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The t(7;11)(p15;p15) translocation has been reported as a rare and recurrent chromosomal abnormality in
acute myeloid leukemia (AML) patients. The NUP98-HOXA9 fusion gene with t(7;11)(p15;p15) was identified
and revealed to he essential for leukemogenesis and myeloproliferative disease. To date, 1(7;11)(p15;p15)
with NUP98-HOXA11 fusion has been reported only in one case of ph-negative chronic myeloid leukemia
(CML). Here, we report a case of a 3-year-old girl with juvenile myelomonocytic leukemia (JMML) carrying
1(7;11)}(p15;p15) abnormality with NUP98-HOXA11 fusion. AML chemotherapy followed by bone marrow
transplantation (BMT) was found to be effective in treating this disorder, and she remains in complete
remission for 3 years after BMT. We suggest the possibility that AML chemotherapy might be effective for
treating JMML with (7;11)(p15;p15) abnormality and NUP98-HOXA11 fusion. Am. J. Hematol. 00:000-000,

2009. © 20089 Wiley-Liss, Inc.

Introduction

Juvenile myelomonocytic leukemia (JMML) is refractory
to chemotherapy, and the only curative treatment is hema-
topoietic stem cell transplantation (HSCT). Although the
5-year probability of event-free survival (EFS) in JMML
patients receiving HSCT is approximately 50%, relapse
remains the major form of treatment failure and is observed
in up to 50% patients [1]. Thus far, somatic mutation in
PTPN11, RAS, or NF1 and monosomy 7 are known to be
the essential chromosomal or genetic abnormalities in
JMML. The t{7;11)(p15;p15) translocation is reported as a
rare and recurrent chromosomal abnormality detected
mainly in acute myeloid leukemia (AML) patients [2-5]).
NUP98-HOXAZ fusion involving {(7;11){p15;p15) was first
reported by both Nakamura et al. [6] and Borrow et al. [7];
subsequently, this abnormal fusion has been shown to be
critical for leukemogenesis and preleukemic phase [8.9].
In this paper, we report a case of JMML involving
{7:11)(p15;p15) abnormality with NUP98-HOXAT1 fusion.
NUP98-HOXA11 fusion has been reported only in a ph-
negative chronic myeloid leukemia (CML) patient [10], and
this previous case and our present case indicate that
NUP98-HOXA 11 fusion might also be related closely to leu-
kemogenesis and preleukemic phase.

Case Report

A 3-year-old Japanese girl who presented with wheezing
was referred to our hospital because of leukocytosis and
anemia. Her family history revealed that her grandmother
had died of myelodysplastic syndrome {MDS). A physical
examination revealed hepatosplenomegaly, but skin erup-
tions or lymph node swellings were not detected. She had
no clinical evidence of autoimmune lymphoproliferative
syndrome, neurofibromatosis Type 1, Noonan syndrome,
Costello syndrome, or any cardiofaciocutaneous syndromes
with germiine RAS-pathway mutation. Laboratory data at
the time of presentation were as follows: hemoglobin (Hb),
8.2 g/dl; platelets, 165,000/pl; white blood cells, 39,400/l
with 8% monocytoid cells, 13% myelocytes, 8% metamye-
locytes, and 1.5% blast cells. Biochemical tests showed
normal level of HbF (2%) and low level of neutrophil alka-
line phosphatase (score, 150). The serum lysozyme level
was elevated (56.8 pl/ml). Infections such as those caused
by cytomegalovirus, Epstein-Barr virus, and human herpes
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virus Type 6 were excluded. Bone marrow aspirate
revealed hypercellular marrow with 1% blast cells, and a
bilineage myelodysplasia such as macroerythrobiasts,
Pseudo-Perger-Hlet anomaly, and chromatin clumping in
neutrophils were found. Chromosome analysis of the bone
marrow showed 46,XX,(7;11)(p15:p15) in all 20 cells ana-
lyzed. Spontaneous growth and hypersensitivity to the
granulocyte/macrophage colony-stimulating factor (GM-
CSF) were observed in the colony assay. A heterozygous
mutation of NRAS gene (38G>A, G13D), but not KRAS,
HRAS, or PTPN11, was also observed in leukemic celis of
the patient. These findings were consistent with the diagno-
sis of JMML in accordance with the diagnostic criteria of
JMML established by the European Working Group of MDS
in Childhood [1].

After a 3-week observation period without therapy, her
WBC count was 57,600/, including 10.5% blast cells; Hb
level, 7.2 g/dl; and platelet count, 83,000/ul. Bone marrow
pictures revealed hyperplastic cellularity with 3% blast cells.
Because of the increasing ratio of blast cells, which were
similar to myelocytes, in peripheral blood (PB) and the
chromosomal abnormality, which is mainly observed in
AML, she was treated with induction chemotherapy (cytara-
bine, etoposide, and mitoxantrone) on the Japanese Child-
hood AML Cooperative Study Group Protocol, AML 98 {11].
She achieved complete remission after induction therapy,
and the t(7;11)(p15;p15) abnormality disappeared. After
two additional courses of intensive chemotherapy (high-
dose cytarabine, etoposide, idarubicin and mitoxantrone),
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Figure 1. Detection of the NUP98-HOXA11 fusion transcript in the JMML patient

by RT-PCR. M, size marker; Pt, patient; NC, normal negative control. The primers

used for detection were as follows: NUP98-1181 and HOXA9-1AS, NUPI9S-

HOXAS, NUP98-1151 and HOXA11-1AS, NUP98-HOXAT1; and NUP98-1181 and
HOXA13-1AS, NUP98-HOXA13.

she received allogeneic HSCT from a human leukocyte
antigen (HLA)-identical sibling donor. The conditioning regi-
men consisted of total body irradiation {(TBI, 6 Gy in 3 frac-
tions over 2 d), fludarabin (35 mg/m® day) for 4 d), mel-
phalan (70 mg/(m? day) for 2 d), and cytarabine (3 mg/(m?
day) for 4 d) combined with the granulocyte colony-stimulat-
ing factor (G-CSF). A graft-versus-host disease (GVHD)
prophylaxis consisted of a short course of methotrexate
alone. A sustained recovery of neutrophils was achieved on
day 30. without any severe complications. She developed
Grade | acute GVHD of the skin on day 56 and mild
chronic GVHD of the skin on day 180; both these condi-
tions were improved by administering topical steroids alone.
A temporary pulmonary hypertension was also observed on
day 120 and was treated with bosentan. She remains in
complete remission for about 3 years after bone marrow
transplant (BMT).

Results

To isolate the fusion partner of NUP98, we performed
reverse transcription (RT)-PCR using antisense primers based
on HOXA9, HOXA11, and HOXA13 and detected a band of
approximately 250 bp and a very faint band of approximately
100 bp when the primers NUP98-11S1 and HOXA11-1AS
were used (see Fig. 1). Direct sequence analysis showed
that the RT-PCR product was an in-frame fusion transcript of
NUP98-HOXA11 containing exon 12 of the NUP98 gene
fused to exon 2 of the HOXA11 gene (see Fig. 2).

Discussion

The {7;11)}{p15;p15) translocation with NUP98-HOXA11
fusion was first reported in a patient with ph-negative CML
[10), and our present case is the second case of carrying
{7;11)(p15;p15) aberration with the NUP98-HOXAT1 gene
fusion. The t(7;11){(p15;p15) translocation is known as an
uncommon and recurrent chromosomal abnormality mainly
associated with AML [2-4]. Most cases of this abnormality
are observed in the Oriental population, especially in Japa-
nese patients [2]. Thus far, the {(7;11) abnormality with the
NUP98-HOXA9 gene fusion has been reported in AML,
MDS, and chronic myelomonocytic leukemia (CMML) pa-
tients [3-5], and this abnormal fusion was found to induce
a preleukemic phase in a mouse model [8,9]. Iwasaki et al.
[9] indicated that approximately 20% of the transgenic mice
in which the chimeric NUP98-HOXA9 fusion cDNA was
expressed in promyelocytes progressed to AML after a
long latent period, whereas nonleukemic transgenic mice
showed an increased G-CSF response and a high self-
renewal capacity of myeloid progenitors as compared with

NUP98 exon 12

l HOXAT1 exon 2

Figure 2. Direct sequencing of the NUP98-HOXA11 fusion transcript junction.
Arrow indicates the fusion point. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

wild-type mouse. In our JMML case, hypersensitivity to
GM-CSF and spontaneous growth in the colony assay were
observed. In addition, it was reported that other factors
were required for complete leukemogenesis in NUP98-HOX
fusion [12,13]. For example, Meis1 coexpression dramati-
cally induced the development of AML having NUP98-
HOXD13 with a short latency [12]. Slape. C et al. also
reported that no NRAS or KRAS mutations were identified
in 12 NUP98-HOXD13 mice with MDS, whereas three
NRAS and four KRAS mutations were identified in NUP98-
HOXD13 mice with acute nonlymphocytic leukemia (ANLL)
and they suggested that the RAS mutations occurred as
leukemia progression events [13]. These findings sug-
gested that NUP98-HOX gene fusion is relevant to preleu-
kemic phase, and it requires additional cofactors for com-
plete leukemogenesis. On the other hand, oncogenic point
mutations of RAS gene are also found in 20% of JMML
patients [14]. In our case, we considered that both NUP98-
HOXA11 fusion and a point mutation of NRAS gene were
associated with the development of myeloproliferative disor-
der (MPD), however, the relationship between NUP98-
HOXA11 fusion and a mutation of NRAS gene is uncertain.

JMML is a clonal myeloproliferative disorder of early
childhood. JMML is defined to possess features of both
MDS and MPD, and it is classified into MDS/MPD with ph-
negative CML and CMML in the WHO classification [15].
Generally, chemotherapy regimen for AML is thought to be
ineffective for JMML, and BMT has been proposed as the
only treatment of choice. In our case, we found an
increased ratio of blast cells, which were similar to myelo-
cytes, in PB within a short period and chromosomal abnor-
mality of {(7;11)(p15;p15). On the basis of clinical features,
we thought this case had a feature of AML and adminis-
tered AML chemotherapy to the patient, followed by HSCT,;
the patient achieved complete remission by this treatment
strategy. The first reported case of t(7;11)(p15;p15) with
NUP98-HOXA11 gene fusion was a patient with ph-nega-
tive CML [10], who developed an acute leukemia phase
within a short period and achieved complete remission after
treatment with idarubicin and cytarabine, which are used
for treating AML. Furthermore, in our case, AML chemo-
therapy followed by HSCT proved to be effective for treat-
ing the disorder. Thus, these two cases indicate that AML
chemotherapy may be effective for treating leukemia or
MPD with NUP98-HOXA11 gene fusion.

Materials and Methods

RNA extraction and reverse lranscription-polymerase chain reaction
analysis. Total RNA was extracted from the bone marrow mononuclear
cells at the onsel by using the isogen LS Kit (Wako Nippon Gene,
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Osaka, Japan). Four micrograms of total RNA was reverse transcribed
to cDNA in a total volume of 33 ] with a random hexamer primer by
using the Ready-To-Go You-Prime First-Strand Beads (GE Healtheatre,
Buckinghamshire, England). Polymerase chain reaction (PCR) was per-
formed with AmpliTag Gold DNA polymerase (Applied Biosystems,
Tokyo, Japan) by using the reagents recommended by the manufac-
turer. The primers used were as follows: NUP98-11S1, AGCACCTGG
GACTCTTGGAA; HOXAS-1AS, CATTTTCATCCTGCGGTTCTG; HOX
A11-1AS8, CTCTCGGATCTGGTACTTGGT; HOXA13-1AS, CCT CCTA-
TAGGA GCTGGCAT. After 35 rounds of PCR (30 s at 94°C, 30 s at
55°C, 1 min at 72°C), the detection of PCR products was performed
with the Agilent 2100 Bioanalyzer and the DNA 1000 Lab Chip kit as
described previously [16].
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Translocation of chromosomes 8 and 21, t(8;21), resulting
in the AML1-ETO fusion gene, is associated with acute
myeloid leukemia. We searched for additional genomic
abnormalities in this acute myeloid leukemia subtype by
performing single nucleotide polymorphism genomic
arrays (SNP-chip) analysis on 48 newly diagnosed cases.
Thirty-two patients (67 %) had a normal genome by SNP-
chip analysis (Group A), and 16 patients (33 %) had one or
more genomic abnormalities including copy number
changes or copy number neutral loss of heterozygosity
(Group B). Two samples had copy number neutral loss of
heterozygosity on chromosome 6p including the PIA14
gene; and one of these cases had E135K mutation of Pim1.
Interestingly, 38% of Group B and only 13% of Group A
samples had a K/7-D816 mutation, suggesting that
genomic alterations are often associated with a K/7-D816
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Introduction

The t(8;21)(q22;q22) translocation occurs in 40% of
patients with acute myeloid leukemia (AML) of the FAB-M2
subtype, and constitutes 12% of all newly diagnosed cases of
AML. This translocation leads to a fusion product of AML1
(also called RUNX1 or CBFp) and ETO (also called MTGS8).
Data have suggested that the translocation is an early eventin
leukemogenesis.' Furthermore, the t(8;21) translocation can
be found in neonatal Guthrie blood spots of infants that later
developed AAML1-ETO leukemia, suggesting that the translo-
cation can precede development of AML by up to ten years.””
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mutation. Importantly, prognostic analysis revealed that
overall survival and event-free survival of individuals in
Group B were significantly worse than those in Group A.

Key words: t(8;21), AML/-ETO, CNN-LOH, SNP-chip,
KIT, PIMA.
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Several murine models have demonstrated that AAIL/-
ETO alone is not sufficient to induce leukemia. Murine bone
marrow cells expressing tetracycline-inducible AAIL1-ETO
transgene did not develop leukemia:" but developed myelo-
proliferative disorders.” In contrast, 30-55% of AAIL1-ETO-
expressing mice treated with the DNA-alkylating mutagen
N-ethyl-N-nitrosourea (ENU) developed AML."” These find-
ings strongly suggest that a secondary hit is necessary for the
development of t(8;21) AML.

The protooncogene KIT is a receptor tyrosine kinase.
Activating mutations of KI/7T including those in either the
extracellular (exon 8) region or the protein kinase domains
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(D816 mutation) are found in 2% and 11% of t(8;21)
AML samples, respectively.” FLT3 is also a receptor
tyrosine kinase. Two frequent activating mutations of
FLT3, FLT3-internal tandem duplication (ITD) and
FLT3-tyrosine kinase domain (TKD) mutation, are
detected in a range of 2-8% and 2-4% of samples of
t(8;21) AML, respectively.""" Mutation of NRAS at
either codon 12, 13 or 61 is found in 9% of t(8;21) AML
samples.""

High-density single nucleotide polymorphism
genomic arrays (SNP-chip) allow the detection of copy
number changes, as well as copy number neutral loss of
heterozygosity (CNN-LOH) in leukemia samples.""
In order to screen for secondary alteration(s) that
potentially could cause AAIL/-ETO transformed cells
to develop acute myeloid leukemia, we performed
SNP-chip analysis of 48 (8;21) AML samples. The use
of CNAG (copy number analysis for Affymetrix
GeneChips) program' and an algorithm AsCNAR
(allele-specific copy number analysis using anonymous
references)” allows identification of hidden abnormali-
ties and novel disease-related genomic regions in the
leukemia samples. Here, we found that genomic
changes detected by SNP-chip analysis are associated
with a poor overall and event-free survival in (8;21)
AML.

Design and Methods

Patient samples, determination of mutant genes and
statistical analysis

Genomic DNA of 48 anonymized samples of t(8;21)
AML cells were obtained from Chang-Gung Memorial
Hospital, Chang-Gung University in Taiwan after obtain-
ing informed consent. These samples had been frozen
over a span of 14 years (July 1990 to July 2004). Sample
information is shown in the Ouline Supplementary Table
S1. The study has been approved by Cedars-Sinai
Medical Center (IRB number 4485).

To detect an AMLI-ETO fusion transcript, RT-PCR
was performed using specific primers as described previ-
ously."” Mutation analysis of the KIT gene for the t(8;21)
AML samples was reported previously.” Statistical analy-
sis is described in the Ouline Supplementary Desigi and
Methods section.

SNP-chip analysis

Genomic DNA isolated from t(8;21) AML cells was
subjected to GeneChip Human mapping microarray
(SNP-chip, Affymetrix, Santa Clara, CA, USA) as
described previously;"" ten samples (cases #47, #51,
#52, #54, #56, #57, #59, #60, #61 and #62) were exam-
ined with the 250 K array, and the other 38 samples
were analyzed with the 50 K array. The allele-specific
copy numbers (AsCNs) were estimated using normal
genomic DNA from peripheral blood of normal volun-
teers as controls.” The array does not contain Y-chro-
mosome probes; therefore, we summarize the SNP-
chip data without sex chromosomes. Size, position and
location of genes were identified with UCSC Genome
Browser (hutp://genonie.ucsc.edu/). Copy number changes

previously described as copy number variants

(hup:/fprojects.tcag. ca/variation/) were excluded.

Fluorescence in situ hybridization (FISH) analysis

Interphase hybridizations were performed following
the manufacturer’s instructions and standard protocols.
Probes for the SNRPN gene, 15 telomere, 7p telomere
and 7q telomere were obtained from Cytocell
(Cambridge, United Kingdom); and probes for the A1YC
gene as well as the centromere of chromosome 8 were
purchased from Abbott Molecular (Abbott Park, IL,
USA). Fifty interphase cells were scored for each sam-
ple, with 20 cells scored in controls (bone marrow con-
trols with normal karyotypes). Signal patterns were nor-
mal for all controls with all probe sets.

Analysis of the PIM1 gene

Six coding exons of the PIA1 gene were amplified
using specific primers from genomic DNA of cases #39
and #41. After purification of the PCR products from
agarose gel, nucleotide sequences were determined.
Primer sequences will be provided upon request. These
6 exons of other t(8;21) AML samples were examined by
single strand conformation polymorphism (SSCP) as
described in the Ounline Supplementary Desigit and Methods
section.

To determine the frequency of missense mutations of
the PIAl1 gene within exon 4, this region of 34 t(8;21)
AML samples and 40 normal blood DNA samples were
amplified by PCR using specific primer (5’-TCC TGG
AGA GGC CCG AGC-3" and 5-TTG AGG TCG ATA
AGG ATG-3’). The PCR product (178 bp) was treated
with a restriction enzyme Hpy188III for 1h. PCR prod-
ucts from wild-type allele are not digested but mutated
allele are digested by the restriction enzyme.

Results and Discussion

SNP-chip analysis of 48 t(8;21) acute myeloid
lettkemia samples

SNP-chip analysis of 48 t(8;21) acute myeloid
leukemia (AML) samples revealed several genomic copy
number changes, as well as copy number neutral loss of
heterozygosity (CNN-LOH). As shown in Table 1 and
Ouline Supplementary Figure S4, 32 patients (67 %) had a
normal genome by SNP-chip analysis (Group A, mean
age is 23, range 2-74). In contrast, 16 patients (33%) had
one or more genomic abnormalities (Group B, mean age
is 31, range 4-61). Thus, these copy number changes
probably harbor dysregulated leukemia-associated
genes in t(8;21) AML. Cytogenetics showed that case
#33 had trisomy 4 in 2 out of 15 cells (18%), and case
#34 had monosomy 18 in 6 out of 24 cells (25%) (Ouline
Supplemeitary Table S1). These minor clones were not
detected by SNP-chip analysis. Case #40 had tetraploidy
in 23 out of 25 cells; 2-fold gene-dosage in all chromo-
somes was masked and detected as normal gene-dosage.

Next, we compared SNP-chip results and gene muta-
tons. Ten out of 48 samples (18%) had a KI7-D816
mutation. Interestingly, 6 (case #7, #14, #26, #37, #40,
and #52) of the 10 samples were found in Group B,
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SNP-chip analysis in t(8;21) AML

Table 1. Chromosomal regions with copy number changes and copy number neutral loss of heterozygosity in t(8; 21) acute myeloid leukemia

samples.
6 Dup 8q24.23 137,858,383 137,892,295 0.03 No known genes
7 Dup 18q21.32 56,209,691 56,315439 0.1 No known genes
CNN-LOH 11pter-pl2 1,938,894 42,449,197 40.5 >10 genes including COKNIC, HRAS, and WT7
13 Tri Trisomy 15 - - >10 genes
14 Del 7q35-¢36.1 146,128,574 148,288,861 21 CNTNAF2, CULL, EZH?,
PDIA4. ZNF425, ZNF298
17 Del 9q13-36.1 66,275,512 84,477,002 16.2 >10 genes
26 Tri Trisomy 4 - - - >10 genes including K/T
Del 13q21.1 54,339,313 54,457,753 0.1 no known genes
28 Dup 15¢21.1-gter. 46,526,374 100,182,183 53.7 >10 genes
Del 16pter -p13.2 1,543,577 7,010,644 55 >10 genes
34 Del 7q31.2-qter. 116,546,736 158,554,645 42 >10 genes
Dup 8q22.1-qter. 97,255,867 143,902,698 46.6 >10 genes including A7YC
Del 9q33.1 116,515,445 117,926,188 14 TNFSF15, TNFSFS, TNC,
DECI, CTS9, EST-YDI
Del 9q13-q31.3 66,275,512 109,232,711 1 > 10 genes
37 Dup 4p16.1-q28.3 7,902,265 139,029,890 131.1 >10 genes including K/IT
Dup 8q22.1-qter. 96,550,847 143,902,698 474 >10 genes including MYC
39 Tri Trisomy 4 — - - >10 genes including K/7
Dup 14q11.2-q13.1 19,285,288 33,976,199 14.7 >10 genes
CNN-LOH Gpter-pl2.3 150,610 46,902,007 46.8 >10 genes including P/M/ and CDKNIA
40 Mono Monosomy 11 - - >10 genes
41 CNN-LOH  6p-ter. - 6p21.1 150,610 44,673,513 4.7 >10 genes including P/}/ and CDKNIA
43 Mono Monosomy 7 - - >10 genes
52 Dup 5q14.1 77034347 77551493 0.5 TBCA, AP3BI
59 CNN-LOH 11q13.2 - g-ter. 67259252 134439182 67.2 >10 genes
Del 1621 57560512 58960978 14 no known genes
60 Dup 141 - g-ter. 211518337 245353397 338 >10 genes
Del 7q31.32 121860398 122756128 0.9 CADPS2, RNF133, RNFI48,
AK058116, TAS2R16, SLCI3A]
Del 743133 - g-ter. 123544140 156605053 35.1 >10 genes

Physical localization and size (Mb) ave obtained hom UCSC Genome Biowsey. Copy number changes previously described as copy number variant were excluded, CNN-
LOH; copv number neutral loss of heterozygosity, Del; deletion, Dup; duplication, Tii; trisonmy, Mono; monosomy, ter:; tevminal.

demonstrating that K/7-D816 mutation is significantly
associated with Group B (<0.05, y* test). This result
suggests that copy number changes are often involved
in cases with a K/7T-D816 mutation in t(8;21) AML.

Recurrent copy number changes in t(8;21) acute
myeloid leukemia samples

Two cases (#34 and #37) had a duplication on chro-
mosome 8 from 8¢22.1 to ¢-terminal including the
MYC gene; and 2 cases (#13 and #28) had a
trisomy/duplication on chromosome 15 with common
duplicated region at 15q21.1-15¢-terminal (53.7 Mb).
Four cases (#14, #34, #43 and #60) had a deletion/mono-
somy on chromosome 7 with a common deleted region
at7q35 - 7¢36.1 (2.1 Mb) including the CUL{ and FZH2
genes; and 2 cases (#17 and #34) had a deletion on chro-
mosome 9 with the common deleted region at 9q13 -
9¢36.1 (16.2 Mb). Interestingly, a frequent large duplica-
tion was found on chromosome 4. Two cases had tri-
somy 4, and one case had a large region of duplication
on chromosome 4 from 4p16.1 to ¢28.3 (131.1 Mb). All
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of these amplifications covered the region of the KIT
gene; and 3 of these cases (#26, #37 and #39) had a KIT
mutation of either D816Y, D816V or D820G.
Amplification of chromosome 4 linked to KIT muta-
tions has previously been described in systemic masto-
cytosis.” Thus, the probable increased expression of the
mutated form of KIT by trisomy 4 or duplication in the
region of the gene should give the clone a proliferative
advantage.

Validation of copy number change by fluorescence in
situ hybridization (FISH)

To validate some of these copy number changes, we
used an interphase FISH approach. Case #34 had a
duplication of 8q22.1-8¢-terminal (46.6 Mb) including
the AIYC gene and a deletion of 7¢q31.2-7¢-terminal
(42.0 Mb). The 8q duplication was confirmed using
FISH probes for A1YC and the centromere of chromo-
some 8 (Ouline Supplementary Figure S2A). In the same
case, deletion of chromosome 7 (q31.2 to g-terminal)
was confirmed using FISH probes for 7p telomere and
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7q telomere (Ouline Supplementary Figure S2B). Case #28
had a large duplication of chromosome 15 (53.7 Mb).
The duplication was confirmed using FISH probes for
SNRPN and 15q telomere (Ouline Supplementary Figure
S20). These results suggest that abnormalities detected
by SNP-chip analysis reflected real alterations in AML
cells.

Chromosomal regions and candidate genes in genom-
ic areas with copy number neutral loss of
heterozygosity (CNN-LOH)

Four cases (8%) had CNN-LOH (Table 1 and Ouliue
Supplementary Figure S1). Case #7 has CNN-LOH at 11p-
terminal-11p12 (40.5 Mb) which included the CDKN1C,
HRAS, WT1 and LA1O2 genes. Case #39 and #41 have
CNN-LOH at 6p-terminal - 6p12.3 (46.8 Mb) and at 6p-
terminal - 6p21.1 (44.7 Mb), respectively; and the region
contained the PIM1 and CDKN4/A genes (Table 1 and
Ouline Supplementary Figure S3). Case #59 had CNN-
LOH at 11¢13.2-¢-terminal (67.2 Mb). Raghavan ¢r al.”
showed that approximately 20% AML samples had
CNN-LOH, and Gondek ¢t al."” found that 20% of MDS,
23% of MDS-derived AML, and 35% of MDS/MPD
patients had CNN-LOH. In additional studies, we found
that 32% of normal karyotype AML samples and 15%
of t(15;17) APL samples had CNN-LOH.""* CNN-LOH
in £(8;21) AML is less frequent than many other types of
leukemia.

Acquired mutation of the PIM1 gene

The protooncogene PIA 1, which encodes the serine-
threonine protein kinase, is located on chromosome 6p,
and 2 cases had CNN-LOH in the region. All exons of
the PINY gene for these 2 cases were examined for
mutations. As shown in Figure 1A, case #39 had a nucle-
ic acid change of G to A at exon 4 of the PIA11 gene lead-
ing to an amino acid change of glutamic acid (E) to lysine
(K) at codon 135 (E135K). The amino acid change
occurred between the ATP-binding site and serine-thre-
onine kinase domain. The wild-type amino acid is con-
served between human, rat, mouse and xenopus.
Importantly, the complete remission sample of the same
individual showed the wild-type sequence, demonstrat-
ing that the nucleic acid change was a disease-specific
acquired alteration.

The missense mutation in the PIA11 gene change pro-
duces the recogniton site of a restriction enzyme,
Hpy188IIL. A total of 34 (8;21) AML samples and 40
normal blood DNA samples were examined for this
mutation by Hpy188lIII digestion. The PCR product (178
bp) encompassing the mutation was only digested in
case #39 (Figure 1B), but not the DNA from the other
AML samples or normal blood DNA (data not showir),
suggesting it is infrequent in the AML subtype. We also
examined all exons of the PIV1 gene by SSCP using 34
t(8;21) AML samples, but no shifted bands were detect-
ed other than exon 4 of case #39. The PIAI/ E135K
mutant was also detected in B-cell diffuse large-cell lym-
phoma;” and another mutant (E135Q) was discovered in
primary diffuse large B-cell lymphomas.™ It remains to
be clarified whether the E135K mutant is activated con-
stitutively.

Prognostic significance of genomic change

Overall survival of t(8;21) AML patients of Group A
(no genomic abnormality observed by SNP-chip) was
significantly better than individuals in Group B (genom-
ic abnormality observed by SNP-chip) (hazard
ratio=2.992 [95% confidence interval, 1.247-7.179],
p=0.01) (Figure 2). The event-free survival of individuals
of Group A was also significantly better than those in
Group B (hazard ratio=2.360 [95% confidence interval,
1.037-5.372], p=0.0347). We also compared the progno-
sis of individuals with the K/7T-D816 mutation (6 cases)
to those without the alteration (10 cases) in Group B, but
found no significant difference (data iot showu). These
results strongly suggest that genomic changes in t(8;21)
AML are associated with a poor overall and event-free
survival.
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Figure 1. Acquired mutation of the PIM1 gene in case #39. (A)
Exon 4 of the PIM1 gene in case #39 had a missense mutation in
the sample at diagnosis but not at remission (top panel). The
mutation leads to the amino acid change of glutamic acid (E) to
lysine (K) at amino acid 135 (E135K) of PIM1 protein. This mutat-
ed amino acid is located between the ATP binding domain and
serine-threonine kinase domain of the protein (middle panel).
The wildtype amino acid (E) is highly conserved among human,
rat, mouse and xenopus (bottom). Note, *identical amino acid. (B)
The mutated DNA sequence produced a Hpy188lil restriction
enzyme recognition sequence. The region was amplified by PCR,
digested with Hpy188Ill, and subjected to agarose gel elec-
trophoresis. The PCR product from only case #39 was digested.
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Figure 2. Comparison of overall survival and event-free survival of (8;21) acute myeloid leukemia patients either with or without genom-
ic changes. Overall survival (left) and event-free survival (right) were compared between Groups A and B. Black and grey lines indicate
Group A (no genomic abnormality by SNPchip) and Group B (genomic abnormality by SNP-chip), respectively.

A recent study showed that a K/7T-D816V mutation is
associated with a poor prognosis in t(8;21) AML
patients.” Also, secondary cytogenetic abnormalities
including trisomy of chromosome 8 and 4,
deletion/duplication of chromosome 7, as well as dele-
tion of chromosome X and Y in (8;21) AML have previ-
ously been reported to be associated with a poor progno-
sis.” Taken together, these findings indicate that genom-
ic alterations and K/7-D816 mutation confer a poor prog-
nosis in t(8;21) AML patients. Further studies in a larger
cohort of patients will begin to stratify prognostically the
patients in relation to the genomic changes; and new
therapeutic targets should be discovered.
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Derivation of functional mature neutrophils from human embryonic stem cells
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Human embryonic stem cells (hESCs)
proliferate infinitely and are pluripotent.
Only a few reports, however, describe
specific and efficient methods to induce
hESCs to differentiate into mature blood
cells. ltis important to determine whether
and how these cells, once generated,
behave similarly with their in vivo-
produced counterparts. We developed a
method to induce hESCs to differentiate
into mature neutrophils. Embryoid bod-
ies were formed with bone morphogenic
protein-4, stem cell factor (SCF), FIt-3

ligand (FL), interleukin-6 (IL-6)/IL-6 recep-
tor fusion protein (FP6), and thrombopoi-
etin (TPO). Cells derived from the embry-
oid bodies were cultured on a layer of
irradiated OP9 cells with a combination of
SCF, FL, FP§, IL-3, and TPO, which was
later changed to granulocyte-colony-
stimulating factor. Morphologically ma-
ture neutrophils were obtained in approxi-
mately 2 weeks with a purity and efficiency
sufficient for functional analyses. The
population of predominantly mature neu-
trophils (hESC-Neu’s) showed superox-

ide production, phagocytosis, bacteri-
cidal activity, and chemotaxis similar to
peripheral blood neutrophils from healthy
subjects, although there were differences
in the surface antigen expression pat-
terns, such as decreased CD16 expres-
sion and aberrant CD64 and CD14 expres-
sion in hESC-Neu’s. Thus, this is the first
description of a detailed functional analy-
sis of mature hESC-derived neutrophils.
(Blood. 2009;113:6584-6592)

Introduction

Embryonic stem (ES) cells can self-renew and differentiate into
cells derived from all 3 germ layers (ie, ectoderm, endoderm, and
mesoderm). Both mouse and human ES cells give rise to mature
blood cells of granulocyte/macrophage, erythroid, and megakary-
oid lineages in vitro. For blood cell induction from ES cells, the
majority of investigators use a coculturing system with mouse
stromal cells such as S17' or OP9.2? Embryoid body (EB)
formation is also a commonly used method to obtain starting
materials for further culture.*¢ Cell surface antigens, such as CD45
and CD34, and colony-forming ability are used as blood cell
markers. Hemangioblasts, which have the capacity to differentiate
into both endothelial and blood cells, have also been produced.”?
Only a few studies, however, have achieved specific and effective
induction of mature blood cells from ES cells, particularly human
ES cells (hESCs).10

Human ESC-derived blood cells are potentially useful as a
replacement for donation-based blood for transfusion in clinical
settings, for drug discovery screening, and for monitoring drug
efficacy and toxicity. The current blood donation system for
transfusion is incapable of providing enough granulocytes for
patients with life-threatening neutropenia, although granulocyte
transfusion could have a potentially significant benefit for a
certain population of severely neutropenic patients.'''2 Given
the large amount of neutrophils required for transfusion,??
hESC-derived neutrophils might be a unique solution for this
treatment demand. Therefore, the development of a highly
effective method of neutrophil differentiation from hESCs is an

important step for both clinical application of hESCs and
granulocyte transfusion medicine.

The lack of an effective method for obtaining hESC-derived
neutrophils with purity sufficient for functional analysis, however,
has hampered progress in this field. Once neutrophils with a high
purity can be generated from hESCs, it will be important to
compare their activities with those of neutrophils produced in vivo,
particularly given the fact that hESCs rarely give rise to hematopoi-
etic stem cells in vitro,™ and thus, that hESC-derived neutrophils
might not be a progeny of hematopoietic stem cells. Here, we
developed an effective method of deriving mature neutrophils from
hESCs through EB formation and subsequent coculture with OP9,
and analyzed their morphologic and phenotypic characteristics. We
then performed functional analyses of hESC-derived neutrophils in
vitro, focusing on superoxide production, phagocytosis. bacteri-
cidal activity, and chemotaxis, in comparison with peripheral blood
neutrophils (PB-Neu's) obtained from healthy subjects.

Methods

Human ES cell culture and EB formation

In all experiments using hESCs. we used KhES-35 cells (a kind gift from
Dr Nakatsuji: Kyoto University, Kyoto, Iapan), which were maintained as
previously described.’ Briefly, KhES-3 colonies were cultured on ivadi-
ated mouse embryonic fibroblasts in Dulbecco modified Eagle mediuny/T'12
(Invitrogen, Carlsbad, CA) supplemented with 206 KNOCKOUT serum
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replacer (Invitrogen) and 2.5 ng/ml. human basic fibroblast growth factor
(Invitrogen). The culture medium was replaced daily with fresh medium,
Colonies were passaged onto new mouse embryonic fibroblasts every 6
days. To induce the formation of EBs, KhES-3 colonies were picked up
using collagenase. and cultured in suspension in ponserum stem cell
medium that we previously used in a hematopoietic stem cell expansion
protocol.!7 After 24 hours. the colonies formed EBs. which were collected
and cultured further for 17 days in Iscove modified Dulbecco medium
(IMDM: Invitrogen) containing 15% fetal bovine serum (FBS). 1%
nonessential amino acid (Invitrogen). 2 mM L-glutamine. 100 U/mL penicil-
lin. 100 jrg/ml. streptomyein, and 0.1 mM 2-mercaptoethanol (ME) supple-
mented with cytokines (25 ng/ml. bone morphogenic protein<4 [R&D
Systems. Minneapolis, MN]. 50 ng/mL stem cell factor [SCF; R&D
Systems], 50 ng/mlL Flt-3 ligand [R&D Systems]. 50 ng/ml. interleukin-6
[TL-6}/IL-6 receptor fusion protein [FP6: Kyowa Hakko Kirin, Tokyo.
Tapan]. and 20 ng/mL. thrombopoictin [TPO: Kyowa Hakko Kirin}).

Expansion of hematopoietic progenitor cells and terminal
differentiation into mature neutrophils on OP9 stromal cells

OPY cells (a kind gift from Dr Nakano: Osaka University, Osaka, fapan)
were irradiated with 20 Gy and plated onto gelatin-coated G-well tissue
culture plates at a density of 1.5 X 10%well. The next day. the EBs
(incubated for I8 days after the initiation of suspension culture) were
trypsinized and distupted into single cells. Cells were suspended in the
progenitor expansion medium (IMDM supplemented with 10% FBS, 10%
horse serum [StemCell Technologies, Vancouver. BCY, 5% protein-free
hybridoma medium [Invitrogen], 0.1 mM 2-ME. 100 U/mlL penicillin,
100 pg/ml streptomyein. 100 ng/mL SCF Flt-3 ligand. FP6. and 10 ng/mlL.
TPO and IL-3 [R&D Systems)) and plated onto the irradiated OPY cells
(day 0)., Each well contained up to 5 X 10° EB-derived cells. The culture
medium was replaced with fresh medium on day 4.

On day 7 of the progenitor expansion phase. foating celis were
collected, suspended with terminal differentiation medium (IMDM supple-
mented with 106 FBS. 0.1 mM 2-ME. 100 U/mL penicillin. 100 pg/mlL
streptomycin, and 50 ng/mL granulocyte colony-stimulating factor [G-
CSF: Kyowa Hakko Kirin]), and transferred onto the newly irradiated OP9
cells. The culture medium was replaced with fresh medium on day 10. This
terminal differentiation phase culture was continued for 6 or 7 days.

Preparation of normal PB-Neu’s and bone marrow
mononuclear cells

Human peripheral blood and bone marrow cells were obtained from healthy
adujt donors after obtaining imformed consent in accordance with the
Declaration of Helsinki. The institutional review board of the University of
“Tsukuba approved the use of peripheral blood neutrophils in this research.
PB-Neu's were prepared as previously described.!® The purity of the
neutrophils was greater than 90%, with the remaining cells mainly
cosinophils. Neutrophils were suspended in Hanks balanced salt solution
(HBSS; Invitrogen) containing 0.3% bovine serum albumin (BSA) and
placed at 4°C. In some experiments. peripheral blood mononuclear cells
(PB-MNCs) were collected from the intermediate layer after centrifugation
with Lymphoprep (Axis-shield, Oslo, Norway). Bone marrow cells were
directly centrifuged with Lymphoprep, and only mononuclear cells were
collected. Bone marrow mononuclear cefls (BM-MNC's) were used imme-
diately for RNA extraction.

Wright-Giemsa, myeloperoxidase, and alkaline-phosphatase
staining

The morphology and granule characteristics of hESC-derived cells at the
indicated days were assessed by Wright-Giemsa staining. comparing them
with normal PB-Neu's. Myeloperoxidase and alkaline-phosphatase staining
was performed using the New PO-K staining kit and alkaline phosphatase
staining kit (MUTO PURE CHEMICALS, Tokyo. Japan). The prepared
slides were inspected using an Olympus BXS1 microscope equipped witha
100 X /1.30 UPlan objective lens (Olympus, Tokyo, Japan). Images were
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acquired with an HC-2500 digital camera and Photograb-2500 software
(Fujifilm, Tokyo, Japan).

Electron microscopy

After 13 or 14 days culture, the population contained predominantly
morphologically mature neutrophils, and was defined as hESC-Neu's. The
hESC-Neu's and PB-Neu's were fixed in 2% paraformaldehyde/2.5%
glutaraldehyde in 0.1 M phosphate buffered saline (PBS; Invitrogen) for at
least 12 hours, and then postfixed in 1% osmium tetroxide in 0.1 M PBS for
2 hours. After tixation, samples were dehydrated in a graded ethanol series.
cleared with propylene oxide, and embedded in Epon. Thin sections of
cured samples were stained with uranyl acetate and Reynolds lead citrate.
The sections were inspected using a transmission electron microscope,
H7000 (Hitachi, Tokyo, fapan).

Semiquantitative RT-PCR for lactoferrin

Total RNA was obtained from hESC-derived cells of indicated culture days,
PB-Neu's, PB-MNC’s, and BM-MNC’s using an RNeasy mini kit (QIA-
GEN, Hilden, Germany), and ¢cDNA was synthesized from cach RNA
sample using a random primer and SuperScript III (Invitrogen) following
the manufacturer’s protocol. Semiquantitative polymerase chain reaction
(PCR) was performed as previously described.!® The sequence information
of gene-specific primers used in reverse transcription (RT)-PCR and the
PCR conditions is available upon request.

Flow cytometric analysis

Surface antigens of hESC-derived cells harvested on the indicated days
were analyzed by flow cytometry using fluorescence-activated cell sorting
(FACS) Aria (Becton Dickinson Immunocytometry Systems, San Jose,
CA). Fe receptors on the cells were blocked with PBS containing 2% FBS
and FeR Blocking Reagent (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Antigens were stained with ecither fluorescein isothiocyanate
(FITC)-conjugated antihuman CD13, CD64, CD11b (Beckman Coulter,
Fullerton. CA). or CD14 (BD Pharmingen. San Diego. CA) antibodies:
phycoerytivin-conjugated antihwman CD16. CD32, CD33 (Beckman
Coulter), CD11b, or CD45 (BD Pharmingen) antibodies; or allophycocyanin-
conjugated antihuman CD15, CD117 (BD Pharmingen). CD34d, or CD133
(Myltenyi Biotec) antibodies. The negative range was determined by
referencing the fluorescence of isotype controls. Dead cells were detected
using 7-amino-actinomycin D (Via-Probe; BD Pharmingen).

Apoptosis assay

Neutrophils (hESC-Neu's and PB-Neu's) were suspended in IMDM with
0.5% BSA and incubated in 6-well plates at 37°C with 5% CO,, with or
without 50 ng/ml. G-CSF. At the indicated time, neutrophils were har-
vested. stained with FITC-conjugated Annexin V and propidium iodide (PT)
using an Annexin V-FITC Kit (Beckman Coulter), and analyzed by FACS
Aria. Cells negative for both Annexin V and Pl were judged as live cells.

G-CSF stimulation prior to assessing neutrophil function

Because the functions of hESC-Neu's are modified by G-CSF in the culture
medium, we stimulated hESC-Neu's and PB-Neu's (PB-Neu(G+)'s) for
15 minutes at 37°C with 50 ng/ml. G-CSF in the reaction medium. As a
control, PB-Neu's without G-CSF stimulation (PB-New(G—)'s) were
prepared. hESC-Neu's, PB-Neu(G+)’s, and PB-Neu(G—)’s were used for
functional assays directly without changing the medium,

Detection of reactive oxygen species produced by neutrophils

Neutrophil production of reactive oxygen species was detected by flow
cytometry using dihydrothodamine 123 (DHR: Sigma-Aldrich. St Louis,
MO) as described previously?™?? Briefly, 1 X 10° hESC-Neu's, PB-
New(G+3's, or PB-New(G-)'s were suspended in 400 pl of the reaction
medivm (11BSS containing 0.5% BSA) per tube, and 3 tubes were prepared
of each sample. Catalase (Sigma-Aldrich) at a final concentration of
1000 U/ml., L8 L. 29 mM DHR. and 100 pI. 3.2 M phorbol myristate
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acetate (PMA; Sigma-Aldrich) were added to 1 of the 3 tubes; cither no
DHR or only DHR was added in the other 2 tubes as controls. Reaction
medium was added to bring the final volume up to 500 pL. After 15-minute
reaction at 37°C. the samples were washed twice with ice-cold reaction
medium, and suspended in 200 pl. reaction medium. Rhodamine fluores-
cence from the oxidized DHR was detected using FACS Aria.

Phagocytosis and NBT-reduction test using NBT-coated yeast
cells

Phagocytosis and NBT reduction were visualized in a single set of
experiments. Autoclaved Baker yeast was suspended in 0.5% NBT solution
(0.5% NBT [Sigma-Aldrich] and 0.85% sodium chloride in distilled water)
at a density of 1 X 10%mL. A 5-uL aliquot of this yeast suspension was
added to hESC-Neu's, PB-Neu(G+)'s, and PB-New(G—)’s at 2.5 X 10° in
50 uL FBS. After 1 hour at 37°C, the samples were washed and stained with
1% safranin-O (MUTO PURE CHEMCALS) for 5 minutes. The samples
were then washed twice and suspended in 100 pL PBS. A small aliquot of
each sample was placed onto a glass slide and topped with a cover glass,
and the number of ingested yeast cells and their change in color from brown
to purple or black were examined using a microscope. Ingested yeast cells
that changed color in the cells were counted as NBT-reaction positive,
whereas those that were ingested but did not change color were counted as
NBT-reaction negative. The phagocytosis rate was calculated as the
percentage of neutrophils that contained one or more NBT-positive yeast
cells. The phagocytosis score was calculated as the total number of positive
veast cells in 100 neutrophils. Only morphologically determined neutro-
phils were scored. excluding contaminating cells such as macrophages. the
percentage of which was less than 15% of the total cells.

Bacterial killing assay

The bacterial killing assay was performed using Escherichia coli ATCC25922
as previously described® with some modifications. Briefly, 1 X 10 colony-
forming units (CFUs) of exponentially growing bacteria were suspended in
1 ml. HEPES-buffered saline with 10% human AB serum (MP Biomedi-
cals. Irvine, CA) and opsonized at 37°C for 30 minutes. Neutrophils
(hESC-Neu’s, PB-Neu(G~)'s. and PB-Neu(G+)'s) were suspended in
HEPES-buffered saline with 40% human AB serum at a concentration of
5 X 10%ml. The opsonized E coli was added to the suspension of
hESC-Neu's and PB-Neu’s, at a neutrophil/bacteria ratio of 2:1, or control
medium. After 1-hour incubation. 50 L. of samples with and without
neutrophils were diluted in 2.5 ml. alkalinized water (pH 11) for lysis of
neutrophils. Samples were further diluted with PBS. and duplicate aliquots
were added to molten tryptic soy broth with 1.5% agar kept at 42°C, rapidly
mixed. and plated on dishes. The CFUs were counted after overnight
incubation.

Chemotaxis assay

Chemiotactic ability was determined using a modified Boyden chamber
method.™ Briefly, 700 pL of the reaction medium (HBSS containing 0.5%
BSA) with or without 1077 M formyl-Met-Leu-Phe (fMLP: Sigma-
Aldrich) was placed into each well of a 24-well plate. and the cell culture
insert (3.0-jum pores; Falcon; Becton Dickinson, Franklin Lakes, NJ) was
gently placed into each well to divide the well into upper and lower
sections. Neutrophils were suspended in the reaction medium at 2.5 X 10¢/
ml. and 200 pL cell suspension was added to the upper well, allowing the
neutrophils to migrate from the upper to the lower side of the membrane for
90 minutes at 37°C. After incubation. the membranes were washed, fixed
with methanol. stained with Carrazi hematoxylin (MUTO PURE CHEMI-
CALS), and mounted on the slide glass. The number of neutrophils that
migrated through the membrane from the upper to the lower side was
counted using a microscope with a high-power lens (X 400) in 3 fields:
2 near the edge and 1 on the center. Only mature neutrophils were counted.

Statistical analyses

Results are expressed as mean plus or minus SD. Statistical significance
was determined using a 2-tailed Student 1 test. Results were considered
significant when P vahies were less than .05,

BLOOD, 25 JUNE 2009 - VOLUME 113, NUMBER 26

Results

Effective derivation of mature neutrophils from hESCs with
high purity

After initiating the suspension culture of EB-derived cells, small
clusters of round-shaped cells appeared on the OPY stromal layer
around day 4. The morphology of the day-7 cells visualized with
Wright-Giemsa staining suggested that they were myeloblasts and
promyelocytes. On days 9 and 11, myelocytes and metamyelocytes
were predominant, and on day 13 or 14, 70% to 80% of the cells
appeared to be stab and segmented neutrophils (Figure 1A), with
approximately 90% of the granulocytes at the metamyelocyte stage
or later (Table 1). This finding indicated that hESC-derived cells
differentiated into mature neutrophils by a process similar to
physiologic granulopoiesis. The remaining cells appeared to be
macrophages or monocytes, and cells of other lineages, such as
erythroid or lymphoid cells, were not observed at any time during
the culture. The number of total cells peaked around days 9 to |1,
with an average 2.9-fold increase (range; 0.5- to 10.0-fold in
23 independent cultures) compared with the initial EB-derived cell
number. The final yield of the cells on day 13 or 14 was 1.7-fold
(range; 0.1- to 8.8-fold in 28 independent cultures). We attempted
to further purify the hESC-derived mature neutrophils from the
“hESC-Neu” population using density gradient methods, but
higher purification could not be achieved without massively
reducing the cell yield. We therefore used hESC-Neu's in the
subsequent experiments.

Most (97.3% * 1.5%) of the hESC-derived mature neutro-
phils defined by Wright-Giemsa staining were positive for myelo-
peroxidase, and the alkaline-phosphatase score of hESC-Neu’s was
284 plus or minus 8.6 (Figure 1B). Under transmission electron
microscopy, segmented nuclel and round cytoplasmic granules
of hESC-Neu’s appeared very similar to those in PB-Neu's
(Figure 1C).

Some myeloid cell lines, such as HL-60, have abnormal
biosynthesis of secondary granule proteins.?2¢ Thus, it is impor-
tant to verify the biosynthesis of secondary granule proteins in
hESC-Neu’s. The levels of lactoferrin mRNA in hESC-derived
cells at different stages were compared with those in PB-Neu's and
BM-MNCs by semiquantitative RT-PCR (Figure 1D). Lactoferrin
biosynthesis begins at the myelocyte stage and terminates by the
beginning of the band stage.?’?” Lactoferrin mRNA was not
detected in PB-Neu's from some donors, but was detected in
PB-Neu's from others. Human ESC—derived cells at various stages
as well as BM-MNCs expressed lactoferrin mRNA. The expression
level of lactoferrin mRNA in the hESC-derived cells was highest at
day 10 of the induction culture and declined on days 13 and 14.
These findings are consistent with the documented paftern of
lactoferrin biosynthesis.

Surface antigen presentation in comparison to PB-Neu’s

Surface antigen expression at each level of differentiation of
hESC-derived cells was analyzed by flow cytometry (Figure 2).
From days 7 to 13, the common blood cell antigen CD45 was
expressed in almost all the cells. CD34, CD117, and CD133, cell
surface markers on normal immature hematopoietic cells, were
detected in a small population of the cells on day 7, but disappeared
by day 10. Common myeloid antigens CD33 and CD15 were also
highly expressed, whereas CD 11b expression increased during the
course of maturation. CD13 is also a common myeloid antigen, but
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D7 D10 D13 PB1PB2 BM MNCDW

Figure 1. Morphology of hESC-derived cells and expression of lactoferrin mRNA. (A) Wiight-Giemsa staining of the day-7 cells (i) revealed that they were morphologically
myeloblasts and promyelocytes. On days 9 (i) and 11 (iii), myelocytes and metamyelocyles were predominant, and on day 13 (iv; hESC-Neu), 70% to 80% of the cells
appeared 1o be stab and segmented neutrophils. Original magnification, - 1000. (Bi) 97.3% plus or minus 1.5% of hESC-Neu's were myeloperoxidase positive. (i) The

neutrophil alkaline-phosphatase score in hESC-Neu's was 284 plus or minus 8.6. Values represent mean plus or minus SD. Original magnification,

1000. (C) Microstructure

of hESC-Neu's. Similar to steady-state neutrophils separated from peripheral blood (i), segmented nuclei and cytoplasmic granules were observed in hESC-Neu's (ii). Original

magnification,

8000. (D) Lactofeniin (LTF) mRNA was expressed in hESC-derived cells on day 7 (D7), peaked on day 10 (D10), and was weakly positive on day 13 (D13).

Bone manow mononuclear cells (BM) were strongly positive for LTF mRNA, but PB-Neu's (PB1 and 2) were negative, although faint bands were detected in PB-Neu's
prepared from some donors (data not shown). As a negative control, peripheral blood mononuclear cells (MNCs) were used.

its expression was observed in less than 20% of the cells on day 7
and did not subsequently increase. CD 16 (Fey receptor (FeyR) 11T),
which is expressed in neutrophils as well as natural killer cells,
macrophages, and a small subset of monocytes,® was alrcady
expressed by day 7, and increased with maturation. This expression
pattern of CDI16 is consistent with that during normal neutrophil
differentiation, although the proportion of CD16* cells was lower
than that of morphology-defined mature neutrophils on day 13. The
ratio of CD32 (FeyRI)—positive cells increased as the differentia-
tion stage advanced, and eventually reached 90%. CD64 (FeyRI)
expression was greater than 80%, peaking on day 10, and the high
percentage was maintained through day 13. CD 14 was expressed in
20% to 25% of the cells on days 10 and 13.

Table 1. Differentiation pattern of hESC-derived cells

% of total cells

Cell type Day 7 Day 10 Day 13
Myeloblasts 61.0+9,1 23+12 ND
Promyelocyles 168 + 6.3 85+ 09 0.7 = 0.8
Myelocytes 123 +48 34.0+- 6.8 64 + 34
Metamyelocytes 3.0+1.0 19.0= 1.3 102 = 4.3
Stab neutrophils 08 + 0.3 16.2 = 3.0 183+ 2.6
Segmented neutiophils 03+~ 06 14.7 = 6.0 531 + 9.6
Macrophage/monocytes 57+06 53+13 112+14
Mature neutrophils 1208 30.8 =~ 4.6 714+74

The sum of the stab and segmented neutrophils indicates the total mature
neutiophils. Data are shown as mean plus or minus SD (n = 3 independent
expeliments).

ND indicates not detectable.

In normal peripheral blood, both neutrophils and monocytes
express CDI15 and CDIIb. In addition, mature neutrophils
express CD 16, whereas monocytes express CD14.2827 Detailed
analysis on day 13 revealed that approximately 70% of CDI15*
and CDI1b* cells were CDI167, and almost all CDI15% and
CD16" cells expressed CD11b (Figure 2Bi,ii). Given that 70%
to 80% of the cells on day 13 were morphologically mature
neutrophils (Table 1), it is likely that the majority of hESC-
Neu’s had CD15, CD11b, and CD16 expression patterns similar
to PB-Neu’s, although some hESC-Neu's did not express CD15
or CD16, particularly CD16.

CD32 is broadly expressed on myeloid cells, whereas CD64 is
expressed only on monocyles but not on neutrophils in the
peripheral blood.?® In the bone marrow, CD64 expression is
observed in a small population of myeloblasts, peaks at the
promyelocyte, myelocyte, and metamyelocyte stages, and then
diminishes, although a small proportion of the stab neutrophils still
express CD64.3%31 We confirmed that virtually no PB-Neu's
expressed CD64 (data not shown). In contrast. almost all CDI15*
and CD16% hESC-Neu’s expressed CD64 on day 13, indicating
that both stab and segmented hESC-Neu'’s expressed CD64,
because segmented neutrophils represented more than S0% of the
cells on day 13 (Figure 2Biii; Table 1). Nearly 50% of CD15 " and
CDI16" cells were weakly positive for CD14, in contrast to the
negative expression of CDI4 in steady-state PB-Neu's (Figure
2Biv). This aberrant expression of CD64 and CD14 in hESC-Neu's
is similar to their positive expression on some of the neutrophils
harvested from healthy donors who received G-CSF administra-
tion*?33 and the neutrophils derived from bone marrow CD34*
cells in vitro by G-CSF stimulation.”!
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Figure 2. Surface antigens of hESC-derived cells. (A) Surface antigen expression at each levei of differentiation of hESC-derived cells was analyzed by flow cytometry.
CDA45 was expressed in aimost all the cells, CD34, CD117, and CD133, immature markers of hematopoiesis, were detected ina small population of the cells on day 7, and had
almost disappeared by day 10. Common myeloid antigens CD33 and CD15 were highly expressed, and the expression of CD11b increased during maturation. CD13 was
expressed inless than 20% of the celis throughout the culture period. The expression of CD 16, a mature neutrophil marker, increased following maturation, but was observed in
only approximately 45% of the cells, even on day 13. CD14 and CD84 expression was aberrantly obseived in some cells. Bars represent SDs (n = 3). (B) In the steady state,
mature neulrophils in peripheral blood were CD15*, CD11b*, and CD16". (i) In hESC-derived cells on day 13, 63.3% plus or minus 2.6% of the CD15* and CD11b* celis were
CD16*, and (i) almost all of the CD15* and CD16+ celis were CD11b*. (iii-iv) On the other hand, CD84 and CD14 were rately expressed on mature neutrophils in the
peripheral blood. CD15+ and CD16+ cells from hESCs, consistent with the phenotype of mature neutrophils, showed aberrant expression of CD84 (iif) and CD14 (iv), in 94.1%
plus or minus 3.8% and 45.1% plus or minus 9.6% of the cells, respectively. Data are presented as mean plus orminus SD (n = 3).

Apoptosis pattern and prolonged survival by G-CSF of
hESC-Neu’s and PB-Neu’s

In the steady state, PB-Neu’s have a shoit life span of approxi-
mately 24 hours, but this can be prolonged by G-CSF stimulation.3*
Some hESC-Neu's were already apoptotic at the time of harvest
and therefore we focused on the nonapoptotic fraction of hESC-
Neu's (Figure 3). In contrast to the PB-Neu's, which underwent
apoptosis within 6 hours without G-CSF, consistent with previous
reports,> a proportion of apoptotic cells among hESC-Neu's in the
medium without G-CSF did not increase for up to 6 hours after the
start of the culture. In addition, there were no differences between
the cultures with and without G-CSF for up to 6 hours. After
6 hours, however, there was a more rapid decrease in nonapoptotic
cells in hESC-Neu's without G-CSF than in hESC-Neu's with
G-CSF, which resulted in a lower number of viable cells than
hESC-Neu’s with G-CSF at 24 hours, although the number of
viable cells of hESC-Neu’s without G-CSF was still higher than
that of PB-Neu's without G-CSE.

Oxidative burst phenotype was similar in hRESC-Neu’s and
PB-Neu’s

Oxidative burst is an essential function of neutrophils when killing
microorganisms, but an inappropriate burst sometime causes injury to
the host tissue. We assessed the ability to convert DHR to rhodamine in
hESC-Neu's and PB-Neu's using flow cytometiy.?® Because G-CSE
which could substantially affect the result, was used during the culture,
we compared hESC-Neu's with PB-Neu(G+)'s and PB-New(G—)’s as
described in “G-CSF stimulation prior to assessing neutrophil function.”
When DHR was added to the neatrophil suspensions, thodamine-

specific fluorescence was detected in hESC-Neu’s, and in PB-
New(G—)'s and PB-Nen(G+)'s without PMA stimulation, indicating
basal superoxide production without PMA stimulation in each neutro-
phil preparation (Figure 4). PMA stimulation increased thodamine mean
fluorescence intensity in hESC-Neu's, but to a lesser extent than in
PB-New(G—)'s and PB-Neu(G+)'s. Consequently, the mean rhoda-
mine fluorescence intensity after PMA stimulation was similar in
hESC-Neu's, PB-Neu(G—)'s, and PB-Neu(G +)'s, suggesting that the
maximum superoxide production is comparable between hESC-Neu's
and PB-Neu's.

Phagocytosis and subsequent NBT reduction activity, and
bactericidal activity were similar between hESC-Neu’s and
PB-Neu’s

Neutrophils protect against infectious microorganisms by phagocytos-
ing and subsequently killing them. These functions of hESC-Neu's and
PB-Neu's were evaluated in an experimental system using NBT-coated
yeast. Under the microscope, mature neutrophils could be easily
distinguished from contaminating macrophages by the unique shape of
their nuclei after 1% safranin-O staining (Figure SA). NBT-coated yeast
that had not been ingested had a red-brown color that began to change to
purple or black, beginning at the periphery. and eventually became
completely black, because the NBT coating on the yeast was reduced by
neutrophils after phagocytosis. Thus, neutrophils that had phagocytosis
and NB'T-reducing ability could be easily identified. hESC-Neu's had a
slightly lower phagocytosis rate than PB-Neu(G—)'s and PB-New(G +)'s
(Figure 5B). The phagocytosis score, however, was not significantly
different between hESC-Neu’s and PB-Neu(G ~)’s and PB-Neu(G+)'s
(Figure 5C). The cells on day 8 of the culture, most of which were
morphologically myeloblasts and promyelocytes, were rarely observed
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Figure 3. Apoptosis pattern and G-CSF effect on survival of hESC-Neu's. (A) Flow cytometiic analysis. In the sleady slale, PB-Neu's have a shoit life span of
approximately 24 hours, but this can be prolonged by G-CSF stimulation (i-v). Some hESC-Neu's were already apoptotic at the time of the harvest from the induction culture
(vi). In contrast to the PB-Neu’s that underwent apoptosis within 6 hours without G-CSF (ii), the proportion of apoptotic cells did not increase for up to 6 hours after the start of
the culture of hRESC-Netr's in the medium without G-CSF (vi,vii). In addition, there were no differences between the cullures of hESC-Neu's with and without G-CSF for up to
& houts (vii). Afler 6 hours, nonapoplotic cells decreased more rapidly among hESC-Neu's without G-CSF than among hESC-Neu's with G-CSF (viii-x), resulting in the lower
number of viable cells than hESC-Neu's with G-CSF at 24 hours (x). Figures are representative of 3 independent expetiments. Data are presented as mean plus or minus SD

(n = 3). (B) The time course of the decrease in viable cells. Bars represent SDs(n = 3).

to phagocytose the yeast or reduce NBT if they had ingested the yeast.
indicating that we observed phagocytosis and NBT reduction that was
specific to matare neutrophils.

Because the hESC-Neu's had sufficient phagocytosing ability
and superoxide production, we next investigated whether hESC-
Neu’s can kill bacteria. The bactericidal activity of hESC-Neu's
and PB-Neu's was compared using E coli. When incubated with
hESC-Neu's and PB-Neu(G—)'s and PB-Neu(G+)’s, the numbers
of CFUs were similarly reduced to approximately 40% that of the
control, indicating comparable bactericidal activity against E coli
between hESC-Neu's and PB-Neu’s (Figure 3D).

Chemotaxis was similar between hESC-Neu’s and PB-Neu’s

We compared chemotaxis of hESC-Neu's and PB-Neu's using a
modified Boyden chamber method. After incubation with or

without {MLP in the lower well, neutrophils had migrated from
the upper side to the lower side of the membrane. Neutrophil
migration without fMLP in the lower well was considered
random migration. The number of neutrophils that migrated
randomly was not significantly different between hESC-Neu's
and PB-Neu(G—)'s, but PB-New(G+)'s showed significantly
more random migration than the others (Figure 5E). The number
of migrated cells increased in hESC-Neu’s, PB-Neu(G —)'s, and
PB-Neu(G+)'s when fMLP was added in the lower well. The
increase in cell migration induced by chemotaxis to fMLP was
calculated by subtracting the number of randomly migrated
cells without fMLP from that of migrated cells with fMLP.
There were no significant differences between hESC-Neu's

Figure 4. Superoxide production of hESC-Neu's assessed by
dihydrorhodamine123 oxidation. (A) Dihydrothodamine123 (DHR)
was reacted to neutrophils with or without phorbol myristate acetate
(PMA), and the tesultant thodamine fluorescence was detecled by
flow cytometry. When DHR was added to the reaction medium without
PMA (line), the fiuorescence levels were slightly elevated in hESC-
Neu's (i), PB-New(G—-)'s (ii), and PB-Neuw(G+)s (ili}. The addition
of PMA diamatically increased the levels of fluorescence in all
3 neutrophil preparations (bold line). The figures are representative of
3independent experiments. (B) Compatison of superoxide production
between hESC-Neu's and PB-Neu's using mean fluorescence inten-
sity (MFI) of rhodamine. When DHR was added without PMA
stimulation, rhedamine-specific fluorescence was detected in hESC-
Neu's, PB-New(G-)'s, and PB-Neu(G+)'s. PMA stimulation in-
creased thodamine MF| in hESC-Neus's though to a lesser extent than
in PB-Neu(G - )'s and PB-Neu(G+)'s. Consequently, thodamine MFI
after PMA stimulation was similar in hESC-Neu's, PB-Neu(G—Y's, and
PB-New(G+)'s, suggesting that the maximum superoxide production
was comparable between hESC-Neu's and PB-Neu's (n = 3; bars
represent SDs; *P = .05 compared with hESC-Neu's).

and PB-Neu(G—)s or PB-Neu(G+)'s in the net fMLP-
induced chemotaxis.
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Figure 5. NBT-coated yeast cell-phagocytosis test, bactericidal activity, and chemotaxis assay. (A) NBT-coated yeast cells were added to a neutrophil suspension and
incubated at 37°C. After 1 hour, the cells were stained with 1% safranin-O, and obseived using a microscope. Mature neutrophils (=) could be easily distinguished from
contaminating macrophages (white arrow; only the nucleus is observed in the figure) by the unique shape of their nuclei. Yeast cells were red-brown in color before being
ingested (white arrowhead); the color began to change to purple or black beginning at the periphery of the yeast cell, and eventually became completely black (») because the
NBT was reduced after ingestion. Yeast cells that changed color in the cells were counted as NBT-reduction positive. Original magnification, - 400. (B) The phagocytosis rate
was calculated as a percentage of the neutrophils that contained one or more yeast cells. hRESC-Neu's had a slightly lower phagocytosis rate than that of PB-Neu(G—)'s and
PB-Neu(G+)’s. (C) The phagocytosis score was calculated as the total number of positive yeast cells in 100 neutrophils. There were no significant differences in the
phagocytosis score between hESC-Neu's and PB-Neu(G—)'s or PB-Neu(G+)’s. The cells on day 8 of the culture (day-8 cells) were rarely observed to phagocytose the yeast
cells or reduce NBT. (In B-C, n = 3; barsindicate SDs; *P <~ .05 compared with PB-Neu(G—)’s and PB-Neu(G +)’s; **P < .05 compared with hESC-Neu's, PB-Neu(G—)’s, and
PB-Neu(G+)'s.) (D) Bactericidal assay. £ coli was opsonized with human AB serum, and incubated with hESC-Neu's, PB-Neu(G—)'s, PB-Neu(G+)'s, or control medium. After
1-hourincubation with hESC-Neu's, PB-Neu(G —)’s, and PB-Neu(G + )'s, the colony-forming units (CFUs) were significantly reduced to approximately 40% of the control. There
wete no significant differences in bactericidal activity between hESC-Neu's, PB-Neu(G—)'s, and PB-Neu(G+)'s. The CFUs of controls are presented as 100% (n = 3; bars
indicate SDs; *P <= .05 compared with control). (E) Chemotaxis assay by a modified Boyden chamber method. The number of neutrophils that migrated randomly (fMLP(-))
was not significantly different between hESC-Neu's and PB-Neu(G—)'s, but PB-Neu(G+)'s showed significantly greater random migration than hESC-Neu's and
PB-Neu(G—)’s. The number of migrating cells increased in all hESC-Neu's, PB-Neu(G—)’s, and PB-Neu(G +)'s when fMLP was added to the lower well (IMLP(+)). The
increase in the number of migrating cells induced by chemotaxis to {MLP (fMLP(+)-fMLP(—)) was not significantly different between hESC-Neu's and PB-Neu(G—)'s or
PB-Neu(G+)'s (n = 3; barsindicate SDs; *P < .05).

cally mature neutrophils, comprising 70% to 80% of the hESC-Neu
population, was larger than that of PB-Neu's. This finding indicates that
the density of morphologically mature neutrophils in the hESC-Neu
population was lower than that of PB-Neu's, which made it difficult to
separate hESC-Neu’s from other contaminating cells.

Discussion

We developed a specific and effective method for deriving mature
neutrophils from hESCs, making it possible to analyze hESC-
derived neutrophils in detail. hESC-derived neutrophils had charac-

oo e s . is ¢ o /e observe orphologically define elo-
teristics similar to steady-state peripheral blood mature neutrophils In this culture, we observed morphologically defined myelc

in morphology and essential functions, although there were some
differences in surface antigen expression.

Unfortunately, attempts to further purify the hESC-derived mature
neutrophils from the hESC-Neu population by density gradient methods
led to a massive reduction in cell yield. In the flow cytometric analysis,
the mean intensity ol hESC-Neu's in forward scatter was higher than
that of PB-Neu’s (data not shown), indicating that the size of morphologi-

blasts, promyelocytes, myelocytes, metamyeloeytes, and, eventu-
ally, mature stab and segmented neutrophils, in this order, during
the 13-day culture, which is similar to the granulocyte maturation
process in bone marrow. The surface antigen expression pattern
during differentiation was similar to that during normal granulopoi-
esis, with CD34 and CD117 expression on immature cells, and an
increase in CD16 expression as differentiation advanced. Most
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hESC-Neu's expressed CD16. CD15, CD11b, CD33, and CD45.
"This pattern is consistent with normal PB-Neu’s, but the percentage
of CD16-expressing cells was lower than that of mature neatrophils
determined by morphology. The lower CD16 expression level is
documented in neutrophils derived in vitro from bone marrow
CD347 cells by stimulation with G-CSF. and is considered to be the
effect of G-CSF on myeloid progenitors.*’ G-CSF also induces
(D64 and CD14 expression on mature neutrophils,®!*5 and these
effects are also observed in vivo when G-CSF is administered to

healthy volunteers.?>3* Therefore, the G-CSF present in the culture
from day 7 may have affected the progenitors and led to the
relatively low expression of CD16 on hESC-Neu's and aberrant
expression of CD64 and CD 14 on CD15* and CD167 hESC-Neu's.

In the apoptosis assay, some hESC-Neu's were already apopto-
tic at the time of the harvest from the induction culture, but the
propottion of apoptotic cells among hESC-Neu's in the medium
without G-CSF did not increase for up to 6 hours atter the start of
the culture. There are 2 possible reasons for the difference in the
rate of apoptosis. First, the hESC-Neu's were more heterogeneous
than the PB-Neu's, as they comprised cells at different stages from
incompletely differentiated cells such as metamyelocytes to
maturation-completed and aged neutrophils. Relatively immature
cells or unaged mature neutrophils in the hESC-Neu population
might have a longer lifespan than PB-Neu's. Second, the effect
of G-CSF used in the induction culture might continue even
after the washout.

In the chemotaxis assay, the random migration of hESC-Neu's
was almost the same as that of PB-Neu(G—)'s, but lower than that
of PB-New(G-+)'s. although hESC-Neu's were stimulated hy
G-CSF before the assay. The effect of G-CSF on the random
migration of neutrophils is controversial; random migration in-
creases in vitro when neutrophils are stimulated by G-CSE3®
whereas neutrophils obtained from G-CSF-reated patients with
nonmyeloid malignancies show decreased random migration and
chemotaxis.’™¥® Qur in vitro experiment with PB-New(G +)'s and
PB-Neu(G—)'s replicated the former result. Nevertheless, hESC-
Neu's showed relatively low random migration despite stimulation
with G-CSF, while maintaining almost normal tMLP-induced
chemotaxis. One possible reason for these differences might be the
continuous stimulation by G-CSF; hESC-Neu's were stimulated
from the myeloblast stage, and thus, it was expected that the
characteristics of the hESC-Neu's were more similar to those of
neutrophils from G-CSF-stimulated donors rather than to normal
mature neutrophils.

The low yield of hESC-Neu's is a major obstacle to their
functional analysis in animals. and further, to their potential use in
drug screening and clinical applications. The number of hESC-
Neu’s produced was less than twice that of the input EB-derived
cells. Recently, erythroid progenitor cell lines that could differenti-
ate into functional mature red blood cells both in vitro and in vivo
were established from mouse ESCs.?? In that report. the starting
number of ESCs required to establish one progenitor line was
5 X 103, and transplantation of 2 X 107 cells of the progenitor line
could ameliorate anemia in mice by increasing the red blood cell
count. Similar methods could be considered in the granulopoiesis
from hESCs. Another potential method is to use more immature or
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proliferation-competent cells than the cells with which we initiated
the induction culture. One candidate may be hematopoietic progeni-
tors that emerge in saclike structures derived from ESCs. In a report
using cynomolgus monkey ESCs.#0 EBs were created and subse-
quently subjected to adherent culture on a gelatin-coated dish. After
2 weeks, saclike structures emerged that contained hematopoietic
precursors at various stages of myeloid lineage. The authors
mentioned the possible existence of hemangioblasts, because
endothelial cells could be produced from those precursors under
different conditions. Others have also reported similar saclike
structures  containing hematopoietic precursors created from
RESCs.10 In this paper, megakaryocytes were created from the
inner cells, which were positive for hematoendothelial markers,
such as CD34, CD31, vascular endothelial growth factor-receptor
2, and vascular endothelial-cadherin. These similar findings sug-
gest that the cells in the saclike structures contain cells that are
more immature than our EB-derived cells, and that the precursors
inside the saclike structures have greater proliferation potency than
our EB-derived cells. Because neither paper directly demonstrated
the cfficiency of mature blood cell production from monkey or
human ES cells, however, the efficiency of producing neutrophils
from our EB-derived cells should be compared with that from the
saclike structure—derived cells.
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1. Introduction

Microarray technology' has been applied to predict
prognosis of cancer patients by comparing genc
expression profiles in cancer tissue samples, and its
predictive power has been demonstrated for many
types of cancers.”* The prognosis prediction systems
based on microarrays have been expected to be new
cfficient bio-markers that enable personalized cancer
medicine.® We consider, in this paper, two problems
in expanding the use of microarray-based prediction
systems in real clinical scenes, namely, observation
cost and reliability.’

To reduce the observation cost without losing
reliability, there have been several efforts to design
diagnosis systems involving small numbers of
specially selected genes.  Recently, specialized
diagnostic microarrays harboring small numbers of
genes, to say tens or hundreds genes, are developed
based on a supervised analysis with a dataset taken by
a full microarray system involving thousands or tens of
thousands of genes.”™™’ Measurement cost per patient
becomes smaller by reducing the number of genes that
is involved in such a system. If number of spots on a
chip is fixed, more spots corresponding to a single
gene can be included in a chip, which enables more
reliable measurement by averaging multiple spots
of same genes, and/or more cfficient measurement
by diagnosing multiple patients simultancously in
a single chip.® Manufacturing cost of a chip can be
reduced by designing mini-chip harboring small
number of spots.*

To achieve a reliable predictor, a well-known
trade-off problem exists even if the above-mentioned
issue of observation cost is omitted; we should
select as large a number of informative genes and
as small a number of non-informative genes as
possible. We often need a certain number of genes
to gain prediction accuracy, partly because multiple
informative genes tend to provide different kinds of
information which are complementary to cach other
for the prediction, and partly because, even when a
set of multiple genes provides identical information,
observation noise can be reduced by averaging them.
On the other hand, since the prediction error increases
when non-informative genes are included, we need to
reduce the number of non-informative genes, putting
the observation cost aside. These two demands are a
trade-off because the process of determining whether

cach gene is informative or non-informative itself is
not always reliable enough, due to non-negligible
noise and a limited number of observations.

In summary, our goal can be stated as to achicve a
reliable predictor based on as few genes as possible,
which is accomplished in a supervised analysis with
the following three processes:

e a gene sclection process,

e a supervised learning process that constructs
predictors based on a labeled set of expression
data of the selected genes, and

e anassessment process for the constructed candidate
predictors.

There have been many options proposed for
the first two processes, and comparisons of their
combinations were made from the viewpoint of
prediction error rates on test datascts, namely
generalization performances.'®!" In the present study,
we use the following two procedures that were applied
in the previous study.'

e Weighted voting (WV) classifier’® with gene
selection based on absolute t-score (T-WV)

e Linear-kernel support vector machine (SVM)"
with recursive elimination of genes that have
the smallest contribution to current classification
performance (R-SVM)."?

These procedures construct multiple candidate
predictors with various numbers of genes included
in the predictors. Since their prediction performances
for independent test datasets depend on the number of
genes, their assessment is crucial.

In the assessment process, the prediction
performance of each candidate predictor is estimated
based on the training data, and good estimation is
obtained by reducing the estimation bias and the
variance. Since the true performance on independent
data in the future is unknown, we should select the
best predictor with less bias and smaller variance
of the estimated performance. In general, the
bias-variance trade-off problem is inherent to all
statistical models used for prediction, especially
in the classification framework.'®!” For prognosis
prediction by microarray, several past studies focused
on reducing the estimation biases of the prediction
error rates in determining the best model'® 2 because
inclusion of biases could lead to over-estimation of
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