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Objective. Acute myeloid leukemia (AML) develops de movo or secondarily to either
myelodysplastic syndrome (MDS) or anticancer treatment (therapy-related leukemia, TRL).
Prominent dysplasia of blood cells is apparent in individuals with MDS-related AML as well
as in some patients with TRL or even with de novo AML. The clinical entity of AML with
multilineage dysplasia (AML-MLD) is likely to be an amalgamation of MDS-related AML
and de novo AML-MLD. The aim of this study was to clarify, by the use of high-density
oligonucleotide microarrays, whether these subcategories of AML are intrinsically distinct
from each other.

Materials and Methods. The AC133* hematopoietic stem cell-like fractions were purified from
the bone marrow of individuals with de novo AML without dysplasia (n = 15), AML-MLD
{(n = 11), MDS-related AML (n = 11}, or TRL (n = 2), and were subjected to the synthesis of
¢RNA which was subsequently hybridized to microarray harboring oligonucleotide
corresponding to more than 12,000 probe sets.

Results. We could jdentify many genes whose expression was specific to these various
subcategories of AML, Furthermore, with the correspondence analysis/three-dimensional
projection strategy, we were able to visualize the independent, yet partially overlapping, nature
of current AML subcategories on the basis of their transcriptomes.

Conclusion. Our data indicate the possibility of subclassification of AML based on gene
expression profiles of leukemic blasts. © 2004 Intermational Society for Experimental

Hematology. Published by Elsevier Inc.

Acute myeloid leukemia (AML) may develop de novo or
as a result of either myelodysplastic syndrome (MDS) or an-
ticancer treatment [1]. Given that MDS is characterized by
dysplastic changes in differentiated blood cells, individuals
with MDS-related leukemia often manifest prominent
dysplasia in their blood cells. Therapy-related acute leuke-
mia (TRL) may develop after the administration of alkylating
agents, topoisomerase inhibitors, or radiotherapy. The clini-
cal outcome of TRL is generally worse than that of de novo
AML. [2], and a subset of individuals with TRL also exhibit
multilineage dysplasia of blood cells.

A clinical record of a preceding MDS phase is also an
indicator of poor prognosis for the individuals with AML.

Offprint requests to: Prof. Hiroyuki Mano, M.D., Ph.D., Division of
Functional Genomics, Jichi Medical School, 3311-1 Yakushiji, Kawachi-
gun, Tochigi 329-0498, Japan: E-mail: bmano@jichi.ac.jp

Therefore, to predict the outcome of, and to optimize the
treatment for, each AML patient, it would be important o
differentiate de novo AML from MDS-related AML and
TRL. However, even in the bone marrow (BM) of healthy
elderly people, it is not rare to find dysplastic changes (in
particular, dyserythropoiesis) in differentiated blood cells
[3]. Therefore, the differential diagnosis among such AML-
related disorders is not always an easy task in the clinical
settings, especially if a prior record of hematopoietic parame-
ters is not available.

Making issues further complicated, prominent dysplasia
in blood cells may be found among certain cases of de novo
AML, with which prior MDS phases can be excluded [4,5].
It is known that such de novo AML with dysplasia has a poor
outcome with conventional chemotherapy, as does MDS-
related leukemia [6]. However, Taguchi et al. have argued
that the former may be a distinct clinical entity from the

0301-472X/04 $-see front matter. Copyright © 2004 International Society for Experimental Hematology. Published by Elsevier Inc.
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latter based on the finding that the former cases respond far
better to allogeneic bone marrow transplantation than the
latter one [7]. In the revised classification of AML by
the World Health Organization (WHO) {1], an entity of
AML with mulilineage dysplasia (AML-MLD) has been
proposed, which includes both de novo AML with dysplasia
and secondary AML from MDS. Whether such amalgam-
ation holds a clinical relevance awaits further studies on
this issue,

DNA microarray has made it possible to measure the
expression levels in tens of thousands of genes simulta-
neously, and thus should be a promising tool to discover
useful and reliable molecular markers for these AML-related
disorders. However, a simple comparison of BM mononu-
clear cells (MNCs) with DNA microarray is likely to gener-
ate a large body of pseudopositive and pseudonegative data,
which may only reflect different proportions of blastic cells
within BM or the different lineage commitment of leukemic
cells [B]. To minimize such “population-shift effect,” it
should be effective to isolate and compare leukemic blasts
at the same differentiation level from AML-related disorders.

Toward this goal, we started the Blast Bank project to
purify and store AC133 surface marker [9]-positive hema-
topoietic stem cell (HSC)-like fractions from patients with
awide range of hematological disorders. Microarray analysis
of these Blast Bank specimens has been highly successful
in the isolation of molecular markers to differentiate de
novo AML from MDS-related leukemia [8,10], and in the
identification of genes that may be involved in the stage pro-
gression mechanism in chronic myeloid leukemia (CML)
{11] or MDS {12]. Further, a proteomics approach with these
Bank cells could identify a protein that may be associated
with chromosome instability in leukemic cells [13].

‘We have now determined the expression intensities for
more than 12,000 human probe sets in a total of 39 Blast
Bank specimens, including those from 15 cases of de novo
AML without dysplasia, 11 cases of MDS-related leukemia,
11 cases of AML-MLD, and 2 cases of TRL. The resulting
large data set was analyzed to address whether these clinical
entities are actually distinct from each other or whether they
partially overlap.

Patients and methods

Purification of AC133" cells . .

BM aspirates were obtained from the study subjects with written
informed consent. From each specimen, MNCs were isolated by
Ficoll-Hypaque density gradient centrifugation, and were labeled
with magnetic bead-conjngated anti-AC133 monoclonal antibody
(AC133 MicroBead; Milienyi Biotec, Aubum, CA, USA). AC133*
HSC-like fractions were then purified through a miniMACS mag-
netic cell separation column (Miltenyi Biotec), and enrichment of
the HSC-like fraction was evaluated by subjecting portions of the
MNC and AC133* cell preparations either to staining with Wright-
Giemsa solution or to the analysis of the expression of CD34,

CD38, and AC133 by flow cytometry (FACScan; Becton-Dickin-
son, Mountain View, CA, USA). In most instances, the CD34MenC.
D38 fraction constituted greater than 90% of the eluate of the
affinity colunmin,

DNA microarray analysis

Total RNA was extracted from the AC133* cell preparations by
anRNeasy Mini column with RNase-free DNase (both from Qiagen
Inc,, Valencia, CA, USA), and was subjected to two rounds of
amplification of mRNA fractions by T7 RNA polymerase [14].
The high fidelity of the amplification step was confirmed previously
[10). One microgram of the amplified complementary RNA
(cRNA) was then converted to double-stranded cDNA by Pow-
erScript reverse transcriptase (BD Biosciences Clontech, Palo Aho,
CA, USA), which was used to prepare biotin-labeled cRNA with
ENZO BioArray transcript labeling kit (Affymetrix, Santa Clars,
CA, USA). Hybridization of the samples with GeneChip HGU95Av2
microarrays was conducted by the GeneChip system (Affymetrix),
revealing the expression intensities of 12,625 probe sets in each
sample.

The transcriptome of 10 cases each with de novo AML and
MDS-related AML has been already reported separately [10],
aiming at the comparison between these two clinical conditions with
the same differentiation background; the M2 subtype according to
the classification of the French- American-British (FAB) Coopera-
tive Group [15].

Statistical analysis

The fluorescence intensity for each gene was normalized relative
to the median fluorescence value for all human genes with a “Pres-
ent” or “Marginal” call (Microarray Suite; Affymetrix) in each
hybridization. Hierarchical clustering of the data set and analysis of
variance (ANOVA) were performed with GeneSpring 6.0 software
(Silicon Genetics, Redwood, CA, USA). Correspondence analysis
[16] was performed with the ViSta software (http:/fwww.visual-
stats.org) for all genes showing a significant difference. Each sample
was plotted in three dimensions based on the coordinates obtained
from the correspondence analysis. All array data as well as details
of the genes shown in the figures are available as supplementary
information at the Experimental Hematology web site.

Results

Comparison of AML-MLD and MDS-related AML
Summarized in Table 1 are the clinical characteristics of 39
patients enrolled in this study, including 15 cases with de
novo AML without dysplasia, 11 cases with AML-MLD,
11 cases with MDS-related AML, and 2 cases with TRL.
The presence of “MLD"” was determined according to the
definition in the WHO classification [1], by a central review
at the Department of Hematology and Molecular Medicine
Unit, Nagasaki University, which is also a “central review
institute™ for the Japan Adult Levkaemia Study Group. It
should be noted that faverable karyotypes, t(8;21) and
inv(16), were found only in the cases with AML without
dysplasia.

According to the WHO proposal of classification, AML-
MLD is likely to be an amalgamation of bona fide de novo
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Table 1. Patient characteristics

Patient ID Disease Age (year) Sex Karyorype

1 MDS 79 M +8

2 MDS3 80 M +8

3 MDS - 71 F Other

4 MDS 44 M Nonmal

5 MDS 61 M +8

6 MDS 69 M +8

7 AML 83 M -7

3 MLD 61 M Other

9 AML 85 M -7
10 MDS 84 M -7
1t MDS 57 M Normal
12 AML 58 M 18;21)
13 AML 37 M 1(8:21)
14 AML 84 M Normal
15 AML 43 M Normal
16 MLD 41 M Nomal
17 AML 38 M 1(8;21)
18 MDS 69 M +8
19 AML 49 F 1(8;21)
20 AML 61 F 1(8;21)
21 MLD* 38 M Normal
22 MLD* 80 M Normal
23 AML 53 F -7
24 AML 32 F Other
25 AML 46 F Other
26 AML 53 M Normal
27 MLD* 57 F +8
28 TRL 59 M Other
29 TRL 67 M -7
30 MDS 70 M Other
3] MLD* 64 M -7
32 AML 2 F inv(16)
33 MLD* 16 F Normal
34 AML 67 M 1(8:21)
35 MLD* 67 M -7
35 MDS 88 F Other
37 MLD* 53 M Normal
38 MLD* 46 M Other
39 MLD™* 50 M Other

AML, de novo AML; MLD, AML with multilineage dysplasia; MDS,
MDS- associated AML, TRL, therapy-related AML; M, male; F, female.

*Individuals proven not to have a prior history of MDS.

AML with dysplasia and secondary AML evolving from an
undiscovered phase of MDS. Although the clinical character-
istics of the former have not been fully defined, it has been
reported that de novo AML-MLD may be associated with
poor prognosis [17,18] and, in some cases, with an increased
megakaryopoiesis in BM {5].

To clarify directly whether de nove AML-MLD is truly
a clinical entity distinct from MDS-related leukemia, we
searched for differences between the transcriptomes of
AC133% cells derived from the individuals diagnosed with
these two conditions. Among the 11 cases of AML-MLD
studied, 9 were revealed not to have prior MDS records,
while we could not obtain the clinical information for the
other two with regard to their prior MDS history. There-
fore, we could not exclude the possibility that the latter cases

had evolved from MDS stages. The former nine cases were
thus used to measure the difference between de nove AML-
MLD and MDS-related secondary AML.

For the expression data set of these 20 subjects, we first
set a condition that the expression level of a given gene should
receive the “Present” call (from the Microarray Suite 4.0
software) in at least 30% (6 cases) of the samples, aiming
to remove transcriptionally silent genes from the analysis.
A total of 4851 genes passed this selection window. Toward
such genes was then applied a Student’s r-test (p < 0.001) to
extract genes, expression level of which significantly differed
between the two classes, de novo AML-MLD and MDS-
related AML. However, many of the genes thus identified
yet had very low absolute expression levels throughout the
samples, even though the ratio of the expression levels
between the two classes might be relatively large. To elimi-
nate such “nearly silent” genes and to enrich genes whose
expression levels were significantly high in at least one of -
the classes, we further sclecied those whose effect size (abso-
lute difference in the mean expression intensities) [19] be-
tween the two classes was at least 10 arbitrary units (U).

We could finally identify a total of 56 genes significantly
contrasting the two clinical conditions, expression profiles
of which are shown in a “gene-tree” format (Fig. 1A). Here
genes with similar expression patterns across the samples
were clustered near each other. Many of the genes thus identi-
fied were preferentially expressed in de novo AML-MLD
{upper two-thirds of the tree), while some were so in MDS-
related AML (bottom third), Given the association of de
novo AML-MLD with dysmegakaryopoiesis in BM, it was
of interest to find that the gene for platelet factor 4 (PF4)
was preferentially expressed in individuals with this condi-
tion. PF4 is a CXC-type chemokine secreted from platelets,
and its serum level is known to reflect platelet activities
[20]. High production of PF4 from MLD blasts should influ-
ence the environment within BM, and may thereby affect
megakaryopoiesis.

Were the expression profiles of these 56 genes potent
enough to differentiate AML-MLD from MDS-related
AML? To examine this possibility, two-way clustering anal-
ysis [21] was conducted on the data set to make a “patient
tree” among the subjects, based on the standard correlation
values with a separation ratio of 1.0 (Fig. 1B). This tree,
which reflects the similarity in the expression profiles of
the 56 genes among the subjects, showed the presence of a
cluster of individuals only with MDS-related AML. How-
ever, the large branch at the left contained not only most
of the patients with de novo AML-MLD, but also some
individuals with MDS-related AML. It was not clear whether
the failure in the clear separation of the two clinical catego-
ries was due to an inadequacy of the separation power of
the clustering method or to an inaccurate clinical diagnosis.
Further, it has not been addressed whether de nove AML-
MLD should be treated as a single clinical entity distinct
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Figure 1. Comparison of gene expression profiles between individuals
with de nove AML-MLD and those with MDS-related leukemia. (A): Gene
tree for the expression levels (color-coded as indicated by the scale at
the bottom} of 56 human genes in AC133* cells from patients with de
novo AML-MLD (MLD) or MDS-related leukemia (MDS). Each row
corresponds to a single gene and each column to a different patient. The
gene symbols are indicated at the right. The position of the PF4 gene is
indicated by an arrow. (B): Two-way clustering analysis of the patients with
de novo AML-MLD (green} or MDS-related leukemia (red) based on the
similartties in the expression profiles of the 56 genes shown in (A). (C):
Correspondence analysis of the 56 genes identified three major dimensions
in their expression profiles. Projection of the specimens into a virtual space
with these three dimensions revealed that those from de nove AML-MLD
and those from MDS-related leukemia were separated from each other.
The arrow indicates a nonconforming specimen (ID 35).
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Figure 1. Continued

from MDS-related AML in, at least, the point of view of
gene expression profiles.

To address these issues, we tried to visualize the similar-
ity/difference between the two classes. Correspondence anal-
ysis is a novel method to decomposite multidimensional data
[16]. It enables not only a low-dimensional projection of
expression profiles for numerous genes, but measurement
of the contribution of each gene to a given extracted dimen-
sion and, at the same time, measurement of the contribution of
each extracted dimension to the whole complexity. Corre-
spondence analysis was performed on the expression data
of the 56 genes in Figure 1A, successfully reducing the
complexity of 56 dimensions into 3. On the basis of the calen-
lated three-dimensiona! (3D) coordinates for each sample,
the specimens were then projected into a virtual space (Fig.
1C). Tt was clear from this figure that most of the samples
could be separated into two diagnosis-related groups
(whether the coordinate in the first dimension was greater
than or equal to 0 or less than 0), supporting the feasibility to
set a clinical entity “de novo AML-MLD.” Figure 1C
also suggests that gene expression profiling could be applied
to the differential diagnosis of AML-MLD and MDS-related
AML. There was, however, a single patient with AML-MLD



