Fic. 3. Tec SH2 domain is essential
for both tyrosine phosphorylation of
PTP20 and association of Tec with
PTP20. A, schematic organization of
mouse Tec inte PH, TH, SH3, SH2, and
kinase (KD) domains. B, COS7 cells were
transiently transfected with either empty
vector (mock) or HA-PTP20 C/S together
with the indicated Tec mutants. Cells
were lysed, and HA-PTP20 was immuno-
precipitated (IP) followed by immunoblot-
ting (IB) with anti-phosphotyrosine anti-
body (PY99 (apY)). The same membrane
was sequentially reprobed with anti-Tec
and anti-HA antibodies after stripping. C,
aliguots of the total cell lysates (TCL)
were separated by SDS-PAGE followed by
immunoblotting with indicated antibod-
ies. D, COS7 cells were transiently trans-
fected with pEBG empty vector (GST) or
bearing each of Tec domains (PH, TH,
SH3, SH2, and KD) in the absence or
presence of Tec plasmid. Cells were lysed,
and GST fusion proteins were precipi-
tated by GSH-Sepharose beads followed
by immunoblot analysis with anti-phos-
photyrosine (pY) antibody. The same
membrane was sequentially reprobed
with indicated antibodies. Expression of
PTP20. and Tec was confirmed using ali-
quots of total cell lysates (T'CL) by immu-
noblotting as indicated.
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Fia. 4. Sequence alignment of PTP20 with its human (brain-derived phosphatase 1 (BDP1)) and mouse (HSCF) orthologs. The 13
conserved tyrosine residues are boxed and numbered based on the amino acid sequence of PTP20. PTP catalytic domains are indicated by gray

shading.

were co-transfected with Tec and the PTP20 C/S mutant with-
out epitope tagging, and effects on the extent of tyrosine phos-
phorylation on Tec were analyzed by anti-phosphotyrosine blot-
ting. As shown in Fig. 9A, substitution of Tyr-281 with
phenylalanine (Y281F) resulted in dramatic loss of PTP20 de-
phosphorylation activity against Tec. On the other hand, Tec
could be dephosphorylated by Y303F, Y354F, and Y381F to
nearly the same extent by PTP20 WT. The PTP20 Y281F/
Y303F/Y354/F381F mutant in which 4 tyrosine residues were
substituted by phenylalanine also exhibited apparently no de-
phosphorylation activity against Tec. Equivalent expression of
HA-PTP20 was confirmed by immunoblotting (lowest panel).
Next, the autodephosphorylation activity of the YF mutants of
HA-PTP20 WT was assessed by co-transfecting Tec and-PEST
encoding the GST-PTP20 PEST domain into COS7 cells, as
GST-PTP20 PEST alone became tyrosine-phosphorylated in
the presence of Tec (Fig. 6), Cells were Iysed and GST-PTP20
PEST was precipitated with GSH-Sepharose beads followed by
anti-phosphotyrosine blotting. Again, PTP20 Y281F as well as
PTP20 Y281F/Y303F/Y354/F381F showed no dephosphoryl-
ation activity against GST-PTP20 PEST, whereas PTP20
Y303F, Y354F, and Y381F as well as PTP20 WT could dephos-
phorylate GST-PTP20 PEST (Fig. 9B). These YF mutants also
were transfected into Ramos B cells, and c-fos promoter activity
was assayed after BCR ligation. Ectopic expression of PTP20
Y281F and Y281F/Y303F/Y354/F381F mutants still inhibited
c-fos promoter activity (about 50%, relative to mock transfec-
tants), but the extent was significantly lower than that of WT

as well as other YF mutants. These results strongly suggest
that phosphorylation of Tyr-281 on PTP20 is essential for ex-
pression of catalytic activity against not only Tec but also
PTP20 itself in transfected COS7 cells as well as in Ramos B
cells, although other tyrosine residues, Tyr-303, Tyr-354, and
Tyr-381, are also phosphorylated by Tec.

DISCUSSION

Many signaling pathways triggered by PTKs can be poten-
tially modulated by PTPs in a negative or positive manner
under cellular context. In some cases phosphorylation on the
tyrosine residues of PTPs themselves can modulate their cat-
alytic activities. For example, SH2 domain-containing PTP
SHP-2 is tyrosine-phosphorylated upon stimulation by a vari-
ety of growth factors (27-29) and cytokines (30-35). Once
SHP-2 becomes tyrosine-phosphorylated, their catalytic activ-
ity might be increased and modulated its own tyrosine phos-
phorylation level by autodephosphorylation activity (36, 37). It
also has been reported that tyrosine phosphorylation of PTP1B
upon insulin and epidermal growth factor treatment causes
reduction in its catalytic activity, thereby enhancing apparent
insulin receptor- and epidermal growth factor receptor-medi-
ated signaling pathways (38, 39). Thus, tyrosine phosphoryla-
tion of PTPs appeared to be critical for the regulation of their
biological functions.

Among the PEST family PTPs, PTP20 is an only member
that gets phosphorylated on tyrosine residues, whereas no ty-
rosine phosphorylation of other members, PTP-PEST and PTP-
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Fic. 5. Specific tyrosine residues of PTP20 are necessary for
tyrosine phosphorylation of Tec and association with Tec SH2
domain. A, HA-PTP20 C/S or its YF (fyrosine to phenylalanine substi-
tution) mutants as indicated were co-transfected into COS7 cells with
Tec. Aliquots of total cell lysates (TCL) were immunoblotted (WB) with
anti-phosphotyrosine (apY) antibody. The same membrane was sequen-
tially reprobed with anti-Tec and -HA antibodies. B, COS7 cells were
co-transfected with expression plasmids for HA-PTP20 C/S or its YF
mutants, Tec, and GST-Tec-SH2 domain. Cells were lysed, and GST-
Tec-SH2 domain was precipitated with GSH-Sepharose beads followed
by immunoblot analysis by sequential probing with anti-phosphoty-
rosine, anti-HA, and anti-GST antibodies. Expression of nearly the
same amounts of PTP20 was confirmed by immunoblotting of aliquots
of total cell lysates with anti-HA antibody.

PEP, has been reported. In the present study, we clearly dem-
onstrated that PTP20 was tyrosine-phosphorylated by a
cytosolic Tec kinase. As previously reported for phosphoryla-
tion of PTP20 by constitutively active Src family kinases (8,
11), the catalytically inactive form of PTP20 was found to be
tyrosine-phosphorylated to a greater extent by Tec, whereas
apparently no phosphorylation on PTP20 WT was obvious,
possibly due to its autodephosphorylation activity. Sre and Lek
indeed tyrosine-phosphorylated PTP20, but the extent of tyro-
sine phosphorylation of PTP20 by Tec was shown to be the
greatest (Fig. 1). Moreover, related Itk did tyrosine-phospho-
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rylate PTP20 to a lesser extent, but Btk and Bmx did not (Fig.
1). These results suggest that Tec kinase tyrosine phosphoryl-
ates PTP20 more specifically and preferentially than Src family
kinases and its related kinases do.

Without ectopic PTP20 expression, tyrosine phosphorylation
of Tec kinase was not detected in transfected COS7 cells (Fig.
2). Although co-expression of PTP20 WT did not induce tyro-
sine phosphorylation of Tec, the catalytically inactive C/S var-
iant of PTP20 caused tyrosine phosphorylation of Tec and co-
immunoprecipitated with Tec. These results strongly suggest
that a dominant-negative effect of PTP20 C/S expression on Tec
tyrosine phosphorylation seems to be unlikely and, rather, that
Tec was possibly autophosphorylated and further activated by
interacting with PTP20 and then was immediately dephospho-
rylated and deactivated by PTP20, which might also be acti-
vated throughinteraction with Tecin a tyrosine phosphorylation-
dependent manner. A deletion of the Tec SH2 domain
abrogated tyrosine phosphorylation of Tec as well as PTP20
and association between Tec and PTP20 (Fig. 3). Likewise,
substitution of individual tyrosine residues Tyr-281, Tyr-303,
Tyr-354, and Tyr-381 with phenylalanines of PTP20 reduced
not only tyrosine phosphorylation of Tec and PTP20 itself but
also association of PTP20 with the Tec SH2 domain (Fig. 5).
Substitution of all the four tyrosine residues (Fig. 5) as well as
a deletion of the C-terminal non-catalytic segment (Fig. 6)
completely abolished those events, and the C-terminal segment
alone partially induced Tec tyrosine phosphorylation (Fig. 6),
supporting the idea that phosphotyrosine-dependent interac-
tion between PTP20 and Tec is essential for determining a
mutual state of phosphorylation and activation. Taken to-
gether, we propose a working hypothesis of tyrosine phospho-
rylation-dependent interaction between PTP20 and Tec kinase
(Fig. 10).

PTPs exhibit elaborate substrate specificity in vivo. This
specificity can be achieved at two levels. First, the phosphatase
catalytic domain itself displays an intrinsic specificity for its
substrate. However, the affinity between the catalytic domain
and its substrate is often low. Actually, the PTP domain of the
catalytically inactive PTP20 alone could not capture a potential
substrate Tec kinase (Fig. 6). A further enhancement of the
specificity is achieved by protein-protein targeting; the Tec
SH2 domain and phosphorylated tyrosine residues on PTP20
could enhance the interaction between the two molecules. In
Ramos B cells, we could detect tyrosine phosphorylation-de-
pendent interaction between PTP20 and Tec only when cells
were treated with pervanadate (Fig. 7). In this case, however,
apparent binding might have resulted from a sole interaction of
phosphorylated tyrosines of PTP20 C-terminal with the Tec
SH2 domain and, therefore, underestimated because vanadate
can get into the catalytic pocket of PTP20 reversibly and inhibit
interaction between the PTP domain segment of PTP20 and
tyrosine-phosphorylated Tec kinase. Upon physiological stim-
ulation both PTP20 catalytic domain-Tec phosphotyrosine(s)
and PTP20 phosphotyrosine-Tec SH2 domain bindings could
play an essential role.

Most interestingly, tyrosine phosphorylation of PTP20 ap-
pears to regulate its catalytic activity against Tec and PTP20
itself. Among the tyrosine residues phosphorylated by Tec ki-
nase, tyrosine 281 might be critical for dephosphorylation ac-
tivity of PTP20 in transfected COS7 cells as well as in Ramos B
cells (Fig. 9). In the case of ectopic expression in COS7 cells,
substitution of the Tyr-281 nearly abolished dephosphorylation
activity against both PTP20 and Tec (Fig. 9, A and B). On the
other hand Y281F as well as Y281F/Y303F/Y354/F381F mu-
tants exhibited reduced, but still ~50% dephosphorylation ac-
tivity as compared with mock transfectants when expressed in
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Fie. 7. Tyrosine phosphorylation-dependent interaction of en-
dogenous PTP20 with endogenous Tee in Ramos B cells.. Ramos

cells were treated with 0.1 mm POV for 15 min at 37 °C, lysed, and

subjected to immunoprecipitation with either anti-phosphotyrosine
(apY) or anti-Tec antibody. The immunoprecipitates (IP) were immu-
noblotted (WB) by anti-phosphotyrosine antibody. The same mem-
branes were sequentially reprobed with anti-PTP20 and -Tec antibod-
ies. The bands corresponding to Tec and PTP20 are indicated by
arrowheads.

Ramos B cells (Fig. 9C), suggesting that other direct or indirect
mechanisms to regulate PTP20 activity are involved in dephos-
phorylation and deactivation of Tec in the cells. However, we
cannot exclude the possibility that phosphorylation on serine
and threonine residues rich in the C-terminal region of PTP20
might affect catalytic activity of PTP20, as PTP20 can be reg-
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Fic. 8. Negative role of PTP20 in BCR signaling. Ramos cells
(1 X 107) were subjected to electroporation with 2 ug of the pfos/luc
reporter plasmid together with 10 pg of pcDNAS3 vector (mock). or
bearing PTP20 WT, C/S, or D/A mutant. Five hours after transfection
cells were incubated for an additional 5 h in the absence (open bars) or
presence (closed bars) of anti-IgM (ab’) (10 ug/mb). Cells lysates were
then assayed for luciferase activity. Data are expressed as mean + S.D.
of triplicate determinations.

ulated under the control of follicle-stimulating hormone in rat
ovarian granulosa cells, where no tyrosine phosphorylation on
PTP20 was observed (14).

It has been reported that constitutively active Lck phospho-
rylates tyrosine residues 354 and 381 on PTP20, which are in
turn recognized by the Csk SH2 domain (11). In that report it
was also documented that mutation of both the tyrosine resi-
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Fia. 10. Working hypothesis for interaction of PTP20 with Tec. I, upon stimuli or ectopic expression of Tec, Tec becomes tyrosine-
phosphorylated and activated through autophosphorylation and other PTK catalytic activity. In turn, Tec phosphorylates tyrosine residues
(Tyr-281, Tyr-303, Tyr-354, Tyr-381) on PTP20. I, phosphorylated PTP20 associates with Tec SH2 domain of remaining inactive Tec, thereby
activating the Tec kinases. Interaction of Tec with PTP20 increases a pool of activated Tec and PTP20. I11, activated PTP20 by phosphorylation
then dephosphorylates Tec as well as PTP20 itself. Note that free of phosphorylated tyrosine 281 from association with Tec SH2 domain might be
necessary for expression of PTP20 dephosphorylation activity. IV, finally, both Tec and PTP20 return to basal and inactive states.

dues on PTP20 caused no changes in catalytic activity by in
vitro phosphatase assay. We have also showed that PTP20 was
tyrosine-phosphorylated by Lck and Src and was associated
with the PTKs (Fig. 2). However, neither the SH2 nor the SH3
domain of Lck was shown to be involved in the association with
PTP20 (data not shown). Recently, another cytosolic protein-
tyrosine kinase c-Abl also was shown to phosphorylate PTP20
and in turn to be dephosphorylated by PTP20 (10). Although
PTP20-Tec and PTP20-cAbl interactions seem to be analogous,
association between PTP20 and c¢-Abl is indirect, and PSTPIP,
which is also a substrate of PTP20, instead serves as an
adapter by bridging PTP20 to c-Abl. In contrast, association
between PTP20 and Tec kinase seems to be direct, and involve-
ment of adaptor molecules such as PSTPIPs is unlikely because
the Tec SH2 domain alone could capture tyrosine-phosphoryl-
ated PTP20 (Fig. 3D) and, consistently, substitution of tyrosine
residues on PTP20 dramatically reduced the mutual binding
(Fig. 5B). These imply that PTP20 might be differentially ty-
rosine-phosphorylated by Lck, Tec, and c-Abl kinases depend-
ing on cellular context.

The Tec kinase was initially isolated from mouse liver (40)
and was subsequently shown to be expressed in many tissues,
including spleen, lung, brain, and kidney (41). Four Tec-related
PTKs, including Btk (42, 43), Itk (also known as Emt or Tsk)
(44—46), Bmx (47), and Txk (or Rlk) (48, 49), have also been
molecularly cloned. Tec and the related kinases. can be acti-
vated by cytokine receptors, lymphocyte surface antigens, G
protein-coupled receptors, receptor type PTKs, or integrins (13,
20, 22-26). However, little is known about how the inactivation
of Tec kinase is achieved. In this study, we have showed that
PTP20 is a potential negative regulator in Tec-mediated sig-
naling pathway and that the Tec SH2 domain is essential for

the negative regulation by PTP20. Itk, another member of Tee
family, might also be regulated by PTP20 in T cells in a similar
fashion,? whereas Btk and Bmx seem not to interact with
PTP20 (Fig. 1). Recently, the Tec SH2 domain has been shown
to bind to Dok-1, which is tyrosine-phosphorylated by Tec,
causing inhibition of BCR-mediated c-fos promoter activation
(18). Another publication has demonstrated that a docking
protein, BRDG1, binds to the Tec SH2 domain and acts down-
stream of Tec in a positive fashion in BCR signaling (50). Thus,
the Tec SH2 domain might differentially participate in BCR
signaling in a positive or negative way.

PTP D1, which comprises another subfamily of cytosolic
PTPs, is shown to be a potential regulator and effector for not
only Bmx/Etk kinase but also Tec kinase (51). The PH but not
SH2 domain of Bmx/Etk is involved in the interaction with the
central portion (residues 726—848) of PTP D1, and such bind-
ing is phosphotyrosine-independent, unlike PTP20-Tec inter-
action. Interaction between Bmx/Etk and PTP D1 stimulates
the kinase activity of Bmx/Etk, resulting in an increased phos-
photyrosine content in both proteins. Although it is obvious
that PTP D1 is a substrate of Bmx/Etk and Tec, PTP D1
appears not to dephosphorylate the kinases. Rather, PTP D1 is
a positive regulator in Bmx/Etk- and Tec-mediated signaling
pathway leading to STAT3 activation. By co-transfection ex-
periments, we observed that PTP36, which belongs to the same
PTP subfamily as PTPD1, was tyrosine-phosphorylated by Tec
kinase (data not shown). Thus, Tec-mediated signaling could be
negatively or positively regulated by interacting with PTPs.

In conclusion, PTP20 appears to play a negative role in the

2 8. Yamasaki and N. Acki, unpublished data.
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Tec-mediated, in particular in BCR, signaling pathways and
the tyrosine phosphorylation-dependent interaction between
Tec and PTP20 might form a negative feedback loop. To our
knowledge this is the first report demonstrating that tyrosine
phosphorylation-dependent interaction between PTK and PTP
is relevant for their mutual state in some cellular context.
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Abstract

Acute myeloid leukemia (AML) is characterized by clonal growth of immature leukemic blasts and develops either de novo
or secondarily to anticancer treatment or to other hematologic disorders. Given that the current classification of AML, which
is based on blast karyotype and morphology, is not sufficiently robust to predict the prognosis of each affected individual, new
stratification schemes that are of better prognostic value are needed. Global profiling of gene expression in AML blasts has
the potential both to identify a small number of genes whose expression is associated with clinical outcome and to provide
insight into the molecular pathogenesis of this condition. Emerging genomics tools, especially DNA microarray analysis, have
been applied in attempts to isolate new molecular markers for the differential diagnosis of AML and to identify genes that
contribute to leukemogenesis. Progress in bioinformatics has also yielded means with which to classify patients according to
clinical parameters such as long-term prognosis. The application of such analysis to large sets of gene expression data has begun
to provide the basis for a new AML classification that is more powerful with regard to prediction of prognosis.
Int J Hematol. 2004;80:389-394. doi: 10.1532/1IJH97.04111
©2004 The Japanese Society of Hematology
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1. Introduction such genomics approaches, DNA microarray analysis has
probably been the most successful to date. A DNA microarray

The human genome project was launched in 1991 as a  resembles a microscope slide and contains tens of thousands
joint program by the United States, the United Kingdom,  of genomic fragments, complementary DNAs (cDNAs), or
Japan, France, Germany, and China. Ten years later, the first ~ oligonucleotides present in individual spots. Hybridization of
draft sequence of the entire human genome, including the ~ such arrays with labeled ¢cDNAs derived from a sample
nucleotide sequence of approximately 90% of euchromatin =~ mRNA population allows measurement of the amounts of
with 99.9% accuracy, was completed by the international  the original mRNAs for all genes represented on the array
team [1]. The total number of protein-coding genes was esti- {3]. The high density of DNA fragments achievable on cur-
mated to be approximately 31,000, only twice that for a  rently available microarrays makes it possible to quantitate
nematode [2]. Completion of the human sequencing project ~ the mRNA levels for all human genes with 1 array experi-
was announced in 2003, with the determined nucleotide ment. Such profiling of gene expression in a given cell or tis-

sequence encompassing >99% of euchromatin with an accu- sue type promises to provide a new dimension to our under-

racy of 99.99% (http://www.ncbinlm.nih.gov/genome/guide/  standing of biology.

human). Annotation of the final sequence is still in progress Microarray analysis has been applied, for instance, to

but is expected to be completed soon. The postgenome erais  characterize the differentiation [4] and the inflammatory

therefore about to begin. response [5] of human cells. Gene expression profiling has
Compilation of the catalog of human genes has spurred  also helped to develop new classification systems for human:

the development of new technologies to investigate and char- diseases that had previously been categorized on the basis of

acterize changes—at the gene, messenger RNA (mRNA), or pathology or cell morphology. Microarray analysis of human
protein level—in the entire gene set simultaneously. Among  specimens of prostate cancer, for example, has resulted in the
identification of new biomarkers that predict poor prognosis
[6]. Characteristic patterns of gene expression, or “molecular
signatures,” are similarly expected to provide a basis for the

Correspondence and reprint requests: Hiroyuki Mano, MD, subdivision of patients with the same clinical diagnosis into
PhD, Division of Functional Genomics, Jichi Medical School, groups with distinct prognoses [7].
3311-1 Yakushiji, Kawachigun, Tochigi 329-0498, Japan; 81-285-58- Acute myeloid leukemia (AML) is characterized by the
7449; fax: 81-285-44-7322 (e-mail: hmano@jichi.ac.jp). clonal growth of immature leukemic blasts in bone marrow
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(BM) and can develop de novo or from either myelodysplas-
tic syndrome (MDS) or anticancer treatment [8]. One of the
most robust predictors of AML prognosis is blast karyotype
[9,10]. A good prognosis is thus predicted from the presence
in leukemic clones of t(8;21), t(15;17), or inv(16) chromoso-
mal rearrangements, whereas —7/7q-, 1123, or more com-
plex abnormalities are indicative of a poor outcome. Such
stratification is not informative, however, for predicting the
prognoses of patients with a normal karyotype, who consti-
tute approximately 50% of the AML population.

A clinical record of a preceding MDS phase is also an
indicator of poor prognosis for individuals with AML. Ther-
apy-related acute leukemia (TRL) can develop after the
administration of alkylating agents, topoisomerase inhibitors,
or radiotherapy. The clinical outcome of TRL is generally
worse than that of de novo AML [11], and a subset of indi-
viduals with TRL also exhibits multilineage dysplasia of
blood cells. Prediction of the outcome of and optimization of
the treatment for each AML patient would thus be facili-
tated by the ability to differentiate de novo AML from MDS-
related AML and TRL. However, dysplastic changes (in par-
ticular, dyserythropoiesis) in differentiated blood cells are
also found not infrequently in the BM of healthy elderly indi-
viduals [12]. The differential diagnosis among AML-related
disorders is therefore not always an easy task in the clinical
setting, especially if a prior record of hematopoietic parame-
ters is not available.

The application of DNA microarray analysis to AML has
the potential (1) to identify molecular markers for the differ-
ential diagnosis of AML-related disorders, (2) to provide a
basis for the subclassification of such disorders, and (3) to
yield insight into the molecular pathogenesis of AML. In this
article, I review progress related to the first 2 of these goals.

2. Identification of Molecular Markers for the
Differential Diagnosis of AML

2.1. Karyotype

Given that the current classification of AML relies on
blast karyotype, it would be informative to determine
whether karyotype is related to the gene expression profile
of blasts. In other words, is DNA microarray analysis able to
substitute for conventional karyotyping?

Schoch et al performed microarray analysis with BM
mononuclear cells (MNCs) isolated from individuals with
AML and compared the data among the patients with
£(8;21), t(15:17), or inv(16) chromosomal anomalies [13].
Each of these 3 AML subgroups was found to possess a dis-
tinct molecular signature, and it was possible to predict the
karyotype correctly on the basis of the expression level of
specific genes. The leukemic blasts of these subgroups of
AML manifest distinct differentiation abilities, however.
Blasts with t(8;21) remain as immature myeloblasts, those
with t(15;17) differentiate into promyelocytes, and those with
inv(16) differentiate into cells of the monocytic lineage. The
overall gene expression profiles of these 3 types of blasts
therefore might be substantially affected by the mRNA
repertoires of the differentiated cells present within BM. It
remains to be determined whether such “karyotype-specific”

molecular signatures are indeed dependent on karyotype or
are related to French-American-British (FAB) subtype (dif-
ferentiation ability).

The gene expression profiles of BM MNCs derived from
a large number of pediatric AML patients were examined by
Yagi et al [14]. Clustering of these patients according to the
expression pattern of the entire gene set resulted in their sep-
aration into FAB subtype-matched groups, indicative of a
prominent influence of differentiated cells within BM on the
gene expression profile. It may nevertheless prove possible
to capture bona fide karyotype-dependent genes from large
data sets with the use of sophisticated bioinformatics
approaches and then to use the expression profiles of these
genes for “pseudokaryotyping.”

Virtaneva et al purified CD34* progenitor cells from the
BM of individuals with AML and compared the gene expres-
sion profiles of the patients with a normal karyotype and
those with trisomy 8 [15]. They also compared such AML
blasts with CD34* fractions isolated from the BM of healthy
volunteers. The use of CD34* (immature) cells for microar-
ray analysis would be expected to reduce the influence of dif-
ferentiated cells within BM on the overall pattern of gene
expression. These researchers found that the AML blasts dif-
fered markedly from normal CD34* cells in terms of the gene
expression profile. However, the blasts with trisomy 8 did not
appear to differ substantially from those with a normal kary-
otype. It is possible that blasts with a normal karyotype or
those with trisomy 8 are too diverse to allow identification of
distinguishing gene markers,

2.2. De Novo AML versus MDS-Related AML

Although dysplasia is the diagnostic hallmark of MDS,
such abnormal cell morphology is also associated with other
conditions, and the subjective assessment of the extent of
dysplasia suffers from the risk of variability from physician to
physician. It is therefore desirable to identify molecular
markers that are able to distinguish de novo AML from
MDS-associated AML. It is also important to clarify whether
de novo AML and MDS-associated AML are indeed distinct
clinical entities or whether they overlap to some degree.

Although DNA microarray analysis is a promising tool
for the identification of such molecular markers able to dif-
ferentiate de novo AML from MDS-related AML, a simple
comparison of BM MNCs for these 2 conditions is likely to
be problematic. The cellular composition of BM MNCs dif-
fers markedly among individuals. Differences in the gene
expression profile between BM MNCs from a given pair of
individuals may thus reflect these differences in cell compo-
sition [16]. The elimination of such pseudopositive and
pseudonegative data necessitates the purification of back-
ground-matched cell fractions from the clinical specimens
before microarray analysis.

Given that de novo AML and MDS both result from the
transformation of hematopoietic stem cell (HSC) clones,
HSCs would be expected to be an appropriate target for
purification and gene expression analysis. With the use of an
affinity purification procedure based on the HSC-specific
surface protein CD133, also known as ACI33 [17], we have
purified CD133* HSC-like fractions from individuals with
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various hematopoietic disorders, and we have stored these
fractions in a cell depository referred to as the Blast Bank.
With such background-matched purified samples, we
attempted to identify differences in gene expression profiles
between de novo AML and MDS-associated AML [18]. To
minimize further the influence of differentiation commit-
ment of blasts toward certain lineages, we used only Blast
Bank samples with the same phenotype, the M2 subtype
according to the FAB classification. We thus characterized
the expression profiles of >12,000 genes in CD133* Blast
Bank samples from 10 patients with de novo AML of the M2
subtype as well as from 10 individuals with MDS-related
AML of the same FAB subtype.

Selection with a Student ¢ test (P < .01) and an effect size
of =5 units for discrimination between the 2 clinical condi-
tions led to the identification of 57 “diagnosis-associated
genes,” the expression profiles of which are shown in a “gene
tree” format in Figure 1A. In this format, genes with similar
expression patterns across the samples are clustered near
each other. Patients were also clustered in this tree (2-way
clustering) on the basis of the similarity of the expression
pattern of the 57 genes (dendrogram at the top). All subjects
were clustered into 2 major groups, 1 composed mostly of de
novo AML patients and the other containing predominantly
patients with MDS-associated AML. Each of these 2 main
branches contained misclassified samples, however, indicat-
ing that simple clustering was not sufficiently powerful to dif-
ferentiate the 2 clinical conditions completely. Furthermore,
this analysis might not adequately address whether de novo
AML and MDS-associated AML should be treated as dis-
tinct entities, at least from the point of view of the gene
expression profile.

Decomposition of the multidimensionality of gene
expression profiles by the application of principal compo-
nents analysis [19] or correspondence analysis [20], for exam-
ple, is often informative for such purposes. Application of the
latter method to the data set of the 57 genes reduced the
number of dimensions from 57 to 3. On the basis of the cal-
culated 3-dimensional (3D) coordinates for each sample, the
specimens were then projected into a virtual 3D space (Fig-
ure 1B). Most of the de novo AML samples were positioned
in a region of this space that was distinct from that occupied
by the MDS-associated AML specimens. However, 2 of the
former samples were localized within the MDS region. These
results suggest that de novo AML and MDS-associated AML
are distinct disorders but that the current clinical diagnostic
system is not efficient enough to separate them completely.

Instead of extracting a molecular signature from the
expression profile of multiple genes, an alternative approach
is to attempt to identify individual gene markers specific to
either de novo AML or MDS-associated AML. We used the
Blast Bank array data to identify MDS-specific markers,
defined as genes that are silent in blasts from all de novo
AML patients but are active in those from at least some
patients with MDS-related AML [16]. This approach resulted
in the identification of a single gene, DLK, that matched
these criteria. D LK is expressed in immature cells [21] and is
implicated in the maintenance of the undifferentiated state
[22]. Selective expression of DLK in MDS blasts may thus
contribute to the pathogenesis of MDS, Increased expression
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Figure 1. Correspondence analysis and 3-dimensional (3D) projection
for differential diagnosis of acute myeloid leukemia (AML). A, Two-way
hierarchical clustering for 57 disease-associated genes and 20 patients,
Each row corresponds to a single gene and each column to CD133* cells
from a patient with de novo AML (blue) or myelodysplastic syndrome
(MDS)-related AML (red). The expression level of each gene is color
coded, with a high level in red and a low level in green. B, Projection of the
20 specimens from (A) into a virtual space with 3 dimensions identified by
correspondence analysis of the 57 genes. Patients with de novo AML
(AML) were separated from those with MDS-related leukemia (MDS).
G, Projection of specimens from patients with de novo AML without dys-
plasia (AML) or de novo AML with multilineage dysplasia (MLD) into a
3-dimensional space based on correspondence analysis of differences in
gene expression. The dendrogram in (A) and 3-dimensional projections in
(B) and (C) were constructed from data in [18] and [28].
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of DLK in blasts from individuals with MDS has also been
demonstrated in other studies [18,23].

Cell fractions other than CD133* cells are also potential
targets for microarray analysis. Pellagatti et al chose periph-
eral blood neutrophils to investigate the gene expression
profiles of MDS and MDS-associated AML [24]. They iden-
tified genes whose expression was dependent on MDS sub-
type. Given the high activity of ribonuclease in neutrophils,
however, it is important to confirm the reproducibility of
expression data obtained with these cells.

2.3. Dysplasia

In addition to the dysplastic blood cells associated with
MDS, prominent dysplasia is apparent in certain individuals
with de novo AML for whom the possibility of a prior MDS
phase can be excluded [25,26]. Such de novo AML with dys-
plasia has a poor outcome with conventional chemotherapy
[27], as does MDS-related leukemia. In the revised classifi-
cation of AML by the World Health Organjzation [8], an
entity of AML with multilineage dysplasia (AML-MLD)
has been proposed; this entity probably includes both de
novo AML with dysplasia and AML secondary to MDS.
Whether such an amalgamation has clinical relevance awaits
further studies.

To clarify directly whether de novo AML-MLD is indeed
a clinical entity distinct from de novo AML without dyspla-
sia, we searched for differences between the transcriptomes
of CD133* cells derived from individuals with diagnoses of
these 2 conditions [28]. We attempted to construct a 3D view
of the samples with the coordinates calculated from corre-
spondence analysis of genes found to be associated with dys-
plasia (Figure 1C). Most cases of AML-MLD were separated
from those of AML without dysplasia in the 3D space. In
contrast to the prominent separation power of the first
dimension in Figure 1B, both the first and second dimensions
substantially contributed to separation of the samples in Fig-
ure 1C. These data indicate that de novo AML without dys-
plasia can be differentiated from de novo AML-MLD on the
basis of gene expression profiles.

3. Stratification of AML
3.1. Analysis of BM MNCs

Given that the current classification of AML is not suffi-
ciently powerful to predict the prognosis of each affected
individual, it is hoped that DNA microarray analysis will pro-
vide a better stratification scheme to separate AML patients
into prognosis-dependent subgroups. To this end, Bullinger
et al isolated MNCs from either BM or peripheral blood of
116 adult AML patients and examined the gene expression
profiles of these cells with DNA microarrays harboring
>39,000 cDNAs [29]. From the data set, they then screened
“class predictor” genes, whose expression was correlated
with the duration of patient survival. Class prediction based
on such genes separated the patients into 2 classes, and long-
term survival differed significantly between these 2 classes
for both the training set (P < .001, log-rank test) and the test
set (P = .006). This expression profile-based classification

also separated AML patients with normal karyotype into 2
classes with distinct prognoses (P = .046). Although the num-
ber of genes used for the class prediction was relatively large
(n = 133), these data demonstrated that DNA microarray
analysis is able to predict the prognosis of AML patients in a
manner independent of karyotype.

Similarly, Valk et al measured the expression levels of
approximately 13,000 genes in BM MNCs isolated from 285
patients with AML [30]. Unsupervised clustering based on
the gene expression profiles separated the patients into 16
subgroups. The prognoses of patients differed among these
clusters, but whether the ability to predict prognosis was
independent of karyotype was not addressed.

The gene expression profiles of BM MNCs from 54 pedi-
atric AML patients were compared for those individuals who
maintained complete remission (CR) for >3 years and those
who failed to enter initial CR [14]. Thirty-five genes were
identified as associated with prognosis and were used to sep-
arate the individuals into 2 groups. The difference in survival
between the 2 groups was again statistically significant (P =
.03), although whether this approach was independent of the
current classification system was not addressed.

3.2. Analysis of Purified Fractions

As described in section 2.2, microarray analysis of purified
fractions is likely to be more accurate than is that of BM
MNCs for the extraction of prognosis-associated molecular
signatures. We have analyzed the expression intensities of
approximately 33,000 genes (likely representing almost the
entire human genome) in CD133* HSC-like fractions iso-
lated from 66 patients with AML who received standard
chemotherapy. Of these patients, 51 individuals entered ini-
tial CR, whereas the remaining 15 failed to do so. Compari-
son of the data set for these 2 classes resulted in the identifi-
cation of a small number of outcome-related genes
(Yamashita et al, unpublished data). Principal components
were extracted from the gene expression patterns, and the
patients were projected into a virtual 3D space based on the
coordinates obtained by correspondence analysis. Individu-
als who entered CR were separated from those who did not
(Figure 2A), indicating that the gene expression profile of
leukemic blasts indeed differs between AML patients who
respond to chemotherapy and those who do not. In this
analysis, the separation of the 2 groups of patients was
achieved mostly in the first dimension. We therefore sepa-
rated the patients into 2 subgroups according to whether the
coordinate in the first dimension was <-0.3 or =-0.3. The
individuals in the latter group lived significantly longer than
did those in the former (Figure 2B). These data support the
feasibility of a novel stratification scheme for AML based on
the gene expression profile.

4. Conclusion

Newly developed genormics tools allow global assessment
of mRNA levels, DNA copy number, or genomic polymor-
phisms. Among these tools, DNA microarray analysis has
proved highly successful in studies of human specimens, not
only from individuals with hematopoietic disorders but also
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Figure 2. Stratification of acute myeloid leukemia (AML) on the
basis of microarray analysis of gene expression. A, Projection of speci-
mens from patients with AML who underwent initial chemotherapy-
induced complete remission (CR) and those who did not (Failure) into
a 3-dimensional space based on correspondence analysis of differences
in gene expression. B, Kaplan-Meier analysis of the subjects in (A),
revealing significantly different prognoses for the 2 classes with a coor-
dinate in the first dimension of <-0.3 or =-0.3.

from those with solid tumors or nonmalignant degenerative
diseases. Insight into many more human disorders is likely
soon to be provided by such global profiling of gene expres-
sion. It is important to bear in mind, however, that DNA
microarray data are prone to contamination with pseudopos-
itive or pseudonegative results. The efficient characterization
of AML thus appears to require optimal purification of tar-
get cell populations. Provided that experiments are designed
carefully, DNA microarray analysis is likely to shed new light
on the molecular pathogenesis of AML.
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key words DNA microarray, multiple myeloma, MGUS, CD133
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ROOGNBETHAS, 122 i8hrEEDENEM
BTERAETHILEEZLLE, BETHID
BEA ) == v FERHEERITER LIk o T
ELRHMOBIATFERMPORELE L 2B 40
o7 LALERL - 77 ABRICE W T HE R
B TRM] OBETFREELRLED, BATR
HEVHLETTHEZ P REFOT—VOhH
LREDRHHEMA 72 BET 2L FMET S
CEPLEILLR L, IOX) REBNET,
DNAY =27 Y A, #ETFHEEE (mRNARE)
BIUEAEOETOEBTITONETHA ).
Z OHTHIAE T TSR 7 MR B IR H i AT AE
THDWR TBETHEHAE] O3 Thh, 208
& IEDNAF v S CH 5.

DNAF v 73R T4 FH IR E0AED E
2, cDNAS 2 WIdEETHEROF ) TR LA
FR2EERECRELZDbOTHY, 254 FE
DT LB EEORETF ORI HERAR S —
EOEBRTHEN T8 TELEY, TTIIF—
FNR=ZALICHEET AL FOLSTFHEBEZETF 2 RE
L7ZZDNAF vy 7HHRENTEY (http://
www.affymetrix.com), TS DEEEDNAF
v T EHVAZ LT, 72k ZXEEOMN - ik
BT AERETORBNY - (BETEHAS
077 A)N) b HEHEEICIETRE 2 5.
genell [&#] £FRT [-omel W) HEEFE
17 Tgenome (7 / A) L) HEMES N
X912, transcriptiZ-omeZfML 72
transcriptome (FS VA Z YT h—L4) v
EEDLREIIHVWLNE X H I hol.

COL) RBEFRATOA I AN P TR
2T =A%z ZIZIMM & MGUS B TKAH
BAZHE 52 8T, MEZENTRELT LS

B~ — A —OFESTHRIZE D LHfES
5. F72DNAF v FIZL o THEONLEEF—
g 2 T, REOSEEMICH LR EEA
THILDUWERTHA ).

B. CD138 [F4 5 & % Fu 7= B

LL, 72& 2 3REE L MM EE B R
X (mononuclear cell: MNC) # Mgz [Lig4 3
L9 DNAF v TEBREIT) &, BINILET
YA BBEEDOLCBEITECTH L Z LiIcKD
<. EMRIEEEEMT CR%E 50 5128
s, MM EEIZBO TSR T%IC R A.
L7t CHRBMNC T 2 &, REMIR
BAZEBETIEIMMEZB BV TR B4
HEHRPFEIN TV L L) ERSTShTLE
IDTHB., ZD&) B REREE RS 7
DI, EREESETHLIEMEO L% 4
GEBLVMALLZLET, DNAFY 72k
HEBTH2ZENEETHAH. BY ¥ 85RkITEHR
BEMNE~D LIz Al R CD19, CD20
DFEBEIMET L, #12CD138, CD38 DIsH A
FEIND, FIZCDIS BT OIMmERIZB W
THRABEMRICOARBELTBY, Mo
ERAL T ADICFETH B,

ZITHRAZEDERHOWE SV —T 12w
T, #EHE, MGUSEZRUMMEBEEH LY
CD138 B B ML % fift L DNA v 712 X o
THEST L Ty FERF L. BARRE
CDI38B MM ofibRT vy 72 LT, #i
CDIBHURICHA Y — X 2 i & S g2k h 5
ABHWENT WG, Ju—YAf b A—%—%H
wizifas oMb TEETH LA, e 2L
1 x 10848 CD138 Ml % FACS I2 & o Tl
1L 2 DIREBMAET 5. FRU N THAY
— X% 7 L% BUIIRREOMBEOMIL DS 15
HLPICEIXTRECH 5. R E— XA T A2k
B HREAAL ORI Z B LIRS, 72 & ISR

S B BHEREE OB B MNC i CD138 BRI
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K1 AL HRTREANRL B EEF O

gene symbol gene description

accession no. discriminating score

IGL@ Tg A H14524 - 274
IGL@ Ig A R83196 - 181
CDSN corneodesmosin W95594 - 177
MCP membrane cofactor protein (CD46) H26673 —-1.66
IGL@ Ig A H15030 - 1.62
ABCD4 ATP-binding cassette, subfamily D, member 4 H51632 - 1.22
SAMHDI  SAM domain and HD domain, I H47862 - 107
LTBP4 latent transforming growth factor-p-binding protein 4 R73631 - 1.02
TGF3 transforming growth factor, g-3 W80655 0.73
TNFRSF6  tumor necrosis factor receptor superfamily, member 6 (CD95) AA031300 1.06
BMP2 bone morphogenetic protein 2 AAl114112 1.34
PRKCABP PRKCA-binding protein AABA1722 154
HOX11 homeobox 11 AA007444 1.61
EXTI exostoses, multiple, type 1 R13402 1.70
IGKC Ig « R71916 1.82

discriminating score (& WHE I BT 2 PR EO 5 i

ZHRTY.

2. RETTH214 T TOR

Zhan 51, EH3LH, MGUSEZ5HIE X
UMM EE 745 OER L b CD138 My E Wi
SEZAMALL, Affymetrix#t® GeneChip
HuGeneFL ¥ v 7 (~6800 &(ZF) 1= & 2T
AT o7z, FoFBRC ST OL IS B
RIZOWTD T T 21T o Twnb, Zhbit
HU8BIDF v T 7 — % B\ v T Nk Rk
BEERT 5 &, REEIE [MGUS + MM +
Nadk] LGB E 7N —TEBRT D 2 EI5F
SN, BETRBETT7 7 4 W2 X BRI
BN ENDRE oz 1),

EHIEMMMPTORY ¥ 7L oA %8 % Ve
TB5E, F3IIRENE LI CRkEAMEO S
HY TN —F (MM1~MM4) I250h5 o
EDHIS P o7z Ld MML I MGUS 125
BEVBIEFRETO 774 0% b5, MM4 i
BREMRRCR AU L 2T T 74 VE D
CLLRENT, ThbLEMMHEOI LY T
T4 TREBOFRICY V7§ 5 HEMEIRIR X
o, EBEMMIL EMMA Y 4 7RICHE L HEE

RMAEDETEH 2L 0T, MEMIIBT2RBEENREDY

PERZLBIEFE)AMTHE, DNAKERDE
BIZB D 58Iz F# [thymidylate synthase
(TYMS), mutS homolog 2 (MSH2) #] #s
MM4 7V — IR BLTWwa 2 L4
DB (£2. INLDOF—YEMMACET 5
BONEMIIE DERERE I DS TLE L T B & & B g4
BLWwrE). FLEMMAZECBTAHmMOT
BARETCThHLMP p2Isnrary v 1),
ZVTF = LNV OBINE, &I MMABC
BWTEHEL Z EBER S L.

Zhan b, MUF—% -ty bHh o EHBEH
He MMM L DL B IT->Tnb, 728 213
BREOMIBIC BV CTHRENICRET 2 (5T &
LC, cyclin-dependent kinase inhibitor 1A, c-
AblF F—VEPRBRRENICERRITE LTV
CEDHEREI N, DEOEBRERNS, BETF
FHRTOT 7AW & o TERBEMI & B %
(MGUS + MM) %RJI$ 5 Z L 3WMEETH - 7
2%, MGUS & MM & # IEHECHI RIS 2 & & |
HTH B EHWOT ORI,
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MMETEZ %

P MM4
MGUs <—— >
E3 MMBEYLTIOBEFRE7O7 74 VICk3REH CUik13 & 8z
MM B Z 7480 BH CDIS BMRIc BT 2 B8 FRATE 7 7 4V BBV TINVORBBEERLE S
%, MMI~MM4 £ COAMEOY 72 4 7R ELHPEENB T LARENT. HBMMLIZMGUS D CD138
B RE e 7 A Ve b, MM4 W EBEMR R E BT e T 7 A v E B D,

£2 MI~MIETREEFELZEETD

accession no. function gene symbol MMI (N=20) P MM4 (N=18) P x? WRS P value
D00596 DNA replication TYMS 3 18 2435  1.26 x 10¢
V35835 DNA repair PRKDC 2 17 2375 455 % 106
U77949 DNA replication CDC6 1 13 15.62  5.14 x 106
191985 DNA fragmentation DFFA 1 12 1338 626 X 105
U61145 transcription EZH2 4 15 1277 167 x 104
U20979 DNA replication CHAFIA 2 12 1075 110 x 104
U03911 DNA repair MSH2 0 9 1048  2.88 x 108
X74330 DNA replication PRIM1 0 9 1048  9.36 x 106
X12517 SnRNP SNRPC 0 9 1048 526 x 108
D85131 transcription MAZ 0 9 1048  1.08 x 105
L00634 farnesyltransferase EFNTA 10 18 977 728 X 10°

WRS: Wilcoxin rank sum test
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D. BEHMREOMMEHE

B Y EIERMEII M~ & Sbs L
RETFTTY) YEHERBICEEAT A LI
L. LPLIHIOBY ¥ oSBRES A A5 IR EEM S
BE SN TELDOIL, BRERTHHBEM
HRADGARED L) A H =AML - TR
INTVERFIEEAEDORTWRY., 20k
DEBY YO IEERROMIIZ L DNAF v
TNV NV BETHAIL, T
O£ R ARIE MM AR O EIC b BE 2 1R
k525 THhAHS.

R TOB Y ¥Rk [ UM TCD138 b
HREMEANE ML L, A THRMIMA I BT
L7z, B~k —3I v /735 E:0hTwn
519, 2 ZCZhan 5 I3RNICIEET 2 CD19
BB ¥ 3%k (76)), Rko CD138 BHRE
Mg Q180 B LOEHO CD138 G
(3141) %, #NnZNCDI9H B\ CD138 K
TAHRMUBRE —XH T A2 CTHi{LL,
Affymetrix HuGeneFL ¥ 7213 HGU9SAV2 12 C#
BFRBATOT7 7 4 VBN 2T 27210, 208
R, ThFETHSLNTWSEBY CD45, CDI9,
CD20 % D ERE~ — # — B EMIB~D5LITpE
WREBAMET L, —77CD138, CD38, CD63 %

EEEAI o THEIN D Z MRS N
7z.

Zhan S RIZHLDOFIBIETH 5 BN T
D CDI9FMEB ) 7 238kA & CD138 Myt T A
ANOFA o TRIAEDEALT B BET % M
L, R3IWRENDB L) ICBMILRIRFAR &P
BERT, 7R bN— ¥ X#HETTH 5 CASPIO,
MITaREE 1B 5 ITGA6, PECAMI %4351k
o TRIAVFEEINDLZEERLE. —F, &
LIS TSI S 2 EiEZF & L CiEER T
TH5HETSIENRD LN £/, Zoficd
HMTRERAGR T rE2h4 v, BERT R E
B4 BARTF OFBDPREATOB Y ¥ SEROH
BB LRELSEMT LI E LR SNz, Bk
W2 EICHMBEICERETAETERTTH L
MYCi&, RHEHNTOCDI38HHE~D LI fE
—HBIEB&RAT B 05, BHADOK—I VIR
LTHURHABESNLIZE LRI 7.

KIZRMEATE B AR 5 BB OB E M~ 0%
TICHECRAPHW SN BETTH LY, %3
123 % BMI1 R STCH 7% b TR BIASHME X
NZZBIZFO—IE, BRNOBATICE LEHE
SOIEMILSNE Z L bR E N, F22mHk
WTIRE BB W VE R B W T TRE
PHERENABEFELT, F4iZhsr L 108H

®3 RRATREENELT 2EETF O

accession no.  symbol function TBC TPC BPC
U60519 CASPI0  apoptosis - + +
X53586 ITGAG6 adhesion - + ++
004735 STCH chaperone + +H +H
113689 BMII transcription; repressor; PcG + ++ +H+
1.34657 PECAMI adhesion + + +H+
Ub2682 IRF4 transcription; IRF family + +HH -+
M31627 XBPI transcription; bZip family +H+ A
ABO00410  OGGI DNA glycosylase + - -
D87432 SLC7A6  solute transporter + - -
Jo4101 ETSI transcription; ets family + - -

TBC: tonsil B cell, TPC: tonsil plasma cell, BPC: bone marrow plasma cell
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