., 2006; Sato
et al., 2008). Other JAK3 mutations (such as A573V and
A593T) were also identified in the same disorder, and an
MS576L substitution was detected in an adult with acute
megakaryocytic leukemia (AML, M7 subtype) (Kiyoi
et al., 2007), although the transforming potential of
these changes remains unknown.

Given that the M5111 mutant of JAK3 has not
previously been described and that the relevance of
JAK3 to the pathogenesis of adult AML has not been
extensively investigated, we first focused on the function
of JAK3(M511I). The MS5I1 residue is located in the
linker region between the Src homology 2 (SH2) domain
and the pseudokinase domain of JAK3 (Figure 2a). The
transforming mutation Q501H that is associated with
juvenile acute megakaryoblastic leukemia (Sato et al.,
2008) is also located in this region. Given that JAK3 is
abundant in and has an essential role in the development
of lymphocytes (Russell et al., 1995), we examined the
expression level of JAK3 in AML blasts. The gene was
expressed at a high level in most AML specimens (n = 52),
with its expression level being greater than that of JAK2 in
all but three cases (Supplementary Figure S3).

To examine the transforming potential of JAK3(M511I),
we introduced the mutant or wild-type protein into
the interleukin-3 (IL-3)-dependent mouse cell line
32D (Greenberger et al., 1983). Although 32D cells
forced to express wild-type JAK3 underwent rapid
apoptosis after withdrawal of IL-3, those expressing
JAK3(MS511I) continued to grow even in the absence of
IL-3, although at a reduced rate compared with that of
cells expressing the artificially generated, highly trans-
forming mutant JAK3(V674A) (Choi et al, 2007)
(Supplementary Figure S3). 32D cells differentiate into
terminal granulocytes in the presence of granulocyte
colony-stimulating factor. However, cells expressing the
M5111 or V674A mutant of JAK3 maintained an
exponential rate of growth, without any sign of
differentiation, in the presence of granulocyte colony-
stimulating factor (Figure 2b, Supplementary Figure S3),
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supporting the notion that the MS5I11I mutant has
transforming potential.

To directly examine the leukemogenic activity of
JAK3(MS5111), we generated a recombinant retrovirus
encoding this mutant and used it to infect murine
hematopoietic stem cells. Reconstitution of the bone
marrow of lethally irradiated mice with such infected
cells resulted in marked lymphocytosis in peripheral
blood and enlargement of the spleen in the recipient
animals (Figure 2c¢). The cells in the peripheral blood,
spleen and bone marrow of the recipients responsible for
these phenotypes manifested a medium-sized, blastic
morphology, and flow cytometric analysis revealed them
to be CD8" T cells (Figure 2c). The clonal nature of
these proliferating T cells was further confirmed by
Southern blot analysis (Supplementary Figure S4),
indicative of the development of T-cell acute lympho-
blastic leukemia in the recipient mice.

To assess the prevalence of J4K3 mutations in adult
leukemia, we further examined the nucleotide sequence
of the entire coding region of JA4K3 cDNA in an
additional 266 specimens of leukemic blasts. The coding
region of JAK3 cDNA was successfully amplified by
PCR from 83 specimens. We could further identify 4
distinct JAK3 sequence changes in 8 of these 83 samples:
1 case with G62S, 4 cases with Q501H, 2 cases with
R657Q and 1 case with R918C (Figure 2a). Taking into
account the 20 cases evaluated in the phase I analysis,
we thus identified a total of 9 cases with a mutant form
of JAK3 (3.1%) among 286 cases of leukemia (Supple-
mentary Table S3). Our identification of known
transforming JAK3 mutants (Q501H and R657Q)
originally associated with acute megakaryoblastic
leukemia prompted us to determine the prevalence of
these two changes in another cohort of AML (n=148),
revealing two cases with JAK3(Q501H) and one case
with JAK3(R657Q). In addition, analysis of a hemato-
poietic cell line (KCL22) (Kubonishi and Miyoshi, 1983)
established from a patient with chronic myeloid
leukemia in BC revealed vyet another mutation
(L1017M) of JAK3 (Figure 2a).

To directly compare the transforming potential of
these various JAK3 mutants, we introduced each
protein into the IL-3-dependent mouse B-cell line BA/
F3 and examined the growth properties of the resulting
transfectants. Whereas all cells expressing the JAK3
mutants proliferated in a similar manner in the presence
of I1L-3 (data not shown), culture without IL-3 revealed
marked differences in the transforming potential among
the mutants. JAK3(M511I) was the most efficient
oncokinase, with a transforming activity similar to that
of JAK3(V674A). The frequent mutants JAK3(Q501H)
and JAK3(R657Q) exhibited weaker but still pro-
nounced transforming potential, whereas the remaining
mutants (G62S, R918C and L1017M) showed an even
lower potential (Figure 2d).

Somatic mutations of DNMT3A
Another somatic mutation identified in the phase II data
set was a heterozygous change in DNMT3A that results

3725

Oncogene

85



Array-based resequencing of leukemia
Y Yamashita et a/

3726

b Wild-type MS111

Y

L1017M

Peripheral
blood |

Spleen

Cell number (x 10%ul)

Bone |
o manrow

& 1 2 3

Time {months) M1 Cantral

Bone
marrow
) [

Thymus Spleen
T R W [T
3 i H

Peripheral
blood

B

Control

CcD4

M5111

d 1010

Wild-type
GE2S
Qs01H
M1
RESTO
VETHA
RO1BC
L1017M

Cell number

R EEF R RN

Gt 23 456788910
Time {days})

Figure 2 Identification of JAK3 mutants in leukemia. (a) Amino-acid substitutions detected in this study are shown relative to the
domain organization of JAK3. The mutations M511I (one case) and Q501H (four cases) are located in the linker region between the
SH2 and pseudokinase domains of JAK3, whereas G62S (one case), R657Q (two cases) and R918C (one case) are located in the amino-
terminal region, the pseudokinase domain and the kinase domain, respectively. The KCL22 cell line also harbors an L1017M mutation
within the kinase domain of JAK3. Previously known activating mutations of JAK3 (Q501H and R657Q) are indicated by red
rectangles. (b) Mouse 32D cells expressing wild-type human JAK3 or the JAK3(M511I) mutant were incubated with G-CSF (0.5 ng/
ml) for 14 days, stained with Wright-Giemsa solution and examined by light microscopy. Scale bars, 20 um. (¢) C57BL/6 mice were
irradiated and then injected intravenously with syngeneic CD34-KSL hematopoietic stem cells infected with a retrovirus encoding
JAK3(MS511]) or the corresponding empty virus (control). The number of white blood cells in peripheral blood was counted at the
indicated times thereafter; data are means * s.d. for 10 mice in each group (upper left panel). Peripheral blood, spleen and bone marrow
isolated from recipient mice 3 months after cell injection were stained with the Wright-Giemsa solution (peripheral blood) or
hematoxylin-eosin (spleen and bone marrow) and were then examined by light microscopy (upper right panel); scale bars represent 10,
200 and 50 pm, respectively. Mononuclear cells isolated from peripheral blood, thymus, spleen and bone marrow of recipient mice 3
months after cell injection were subjected to flow cytometric analysis of surface expression of CD4 and CD8a (lower panel). (d) Control
BA/F3 cells (—) or those expressing the indicated JAK3 mutants were cultured without IL-3 for the indicated times, after which the cell
number was determined. Data are means +s.d. of triplicates from a representative experiment.

in an R882H substitution in the encoded protein
(Figure 3a, Supplementary Figure S5). DNMT3A,
together with DNMT3B, has an essential role in
de novo methylation of the human genome (Okano
et al, 1999), and an aberrant methylation profile
(hypermethylation of CpG islands and hypomethylation
of other regions) is a hallmark of cancer cells (El-Osta,
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2004). Despite a direct linkage between such methyla-
tion changes and silencing of tumor-suppressor genes in
cancer, the molecular mechanism responsible for such
abnormal methylation remains unknown. Our data thus
provide the first evidence of somatic mutation of a DNA
methyltransferase gene in cancer cells. Mutations in the
catalytic domain of DNMT3B have been shown to be
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Figure 3 Identification of a DNMT3A mutant in leukemia.
(a) Domain organization of human DNMT3A showing that the
R882 residue found to be mutated in leukemia is conserved among
human (h) and mouse (m) members of the DNMT3 family.
DNMT3A contains a tetrapeptide PWWP domain, polybromo
homology domain (PHD) and methyltransferase (MTase) domain.
The R882 residue is located in the homodimerization region
present within the MTase domain. (b) Wild-type (WT) and R882H
forms of DNMT3A were expressed in and purified from insect cells
and then subjected to an in vitro assay of methyltransferase activity.
Data are means+s.d. of triplicates from a representative experi-
ment. The P-value was determined by Student’s z-test. (¢) Lysates
of HEK293 cells expressing Myc epitope-tagged DNMT3L and
wild-type or R882H forms of DNMT3A, as indicated, were
subjected to immunoprecipitation (IP) with antibodies to Myc or to
DNMT3A, and the resulting precipitates were subjected to
immunoblot analysis (IB) with antibodies to DNMT3A. The
position of DNMT3A (wild-type or mutant) is indicated by an
open arrow.

responsible for a hereditary syndrome characterized by
ICF (immunodeficiency, instability of the centromeric
region of chromosomes and facial anomalies) in humans
(Ehrlich, 2003). One of the mutation sites of DNMT3B
(R823) associated with the ICF syndrome corresponds
to the residue of DNMT3A (R882) shown to be mutated
in this study.

The R882 residue of DNMT3A is considered to
participate in the homodimerization and activation of
the protein (Jia et al., 2007) (Figure 3a). To determine
whether the R882H mutation affects the catalytic
activity of DNMT3A, we expressed mutant and wild-
type proteins separately in insect cells, purified them to
near homogeneity and subjected them to an in vitro
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assay of methyltransferase activity with a synthetic
substrate (Suetake et al., 2003). The catalytic activity of
DNMT3A(R882H) was <50% of that of the wild-type
protein (Figure 3b). DNMT3L acts as a coactivator for
the methyltransferase activity of DNMT3A or
DNMT3B through its association with the latter
proteins (Jia et al., 2007). The R882H mutation did
not affect the interaction of DNMT3A with DNMT3L
in transfected mammalian cells (Figure 3c) or its
sensitivity to DNMT3L as examined by the in vitro
assay of methyltransferase activity (data not shown).
These data thus suggested that the R882H mutation
directly inhibits the enzymatic activity of DNMT3A.

Screening of another cohort of leukemia cases (n = 54)
for mutant forms of DNMT3A revealed another two
patients with a mutation of the same amino acid
(R882H in one patient and R882C in the other)
(Supplementary Table S4). Therefore, we identified a
total of 3 cases with an R882 mutation (4.1%) among 74
cases of leukemia. Screening for mutations of DNMT3B
failed to detect any somatic changes in the same
individuals (data not shown), suggesting that DNMT3A4
is a preferential target in leukemia.

Multistep transformation in leukemia

Although >99% of nucleotide changes in the phase I
data were also observed in the paired CD4+ cells, it is
unlikely that all of these changes are actually germline
polymorphisms because they include established onco-
genic mutations. They thus include 190 nucleotide
changes previously described in cancer cells (Supple-
mentary Table S5), such as those giving rise to
NRAS(Q61H) in patient ID JMI17 and to
FLT3(D835Y) in patient ID JMO8 (Figure 4a). Given
that both NRAS(Q61H) and FLT3(D835Y) are well-
characterized oncoproteins (Yamamoto et al., 2001),
it is unlikely that these individuals harbored such nucleo-
tide changes in the germ line. There are at least two
possible explanations for these findings. First, it is
possible that purification of the CD4™ fraction was not
efficient, with the result that this fraction was con-
taminated by CD34+ cells. However, the CD4 expres-
sion ratio for the CD4" and CD34* fractions of each
individual was >17.1 (median =40.1) (Figure 4b), and
contamination of the CD4* fraction with CD34+ cells
at such a level would not likely produce detectable
changes in Sanger sequencing outputs (compare, for
instance, the signal intensities of the normal and mutant
alleles in Figure 4a).

Furthermore, although CD4 expression has been
occasionally observed in AML blasts (Schwonzen
et al., 2007), quantitation of CD4 and CD34 mRNA
within our purified CD34+ fractions failed to detect a
significant level of the former message in the blasts
(Supplementary Figure S6). Therefore, it is unlikely that
contamination of CD4* leukemic blasts within the
purified, control CD4* fraction substantially affected
the sequencing results in our phase II experiment.

Rather, it is more likely that leukemia may develop in
a stepwise manner with a substantial time interval
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Figure 4 Proposed stepwise nature of leukemogenesis. (a) Sequencing electrophoretograms for the regions surrounding codon 61
of NRAS or codon 835 of FLT3 in genomic DNA from the CD34* and CD4+ fractions of patient IDs JM17 and JMO0S, respectively.
Heterozygous nucleotide changes that give rise to NRAS(Q61H) or FLT3(D835Y) were detected in both fractions of the
corresponding patients. (b) The amount of CD4 mRNA in the CD4* (control) and CD34* (leukemia) fractions of leukemia patients
(with a substantial amount of control GAPDH mRNA) was quantitated by reverse transcription and real-time PCR analysis and
expressed as the control/leukemia ratio. (¢) Hematopoietic stem cells (HSCs) give rise to a wide range of mature blood cells. Even after
the first hit (mutation) of the genome, HSCs retain their full differentiation capacity, and therefore produce differentiated cells
harboring this first hit. After the second hit, the affected cell fraction undergoes full transformation to leukemia. (d) Sequencing
electrophoretograms for the genome of CD34* and CD4* fractions from patient ID JMO03 showing a heterozygous mutation for

KIT(N822K) before chemotherapy but not after.

between steps (Figure 4c¢). If a first hit occurs in the
genome of hematopoietic stem (or progenitor) cells and
if such a somatic change does not result directly in the
generation of full-blown leukemia, the preleukemic
clones may give rise to terminally differentiated blood
cells (including CD4* cells). After a certain period, a
second (or possibly a third) hit occurs in the immature
cells and triggers the rapid growth of leukemic clones
without differentiation. In such a scenario, terminally
differentiated ‘normal’ cells may still harbor the first hit
in their genome.

Support for this latter possibility was provided by
patient ID JMO03, who had AML (M2 subtype) with a
t(8;21) chromosome anomaly. Before chemotherapy, the
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genomic DNA of both CD34* and CD4* fractions
from this patient harbored a heterozygous mutation of
KIT that results in the production of a constitutively
activated mutant protein, KIT(N822K) (Shimada et al.,
2006) (Figure 4d). The same change was also detected in
cDNA prepared from the CD34* fraction (data not
shown). Leukemic blasts in this patient were sensitive to
standard chemotherapeutic regimens, and the patient
underwent complete remission. Examination of CD34+
and CD4* fractions obtained during the remission
period revealed that the N822K codon change was no
longer detectable not only in the CD34* fraction but
also in the CD4* fraction (Figure 4d). These data thus
support the scenario shown in Figure 4c: The N822K



change represents the first hit and was present in
differentiated blood cells, and the corresponding pre-
leukemic clones were simultaneously eradicated together
with the leukemic clones by chemotherapy.

On the other hand, as shown in Supplementary Tables
S1 and S2, a heterozygous mutation for NRAS(G12S)
was found only in the CD34+ fraction, but not in the
CD4* fraction of the patient ID JM16. Conventional
chemotherapy for this patient eradicated the leukemic
blasts carrying the mutation (Supplementary Figure S7),
also confirming that a successful treatment results in the
disappearance of cells with a (possible) ‘second hit’.

Our hypothesis of the stepwise leukemogenesis is also
consistent with the previous detection of the RUNXI-
CBFA2TI oncogene in differentiated blood cells
(Kwong et al., 1996; Miyamoto et al., 1996, 2000).

Discussion

Our large-scale genomic resequencing of human leuke-
mia specimens with DNA microarrays has identified
recurrent nucleotide changes responsible for the genera-
tion of JAK3 and DNMT3A mutants. Whereas JAK3
mutants were unexpectedly found in adult AML, their
transforming ability, and possibly their contribution to
leukemogenesis, varied substantially. However, our
bone marrow transplantation experiments showed that
at least one of these JAK3 mutants (MS511I) directly
participates in the development of leukemia. Identifica-
tion of the M511I mutation of JAK3 in the leukemic
fraction but not in the control fraction of patient ID
JMO7 suggests that this mutation may be the second hit
triggering AML. Given that the blasts of this patient
had a normal karyotype, it is likely that the first hit is
present in the genome of both fractions. Karyotyping of
other patients with J4K3 mutations showed a total of
three cases with a normal karyotype, one case with
t(8;21), and one case with a numerical anomaly of
several chromosomes (Supplementary Table S3), sug-
gesting that JAK3 mutations may be preferentially
associated with leukemia with a normal karyotype.

Although JAK3(M5111) was identified in AML, our
bone marrow transplantation experiments with hemato-
poietic stem cells expressing this mutant yielded T-cell
acute lymphoblastic leukemia. In contrast to human
leukemia, in which JAK3 changes may constitute a
second hit (probably in progenitor cells), JAK3(M5111)
may have been expressed in all hematopoietic cells of the
recipient mice. JAK3(MS511I) thus likely triggered
leukemia within a T-cell fraction the intracellular
context of which is optimized for JAK3 signaling.

It has been frequently observed that transgenic mouse
or bone marrow transplantation experiments for leuke-
mic oncogenes do not accurately recapitulate the
original leukemia subtypes (Wong and Witte, 2001).
Transgenic mice expressing p210B°R-ABLL for instance,
usually develop T-cell lymphoma or acute lymphoblastic
leukemia, not chronic myeloid leukemia. Further-
more, bone marrow transplantation with hematopoietic
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progenitor cells expressing p210BCR-ABLL often leads to
development of lymphoma, AML, acute lymphoblastic
leukemia or macrophage tumors. Generation of malig-
nancy - in such systems may, thus, be elaborately
influenced by mouse strains, promoter fragments for
artificial expression and/or cell types to be used for gene
transduction.

Our detection of recurrent DNMT3A hypomorphic
mutations in leukemia clones may indicate the presence
of an abnormal methylation profile in the genome of
such blasts. However, given the limited amount of the
specimens available, we were able to investigate micro-
satellite stability only at certain loci (Koinuma et al.,
2005), revealing no apparent microsatellite instability
(data not shown). We also generated BA/F3 cells
expressing wild-type or R882H forms of DNMT3A to
compare the methylation status of some CpG islands in
the genome; again, we detected no discernable differ-
ences between the two cell preparations (data not
shown). However, given that BA/F3 cells contained
two copies of wild-type Dnmt3a in addition to multiple
copies of mutant DNMT3A, whereas the leukemic blasts
likely harbor one copy each of the wild-type and mutant
DNMT3A alleles, the clinical relevance of the R882
mutant requires further examination under the latter
condition. Cell proliferation/differentiation is indeed
influenced substantially by the copy number of DNMT3
genes (Okano et al., 1999; Ehrlich, 2003).

Our observations indicate the importance of prepar-
ing paired normal fractions in large-scale resequencing
projects, but they also reveal a difficulty in the
preparation of bona fide ‘normal’ fractions in the case
of leukemic disorders. Our data thus indicate that
nonleukemic blood cells may harbor early genomic hits,
rendering them inappropriate as controls. Furthermore,
a substantial proportion of fingernail DNA was recently
shown to be derived from donor cells among recipients
of allogeneic stem cell transplants (Imanishi ez al., 2007),
indicating that nonblood cells may contain DNA
derived from transplanted cells. Therefore, it is possible
that buccal, fingernail or even hair cells may not be
suitable as normal cell controls. In contrast to solid
tumors, for which blood cells are appropriate as paired
normal fractions, leukemic disorders require that cau-
tion be taken to discriminate somatic nucleotide changes
from germline polymorphisms.

Materials and methods

Wafer sequencing

CD34* and CDA4" fractions were isolated from leukemic
individuals using CD34microbeads and CD4microbeads,
respectively, and a MidiMACS separator (Miltenyi Biotec,
Gladbach, Germany). All clinical specimens were obtained
with written informed consent, and the study was approved by
the ethics committees of both the Jichi Medical University and
the Nagasaki University. DNA sequencing wafers were
designed and processed at Perlegen Sciences. Genes to be
interrogated on the wafers were selected from the Entrez Gene
database (http://www.ncbi.nlm.nih.gov/sites/entrez?db = gene)
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by searching with various keywords characteristic to each
subcategory (such as DNA repair, regulation of chromatin
structure, etc.), followed by manual inspection. The final gene
list for the wafers is shown in Supplementary Table S6.
Construction of the wafers, quality control analysis and data
processing are described in Supplementary Text.

JAK3 analysis

Complementary DNAs for JAK3 mutants were generated
using a QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA, USA) and ligated into the pMX retroviral vector
(Onishi et al,, 1996). Ecotropic recombinant retroviruses
encoding each mutant were produced in BOSC23 cells
transfected with the corresponding pMX-based plasmid and
were used to infect BA/F3 or 32D cells as described previously
(Choi et al., 2007). Both types of cell were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum
(both from Life Technologies, Carlsbad, CA, USA) and mouse
IL-3 (Sigma, St Loius, MO, USA) at 10 Units/ml; differentia-
tion of 32D cells was induced by culture in the presence
of serum and mouse granulocyte colony-stimulating factor
(Sigma) at 0.5ng/ml. A concentrated preparation of a
retrovirus with a VSV-G envelope and encoding both
JAK3(MS511I) and enhanced green fluorescent protein was
used to infect CD34- c-Kit* Sca-1* Lineage-marker™
(CD34-KSL) hematopoietic stem cells isolated from the bone
marrow of C57BL/6 mice, and the infected cells were
transplanted into lethally irradiated mice congenic for the
Ly5 locus (Iwama et al., 2004). CD4, JAK2 and JAK3 mRNAs
were quantitated by reverse transcription and real-time PCR
analysis using an ABI7900HT system (Life Technologies) and
with the primers 5-CTGGAATCCAACATCAAGGTTCTG-3
and 5-AATTGTAGAGGAGGCGAACAGGAG-3 for CD4,
5-CTCCAGAATCACTGACAGAGAGCA-3 and 5'-CCAC
TCGAAGAGCTAGATCCCTAA-3' for JAK2 and 5-GAGC
TCTTCACCTACTGCGACAAA-3" and 5-AGCTATGAAA
AGGACAGGGAGTGG-3' for JAK3; the cDNA for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
also amplified with the primers 5-GTCAGTGGTGGACC
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TGACCT-3 and 5-TGAGCTTGACAAAGTGGTCG-3'.
The relative abundance of the cDNAs of interest was
calculated from the threshold cycle (Ct) for each cDNA and
that for GAPDH cDNA.

DNMT3A analysis

Recombinant Hisg-tagged DNMT3A or DNMT3A(R882H)
was expressed in SF9 cells using the Bac-to-Bac baculovirus
expression system (Invitrogen, Carlsbad, CA, USA), and each
protein was purified by stepwise column chromatography as
described previously (Suetake ez al., 2003). The enzymatic activity
of each protein was assayed with -S-adenosyl-L-methionine
(GE Healthcare, Waukesha, WI, USA) and dIdC or dGdC as
substrates (Suetake et al., 2003). The association between Myc
epitope-tagged human DNMT3L and wild-type or R882H forms
of human DNMT3A in transfected HEK 293 cells was examined
by immunoprecipitation and immunoblot analyses.
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