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REVIEW
DNA micro-array analysis of myelodysplastic syndrome
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Abstract

Myelodysplastic syndrome (MDS) is an enigmatic disorder characterized by ineffective hematopoiesis and dysplastic
morphology of blood cells. The clinical course of MDS consists of distinct stages, with early stages often progressing to
advanced ones or to acute myeloid leukemia (AML). Little is known of the molecular pathogenesis of MDS or of the
mechanism of its stage progression. DNA micro-array analysis, which allows simultaneous monitoring of the expression
levels of tens of thousands of genes, has the potential to provide insight into the pathophysiology of MDS. Several studies
have applied this new technology to compare gene expression profiles either between MDS and the healthy condition, among
the different stages of MDS or between MDS-derived AML and de novo AML.. Selection of an appropriate hematopoietic
fraction is important for such studies, which to date have been performed with differentiated granulocytes, CD34"
progenitors and CD133"% immature cells. These studies have revealed that each stage of MDS has its own ‘molecular
signature’, indicating the feasibility of differential diagnosis of MDS based on gene expression profile. They have also
demonstrated that the current clinical diagnosis of MDS results in the misclassification of patients with regard to these
molecular signatures.
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Introduction

Myelodysplastic syndrome (MDS) is an enigmatic
disorder that is characterized by 2 clinical mani-
festations: ineffective hematopoiesis (cytopenia in
peripheral blood despite hyper- or normal cellularity
in bone marrow) and dysplastic morphology of blood
cells [1]. MDS mostly affects the elderly, with an
incidence of 15-50 cases per 100000 people per
year [2]. Clonality in multiple lineages of blood cells
is found in individuals with MDS, suggesting that
MDS is a clonal disorder of multi-potent stem cells
in bone marrow [3].

An important aspect of MDS is that it comprises
different clinical stages. According to the World
Health Organization (WHOQO) classification of MDS
[4], affected individuals whose bone marrow con-
tains < 5% blasts are diagnosed with refractory
anemia (RA), RA with ringed sideroblasts (RARS),
refractory cytopenia with multi-lineage dysplasia
(RCMD) or refractory cytopenia with multi-lineage
dysplasia and ringed sideroblasts (RCMD-RS),
whereas those whose bone marrow contains 5-9%

or 10-19% blasts are diagnosed with RA with excess
blasts (RAEB)-1 or RAEB-2, respectively. About
10-30% of MDS patients at the early stages (RA,
RARS, RCMD or RCMD-RS) will eventually
undergo stage progression to RAEB and, subse-
quently, to acute myeloid leukemia (AML).

Despite the relatively high incidence of MDS,
its molecular pathogenesis is poorly understood
(Figure 1). Gene mutations or other genomic altera-
tions that might give rise to RA or RCMD remain to
be identified and the ineffective hematopoiesis appa-
rent in MDS patients remains to be characterized at
the molecular biological level. It is also not known
what triggers progression of early stages of MDS to
advanced ones in some individuals but not others.

Cytopenia in peripheral blood is also found in
patients with aplastic anemia (AA). Although the
bone marrow of most individuals with AA is
characterized by hypocellularity, the difference in
marrow cellularity between patients with AA and
those with RA or RCMD is not always clear. Anti-
thymocyte globulin, a standard treatment for AA, is
also effective in a sub-set of patients at the early
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Figure 1. Stage progression of MDS and its relation to other
conditions, Little is currently known of the molecular pathogenesis
of MDS or of the similarities or differences between the early
stages of MDS and aplastic anemia (AA) and between MDS-
derived AML and de novo AMIL..

stages of MDS [5], further complicating the distinc-
tion between the two disorders.

It is widely believed that AML evolved from MDS
has a poorer prognosis than does de novo AML,
suggesting that the 2 clinical entities might be distinct.
However, patients with MDS-associated AML are
often older than are those with de novo AML and tend
to possess karyotypes associated with high risk. It,
thus, remains unclear whether the prognosis of de novo
AMIL does indeed differ from that of MDS-associated
AML if patient age and karyotype are matched.

The Human Genome Project is now close to
completion, with 99% of DNA in euchromatin
having been sequenced at 99.999% accuracy (http:/
www.ncbi.nlm.nih.gov/genome/guide/human/). An-
notation of the human genome has revealed an
unexpectedly small number (20000-25000) of
protein-coding genes [6] compared with the numbers
identified in the nematode (~ 19 000 genes) [7] and
fruit fly (~ 14 000 genes) genomes [8]. The develop-
ment of DNA micro-array analysis now allows
simultaneous measurement of the level of expression
of tens of thousands of genes in a given sample [9,10].
With this approach, it is thus possible to obtain a
total gene expression profile or ‘transcriptome’ for
each of the various stages of MDS and then to
compare these profiles either among MDS stages or
with those of the healthy condition, AA or de novo
AML.. Such analysis has the potential both to identify
novel molecular markers for the differential diagnosis
of MDS vs AA or de novo AML as well as to reveal
genes that contribute to the pathogenesis of MDS. It

might also be possible to determine whether MDS
should be treated as a clinical entity distinct from AA
or de novo AML.

It is important to bear in mind, however, that
blood cells of different lineages and differentiation
levels possess markedly different transcriptomes,
even within the same individual. Any shift in cell
composition in the specimens analysed will, thus,
greatly influence the gene expression profile deter-
mined by micro-array studies [11].

Normal vs MDS

Several studies have attempted to compare transcrip-
tomes between healthy individuals and patients with
MDS in order to identify differences in gene
expression. Pellagatti et al. [12] isolated RNA from
differentiated granulocytes of 7 healthy individuals
and 21 patients with MDS (17 with RA, 2 with RARS
and 2 with RAEB according to the French-American-
British (FAB) classification). The RNA was subjected
to hybridization with a cDNA micro-array harboring
probes corresponding to ~ 6000 human genes and
the researchers identified 12 genes whose expression
was frequently up-regulated (ratio of >2.0 in >9
patients) or down-regulated (ratio of <0.5 in >10
patients) in MDS. The relevance of these genes to the
molecular diagnosis of MDS is unknown.

In contrast, Hofmann et al. [13] isolated CD34*
progenitor fractions from the bone marrow of 4
healthy subjects and 11 MDS patients (7 low-risk
and 4 high-risk according to the International
Prognostic Scoring System [14]) for analysis with
micro-arrays containing > 12 000 human probe sets.
They identified 161 genes whose expression was
down-regulated (ratio of <0.2) in low-risk MDS
patients compared with healthy subjects. They also
detected 117 genes whose expression was up-
regulated (ratio of >5) in MDS patients and 27 of
these genes encoded regulators of hematopoiesis,
including acute myeloid leukemia 1 (AMILI1), acd-
vating transcriptional factor 3 (ATF3), homeobox
7 (HOXT) and Delta-like homolog 1 (DLK1).

Chen et al. [15] also chose CD34" celis for com-
parison of transcriptomes between healthy controls
and MDS patients, specifically those with monosomy
7 or trisomy 8. CD34" progenitor cells were purified
from the bone marrow of 4 control subjects, 4 MDS
patients with trisomy 8 and 2 MDS patients with
monosomy 7 and RNA isolated from these cells was
subjected to hybridization with the same type of arrays
(Affymetrix GeneChip HGU95Av2) as those used by
Hofmann et al. [13]. Comparison of gene expression
profiles among the subjects revealed that genes -
important in immune function and inflammation
were frequently over-expressed in the MDS patients
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with trisomy 8, consistent with previous findings
implicating autoimmune activity in such patients
[16]. In contrast, genes important in cell growth were
often down-regulated in the patients with monosomy
7. These findings, thus, suggested that gene expres-
sion profiles differ between MDS blasts with trisomy
8 and those with monosomy 7.

Stage progression in MDS

A subsrantial proportion of MDS patients in early
stages of the disease, especially those with an unfavor-
able karyotype [17], undergoes progression to
advanced stages or to AML. Given that currently
available chemotherapeutic regimens for advanced
MDS are of limited efficacy, it would be clinically
advantageous to block stage progression in MDS.
Alterations of several oncogenes and tumor suppres-
sor genes have been implicated in the progression of
MDS [18]. Activating mutations of RAS genes are
thought to be the most prevalent (affecting 10-30% of
cases) of such changes in MDS [19,20]. It remains
unclear, however, whether R4S mutation occurs at the
early or late stages of MDS. Inactivation of the p53
gene is also apparentin 5-10% of MDS patients [21].
Again, however, it is not known whether loss of p53
function is an early or late event during MDS
progression. In addition, epigenetic silencing of the
pl5 gene and shortening of telomeres have been
detected in bone marrow cells of MDS patients [22].
None of these gene alterations is specific to MDS and
itis unclear which changes are the cause of MDS itself
and which are associated with stage progression.

To obtain insight into the mechanism of stage
progression of MDS, in their comparison of gene
expression profiles among healthy controls, low-
risk MDS patients and high-risk MDS patients,
Hofmann et al. [13] applied the class membership
prediction method to identify genes whose expres-
sion was linked to separation of the 3 classes. They

Table 1. Genes used for class separation of healthy individuals and
low- or high-risk patients with MDS [13].

Chromosomal
Gene symbol Accession number position
TACSTD2 Jo4152 1p32
UQCRC! 116842 3p21.3
TNNC1 M37984 3p21.3
KDELR M88458 7P
CLC 1.01664 19q13.1
H-PKL M5422 7
RGS19 Z91809
ATF3 119871 1
FARP! AI701049
GNG7 AW051450
TPD52L2 U44429 6q22-q23
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identified 11 such genes (Table 1) and a simple 2-way
clustering analysis of the study subjects based on the
expression patterns of these 11 genes clearly sepa-
rated the 3 major classes. Furthermore, a similar
clustering analysis of a second set of subjects (n=28)
also separated individuals with high-risk MDS from
those with low-risk MDS. Although the number of
study subjects was small, these data support the
notion that each stage of MDS has a characteristic
gene expression profile or ‘molecular signature’.

CD133 (also known as AC133) is a cell surface
protein that is expressed exclusively on CD34"
CD38” hematopoietic stem cells (HSCs) [23,24].
Many AML blasts also express CDI133 [25],
indicating that the differentiation of these cells is
blocked at a highly immature stage. The existence of
‘cancer stem cells’ for AML and solid tumors has
been recently demonstrated and such cells express
CD133 in brain tumors [26], as do CD34"CD38~
cells in AML, [27]. Analysis of CD133" HSC-like
fractions among MDS patients may, thus, reveal the
character of ‘MDS stem cells’. Analysis of such
fractions also has the advantage of eliminating from
micro-array data the influence of variation in cell
composition of bone marrow, which is especially
important given that different stages of MDS are
characterized by different numbers. of immature
blasts within marrow.

Ueda et al. {28] performed micro-array analysis
with CD133" cells isolated from the bone marrow of
2 healthy individuals, 11 patients with RA, 5 patients
with RAEB and 14 patients with MDS-associated
AML. Comparison of the gene expression profiles
among the different stages of MDS led to the
identification of 11 late stage (RAEB, MDS-
associated AML)-specific genes and 6 early stage
(healthy controls, RA)-specific genes. The latter set
of genes included that for PIASy, which catalyses
sumoylation of substrate proteins [29]. Loss of
expression of the PIASy gene in advanced MDS
suggested that the encoded protein might possess
anti-tumor activity. Consistent with this notion,
forced expression of PIASy in a mouse myeloid cell
line resulted in rapid induction of apoptosis when the
cells were cultured in the presence of granulocyte
colony-stimulating factor (G-CSF) (Figure 2) [28].
These results suggest that PIASy functions to restrain
cell growth and that loss of its expression may
facilitate stage progression in MDS. Loss of PIASy
expression has also been implicated in stage progres-
sion of chronic myeloid leukemia [30].

MDS-derived AML vs de novo AML

Although dysplastic morphology of blood cells is a
hallmark of MDS and MDS-derived AML, such
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Figure 2. Induction of apoptosis by PIASy. 32Dcl3 cells were infected with a control retrovirus (Mock) or with a virus that encodes human
PIASy and were then either maintained in the presence of interleukin-3 (IL-3) or exposed to G-CSF. Whereas control cells incubated with
G-CSF underwent gradual differentiation into granulocyte-like cells, those expressing PIASy died rapidly by apoptosis on exposure to

G-CSF. Reproduced with permission from Ueda et al. {28].

dysplasia is also apparent in the blood cells of some
healthy older individuals. It is, thus, sometimes
difficult to differentiate de nove AML from MDS-
derived AML in the elderly, especially in the absence
of a clinical history of the patient. Further complicat-
ing the issue, some younger patients with de novo
AML also manifest blood cell dysplasia [31,32].

To provide insight into the differences or simila-
rities between these clinical classes, Oshima et al.
purified CD133" cells from the bone marrow both of
10 patients with de novo AML of the M2 sub-type,
according to the FAB classification [33] and of 10
patients with MDS-derived AML corresponding to
the M2 sub-type [34]. They then subjected RNA
from these cells to micro-array analysis with
HGU95Av2 micro-arrays. Comparison of samples
matched for FAB sub-type was performed to mini-
mize the influence of the differentiation ability of the
blasts on gene expression profile; any differences in
gene expression identified with this approach would,
thus, be expected to be related with a high probability
to the difference in the nature of MDS-derived AML
from that of de novo AML.

Statistical analysis of the resulting expression data
(Welch’s ANOVA, p< 0.01; effect size of = 5.0
units) identified a total of 57 probe sets corresponding
to genes whose expression was associated with
diagnosis. However, a simple 2-way clustering analy-
sis of the subjects based on the expression pattern for
these probe sets failed to separate them into diag-
nosis-related sub-groups. To visualize the similarity
or difference between the 2 classes, the researchers
applied correspondence analysis, a method for
the decomposition of multi-dimensional data [35].

This approach allows not only a low-dimensional
projection of the expression profiles of numerous
genes but also measurement both of the contribution
of each gene to a given extracted dimension and of the
contribution of each extracted dimension to the total
complexity.

Correspondence analysis of the expression data for
the 57 probe sets reduced the complexity from 57 to
3 dimensions. The specimens were then projected
into a virtual space on the basis of their calculated 3-
dimensional (3D) co-ordinates (Figure 3(a)). Most
subjects with de novo AML. were localized in a region
of the space distinct from that occupied by those with
MDS-derived AML. However, 2 individuals with
de novo AML localized with those with MDS-derived
AML. These observations indicated that the tran-
scriptome of MDS-derived AML is distinct from that
of de novo AML, but that current clinical diagnosis
does not completely correlate with the difference in
transcriptomes.

A similar analysis was performed on a larger scale
by Tsutsumi et al. [36]. These researchers isolated
CD133" cells from the bone marrow of patients with
MDS-derived AML. (n=11), with de novo AML
without dysplasia (n=15), with de novo AML with
multi-lineage dysplasia (n=11) [32,37] or with
therapy-related AML (n=2). The study subjects
were not limited to a specific FAB sub-type,
however. The transcriptomes of these clinical classes
were compared with the use of HGU95Av2 arrays.
Comparison of de novo AML. without dysplasia and
MDS-derived AML led to the identification of 30
probe sets corresponding to genes whose expression
was related to diagnosis. Correspondence analysis
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Figure 3. Analysis of the difference between the transcriptomes of
MDS-related AML and de novo AML by 3D projection of study
subjects. (a) Patients with de novo AML of the M2 sub-type (green)
and those with MDS-derived AML of the M2 sub-type (red) were
projected into a virtual space on the basis of co-ordinates
calculated by correspondence analysis from the expression profiles
of 57 probe sets shown in Oshima et al. [34]. (b) Patients with
de novo AML without dysplasia (blue) and those with MDS-
derived AML (red) were projected as in (@) on the basis of co-
ordinates calculated from the expression profiles of 30 probe sets.
Modified with permission from Tsutsumi et al. [36].

and 3D projection confirmed the distinct, but
partially overlapping, gene expression profiles for
the individuals diagnosed clinically with MDS-
derived AML and those diagnosed with de nowo
AML without dysplasia (Figure 3(b)).
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Future directions

DNA micro-array analysis has provided new insight
into MDS. Such analysis allows comparison of
transcriptomes between the healthy condition and
MDS, among the distinct stages of MDS and
between MDS-derived AML and other types of
AML. The results of such studies are likely to lead to
the development of accurate means of differential
diagnosis as well as to the identification of genes that
are important determinants of the various character-
istics of MDS. DNA micro-array analysis and other
genomics approaches also may clarify whether MDS
is a single clinical entity as well as its relations to
other clonal disorder of HSCs.

As of now, however, our knowledge of MDS
provided by DNA micro-array analysis is relatively
limited and based on preliminary data. Studies with
much larger numbers of subjects than those per-
formed to date are required. It remains to be
determined both how many sub-groups of MDS
can be defined on the basis of gene expression
profiles and how these sub-groups are related to
clinical characteristics, especially to long-term prog-
nosis of patients and to the chemosensitivity of blasts.
Given that the bone marrow of individuals at distinct
stages of MDS contains different proportions of
immature blasts, fractionation of bone marrow (for
isolation of CD34" or CD133" cells, for example)
before micro-array analysis is desirable. The combi-
nation of DNA micro-array analysis and other
genomics tools should then shed new light on this
enigmatic and intractable disorder.
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Abstract

Eradication of Helicobacter pylori leads to platelet recovery in some patients with idiopathic thrombocytopenic purpura
(ITP). Therefore, the pathogenesis of a subgroup of ITP is probably associated with H pylori infection (H pylori-related ITP).
If H pylori-related ITP is a definite subgroup of ITP, specific oligoclonal T-cells might accumulate in the peripheral blood (PB).
To address this issue, we performed single-strand conformation polymorphism analysis of complementarity-determining
region 3 (CDR3) of the T-cell receptor B-chain genes of PB T-cells. Fourteen ITP patients with H pylori infection and 12 age-
adjusted healthy volunteers were studied. Of the 14 patients, 8 patients (responders) exhibited a platelet response after suc-
cessful H pylori eradication therapy, but 6 patients (nonresponders) did not. V5.2, VB15, and VB19 gene usage by clonally
expanded T-cells in PB obtained before H pylori eradication therapy was significantly higher in responders than in nonre-
sponders or healthy volunteers (VB5.2, P = .023; VB15, P = .004; VB19, P = .036). Furthermore, an abrogation of clonally
expanded T-cells was observed after therapy in some responders. These findings suggest that specific T-cell clones accumulate
in H pylori-related ITP and that such clones may be associated with immune-mediated destruction of platelets.
Int J Hematol. 2006;83:147-151. doi: 10.1532/1JH97.05119
©2006 The Japanese Society of Hematology

Key words: Idiopathic thrombocytopenic purpura (1TP); Helicobacter pylori; T-cell clonality; T-cell receptor; Single-strand
conformation polymorphism (SSCP)

1. Introduction of the T-cell receptor (TCR) B chain has demonstrated that
oligoclonal T-cells accumulate in the PB of ITP patients [15].
Idiopathic thrombocytopenic purpura (ITP) is an autoim- This result suggests that specific oligoclonally expanded
mune disorder caused by autoantibodies against platelets. T-cells that drive B-cells to produce autoantibodies against
Platelet membrane glycoproteins (GPs) such as GP IIb-1IIa platelets may be present in the PB of patients with ITP.
and GP Ib have been identified as target autoantigens. H pylori infection is prevalent among healthy people. In
Recently, many investigators reported that eradication of  Japan, the frequency of H pylori infection is greater than
Helicobacter pylori leads to platelet recovery in patients with 50% in healthy adults and 70% to 80% among elderly peo-
ITP (response rate, 33%-100%) [1-11]. However, a few inves-  ple [16]. Therefore, the occurrence of complicating H pylori
tigators have shown the opposite result {12-14]. Therefore, infection in ITP patients does not necessarily mean that
H pylori infection may play an important pathophysiological these patients have H pylori-related ITP. The diagnosis of

role in a subgroup of ITP (H pylori-related ITP). H pylori-related ITP is made retrospectively according to the
Oligoclonal T-cells that respond to antigenic stimulation platelet response following H pylori eradication therapy. If a
accumulate in the peripheral blood (PB) in autoimmune dis- patient with H pylori infection recovers from thrombocy-

eases. Single-strand conformation polymorphism (SSCP) topenia after successful eradication therapy (ie, a responder),
analysis of complementarity-determining region 3 (CDR3) a diagnosis of H pylori-related ITP can be made. On the
other hand, if a patient fails to recover from thrombocytope-
nia even after H pylori has successfully been eradicated (ie, a

Correspondence and reprint requests: Masanao Teramura, MD, nonresponder), a diagnosis of H pylori—unrelated ITP can be
Department of Haematology, Tokyo Women’s Medical University, made. If specific clonally expanded T-cells that are different
8-1, Kawada-cho, Shinjuku-ku, Tokyo, 162-8666, Japan; 81-3-3353- from those of nonresponders and healthy volunteers can be
8111; fax: 81-3-5269-7363 (e-mail: teramura@dh.twmu.ac.jp). demonstrated to be present in the PB of responders, it may
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Table 1.

Clinical and Laboratory Characteristics of 14 Patients with Idiopathic Thrombocytopenic Purpura*

3C-Urea Breath Test, %o

Platelets, x10%/L

Disease Before H After H Before H After

Patient Age, Duration, Previous pylori pylori H pylori pylori H pylori

No. y Sex mo Treatment Eradication Eradication  Eradication Eradication Eradication ~ Response
1 50 M 38 PSL 38 0.9 Yes 14 138 +
2 52 M 6 — 16 2.1 Yes 14 239 +
3 56 M 18 PSL 4 1.3 Yes 54 95 +
4 56 M 10 PSL 14.9 1.8 Yes 18 105 +
5 63 F 23 PSL, Sp 10.2 1.2 Yes 20 92 +
6 74 F 58 Vitamin C 20 1.1 Yes 49 182 +
7 74 3 6 — 19.8 1.4 Yes 35 125 +
8 76 M 11 — 3 1.2 Yes 23 95 +
9 34 F 9 PSL 43.8 0.2 Yes 52 67 -
10 43 F 133 mPSL, Dan 4.3 1 Yes 19 11 -
1M 50 F 78 — 49.3 0.6 Yes 73 66 -
12 53 F 16 —_ 10.3 1.2 Yes 70 92 -
13 58 F 60 PSL 201 1.3 Yes 31 18 -
14 61 F 63 Vitamin C 39 0.8 Yes 38 43 -

*Eight patients (nos. 1-8) showed a platelet response after Helicobacter pylori eradication therapy, and 6 patients (nos. 9-14) did not show a
platelet response after eradication therapy. PSL indicates prednisolone; Sp, splenectomy; mPSL, methylprednisolone; Dan, danazol.

be possible to show that H pylori-related ITP is indeed a def-
inite subgroup of ITP. To address this issue, we performed
SSCP analysis of TCR V3-chain genes of PB T-cells in ITP
patients with H pylori infection and investigated T-cell reper-
toire usage by the clonally expanded T-cells.

2. Materials and Methods
2.1. Patients

Fourteen patients with chronic ITP complicated by
H pylori infection were studied. The patients comprised 5 men
and 9 women with a median age of 56 years (range, 35-72
years). Chronic ITP was defined as thrombocytopenia
(platelets <100 X 10%L) lasting for at least 6 months, normal
or increased numbers of megakaryocytes in the bone mar-
row, and absence of other apparent causes of thrombocy-
topenia. H pylori infection was diagnosed by a positive value
of greater than 2.5% in the breath test using carbon 13 (¥3C)-
labeled urea [17].

H pylori infection was initially eradicated by treatment
with amoxicillin (750 mg twice daily), clarithromycin (200 mg
twice daily), and lansoprazole (30 mg twice daily) for 7 days.
After a minimum of 2 months, the *C-urea breath test was
again performed to evaluate the effect of H pylori eradica-
tion therapy. H pylori was eradicated in 12 of the 14 patients.
The 2 patients (patients 13 and 14) who failed to respond
were then successfully treated with metronidazole (250 mg
twice daily), amoxicillin (750 mg twice daily), and lansopra-
zole (30 mg twice daily). Therefore, H pylori infection was
eventually eradicated in all 14 patients.

The platelet response due to H pylori eradication was
evaluated 6 months after treatment. A response was defined
as an absolute increase in the platelet count of >30 X 10%L
from the baseline. The response criteria are based on the pre-
vious report by Vianelli et al [18]. As shown in Table 1, erad-
ication of H pylori led to a platelet response in 8 patients

(patients 1-8) but no response in 6 patients (patients 9-14).
All of the responders are now in remission with a platelet
count of >100 X 10%L for at least 34 months after treatment.

2.2. SSCP Analysis of TCR B-Chain Genes

Samples of heparinized PB were obtained from all
patients before eradication therapy. Samples were also
obtained 3 to 6 months after eradication therapy for some
patients. As a control, PB samples were also obtained from
12 age-adjusted healthy volunteers (5 men and 7 women with
a median age of 57.5 years [range, 35-72 years]) with no his-
tory of recent infection. All patients gave informed consent.

SSCP analysis of TCR B-chain genes was performed as
described elsewhere [19]. In brief, mononuclear cells were
separated from the PB samples by density-gradient centrifu-
gation over Ficoll-Paque (Amersham Biosciences, Uppsala,
Sweden), and total RNA was extracted by the acid guani-
dinium thiocyanate-phenol-chloroform method [20]. RNA
was converted to complementary DNA in a solution con-
taining 200 U reverse transcriptase (SuperScript; Gibeco
BRL, Gaithersburg, MD, USA) and 100 pmol random hexa-
mer oligonucleotide primer (Gibco BRL). For amplification
of each TCR VB gene family, a biotinylated primer for the
constant region of the B chain and a VB-specific primer were
used. The sequences of the VB-specific primers were as
described elsewhere [21]. The polymerase chain reaction was
performed with deoxynucleoside triphosphates and Tag
DNA polymerase (TaKaRa Bio, Shiga, Japan) for 35 cycles in
a thermocycler (PerkinElmer, Norwalk, CT, USA). Following
dilution and heat denaturation, amplified DNA fragments
were separated on the basis of differences in their single-
strand conformation by electrophoresis on nondenaturing
4% polyacrylamide gels containing 10% glycerol. The elec-
trophoresed DNA fragments were transferred to membranes
(GeneScreen; NEN Life Science Products, Boston, MA,
USA) and visualized by subsequent incubations with strep-
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tavidin, biotinylated alkaline phosphatase, and a chemilumi-
nescent substrate system (Phototope-Star Detection Kkit;
New England BioLabs, Beverly, MA, USA). We counted dis-
tinct bands as corresponding to clonal T-cell expansions.
Although bands usually were easily recognized visually, a
densitometer (ACD-25DX; ATTO Technology, Tokyo,
Japan) was also used to confirm the presence of the bands. If
one or more distinct bands were present in a certain VB gene
family, the existence of clonally expanded T-cells was demon-
strated. The presence of clonally expanded T-cells in each
TCR VB gene family was individually assessed, and then the
proportion of patients (or healthy volunteers) with clonally
expanded T-cells was calculated for each TCR V gene.

2.3. DNA Sequencing

TCR Vp gene transcripts obtained before and after erad-
ication therapy from one patient who had recovered from
thrombocytopenia after H pylori eradication were extracted
from the SSCP gel and cloned with a TA cloning kit (Invitro-
gen, Carlsbad, CA, USA). Approximately 20 plaques were
randomly chosen and subjected to dideoxy direct sequencing.

2.4. Statistical Analysis

Differences in proportions among the groups were eval-
uated by the Kruskal-Wallis test, the Student ¢ test, or the
chi-square test. A P value <.05 was considered statistically
significant.

3. Results

3.1. Analysis of the Clonally Expanded T-Cells in ITP
Patients with H pylori Infection

We performed SSCP analyses of 20 major TCR VB gene
families in patients with H pylori infection to investigate
whether clonally expanded T-cells were present in PB. The
median number of TCR VP gene families with clonally
expanded T-cells in responders, nonresponders, and healthy
subjects was 7 (range, 1-21), 3.5 (range, 2-11), and 4 (range,
1-6), respectively. The number of VB gene families with clon-
ally expanded T-cells was significantly greater in responders
(P =.032).

TCR V§ subfamilies that frequently (>50% of cases)
revealed clonally expanded T-cells were observed in 7 fami-
lies (VB1, VB2, VB5.2, VPB7, VB11, VB15, and VB19) in
responders, 2 families (VB1 and VB5.1) in nonresponders,
and 3 families (VB7, VB10, and VB11) in healthy volunteers
(Figure 1). We analyzed the differences in VB usage of clon-
ally expanded T-cells among responders, nonresponders, and
healthy volunteers and found that the usage of VB5.2, VB15,
and VB19 genes of clonally expanded T-cells was significantly
higher in responders than in nonresponders or healthy vol-
unteers (VB5.2, P = .023; VR15, P = .004; VB19, P = .036). We
investigated whether the distinct bands in the SSCP analysis
of VB5.2 (patients 1, 2, 3, and 6), VB15 (patients 3, 4, and 8),
or VB19 (patients 3, 6, and 8) genes that were found in some
responders before therapy disappeared after therapy. Disap-
pearance of distinct bands from V5.2, VB15, and VB19
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Figure 1. T-cell receptor (TCR) VB subfamily usage by clonally accu-
mulated T-cells for responders, nonresponders, and healthy volunteers.
Peripheral blood samples from patients with idiopathic thrombocy-
topenic purpura were obtained before eradication therapy and ana-
lyzed. If one or more distinct bands for a given V3 gene were present in
the single-strand conformation polymorphism analysis, the existence of
clonally expanded T-cells was confirmed. The presence of clonally
expanded T-cells for each TCR VB gene was individually assessed, and
then the proportion of patients {or healthy volunteers) with clonal T-cell
expansion was calculated for each TCR VB gene. Responders indicates
patients who recovered from thrombocytopenia after successful Heli-
cobacter pylori eradication; nonresponders, patients who failed to
recover from thrombocytopenia even after H pylori was successfully
eradicated. *VB5.2, VB15, and VB19 gene usage was significantly higher
in responders than in nonresponders or healthy volunteers (P = .023,
.004, and .036, respectively).

genes was observed in none of 4 responders, 1 (patient 3) of
3 responders, and 1 (patient 3) of 3 responders, respectively
(data not shown).

We compared nonresponders and healthy volunteers with
respect to VB usage by clonally expanded T-cells and found
VB3,VB4,VB5.1,and VB8 gene usage to be significantly higher
in nonresponders (P = .034, .034, .034, and .034, respectively).

3.2. DNA Sequencing of TCR CDR3

In a patient (patient 1) who recovered from thrombocy-
topenia after H pylori eradication, the distinct band that was
seen in the SSCP analysis of the VB8 gene before eradication
therapy disappeared after eradication therapy (Figure 2). To
confirm the disappearance of clonally expanded T-cells in
V@8 following H pylori eradication, we determined the
CDR3 DNA sequences of the TCR VP genes. In the sample
obtained before H pylori eradication, all 18 subcloned genes
showed the same sequence. However, in the sample obtained
after H pylori eradication, all 19 subcloned genes showed dif-
ferent sequences, and none of these sequences were identical
to the sequence seen before H pylori eradication (Table 2).

4. Discussion

We performed an SSCP analysis of TCR VB-chain genes
of PB T-cells from ITP patients with H pylori infection and
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Table 2.

Deduced Amino Acid Sequences of the T-Cell Receptor (TCR) B Chains
Carrying the VB Gene Segment Derived from the Peripheral Blood of
Patient 1

1B (Gene
Segment)

TCR B

VB8 nbn Chains, n

Before Helicobacter
pylori eradication

12

3 45152 6 7 8 % 101 21311321415 16 17 18 1y 20

CASS FSYCSA NYGYT (J152) 18 (100%)
After Helicobacter
pylori eradication
CASSL AWSGRY TGELF (J252) 1(5.3%)
CAS RTTGG SYEQY (J257) 1(5.3%)
CASS FSGGR ETQYF (J255) 1(53%)
CASS KTGYE QYFGP (J2S3) 1(5.3%)
CAS SRLAGGHPPT QYFGP (J257) 1(53%)
CAS TRPEGGT YNEQFF (J251) 1(5.3%)
CAS EEG NTEAF (J151) 1(5.3%)
CAS SRFPAGA YEQYF (J257) 1(5.3%)
CA SRPLAP QETQYF (J255) 1(5.3%)
CASS SATV SYEQY (J257) 1(5.3%)
CASS PRLDG SYEQY (J257) 1(5.3%)
CASS RDFRA NYGYT (J152) 1(53%)
CASS FGGTAR QETQYF (J255) 1(5.3%)
CASS GTGTTSD EQFFGPG (J251) 1(5.3%)
CASSL RPY QPQHFG (J155) 1(5.3%)
CAS QGQOH NSPLHF (J156) 1(5.3%)
CAS NRLAGGHP DTQYFGP (J253) 1(53%)
CASSL ELQDGYA FGSGTRL (J152) 1(5.3%)
CAS RL SGANVLT (J256) 1(5.3%)

203 43152 6 7 8 9 101 IRI3I1321415 1617 1219 20

B2

Figure 2. Single-strand conformation polymorphism analysis of T-cell
receptor (TCR) VB genes in peripheral blood T-cells. The number at the
top of each lane indicates the TCR V3 gene subfamily. Results obtained
from a typical healthy control subject (A) and patient 1 (responder) (B)
are shown. In patient 1, a distinct band for the VB8 gene segment present
before Helicobacter pylori eradication (B-1) disappeared after H pylori
eradication (B-2) (arrows).

investigated T-cell repertoire usage by clonally expanded
T-cells. The number of TCR VB gene families with clonally
expanded T-cells was significantly higher in the patients with
H pylori infection who subsequently recovered from throm-
bocytopenia after successful eradication therapy (respon-
ders) than in the patients who failed to recover from throm-
bocytopenia after successful eradication therapy
(nonresponders). In addition, the usage of VB5.2, VB15, and

VB19 genes by clonally expanded T-cells was significantly
higher in responders than in nonresponders. This difference
notably does not derive from the presence or absence of
H pylori infection, because all of the patients had been
infected with H pylori. These results suggest that some clon-
ally expanded T-cells with specific TCR VB subfamily usage
are present in patients with H pylori-related ITP. Distinct
bands seen in the SSCP analysis of VB genes before H pylori
eradication therapy in some of the responders disappeared
after H pylori eradication therapy. Furthermore, we con-
firmed the disappearance of clonally expanded T-cells after
H pylori eradication therapy in a patient with H pylori-
related ITP by analyzing the DNA sequences of CDR3 of VB
genes. Our results indicate that clonally expanded T-cells
were abrogated by H pylori eradication and suggest that the
disappearance of clonally expanded T-cells was responsible
for platelet recovery.

H pylori infection is associated with various autoimmune
diseases, including rheumatoid arthritis, Sjogren syndrome,
and autoimmune hypothyroidism [22-25]. Clinical data from
patients with these disorders raise the possibility that
immune reactions against H pylori have pivotal roles in the
onset of autoimmune diseases. As for H pylori-related ITP,
why H pylori eradication is able to induce platelet recovery
is unknown. However, one possible explanation is that anti-
H pylori antibodies bind to platelets in the presence of cross-
mimicry between platelet surface antigens and H pylori
antigens, resulting in platelet destruction. This speculation is
supported by recent work demonstrating that platelet-
associated immunoglobulin possesses cross-reactivity to
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H pylori cytotoxin-associated gene A (CagA) [26]. If this
mechanism operates in H pylori-related ITP, it strongly sug-
gests that H pylori eradication induces a reduction in the
T-cell clones against CagA that drive B-cells to produce
cross-reactive antibodies, resulting in the reduction of cross-
reactive antibodies. Our data demonstrating the subsequent
disappearance of clonally expanded T-cells after H pylori
eradication support this speculation.

Cytotoxic T-cell-mediated lysis of autologous platelets
has recently been demonstrated in active ITP, and
T-cell-mediated cytotoxicity has been suggested to be an
alternative mechanism of platelet destruction in ITP [27].
Therefore, it is also possible that clonally expanded T-cells
observed in H pylori-related ITP are cytotoxic T-cells against
H pylori with cross-reactivity to platelets.

In conclusion, our findings suggest that specific T-cell
clones accumulate in H pylori-related ITP and that these
clones may be associated with immune-mediated platelet
destruction. Further studies are needed to elucidate the role
of the clonally expanded T-cells observed in H pylori-
related ITP.
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Peroxisome proliferator-activated receptor vy ligands
stimulate myeloid differentiation and lipogenensis in
human leukemia NB4 cells
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Peroxisome proliferator-activated receptor v (PPARY) plays a central role in adipocyte and macrophage
differentiation. Pioglitazone (Actos, AD4833), an antidiabetic drug, and 15-deoxy-A™"-prostaglandin J2
(PGJ2) have recently been identified as synthetic and natural ligands for PPARY, respectively. In this study,
we examined the effects of PPARy ligands on differentiation and lipogenesis in promyelocytic leukemia NB4
cells, in which PPARYy protein was expressed and ligand-stimulated PPARy-specific transcription of adipocyte
fatty-acid binding protein was confirmed. Treatment with PPARYy ligand (AD4833 or PGJ2) alone markedly
suppressed proliferation but did not induce differentiation. The combined treatment of the cells with PPARy
ligand and all-trans retinoic acid (ATRA) synergistically induced myelocytic differentiation, as determined by
nitroblue tetrazolium reducing ability and cell morphology. During these processes of differentiation, we
observed marked accumulation of lipid droplets in the cytoplasm. The cellular triacylglycerol levels increased
2.7-fold after treatment with the inducers. Simultaneously, BODIPY-fatty acid was incorporated into the cytosol
and concentrated in lipid droplets. The biosynthesis of triacylglycerol-containing BODIPY-fatty acids was
increased twofold in differentiated cells. These findings clearly demonstrate that treatment with PPARyligands
not only induced differentiation but also stimulated lipogenesis in NB4 cells, indicating a close association
between differentiation and lipogenesis in PPARy-stimulated human myeloid cells.

Key words: differentiation, lipogenesis, NB4 cell, pioglitazone, PPARy ligand.

fatty acids, the prostaglandin D2 metabolite 15-deoxy-

Introduction A'®*.prostaglandin J2 (PGJ2), and antidiabetic drugs

Peroxisome proliferator-activated receptor v (PPARY)
is a member of the nuclear receptor superfamily and
is a ligand-dependent transcription factor (Kliewer et al.
1992a; Kliewer et al. 1992b). This receptor functions
as a central regulator in the process of adipocyte
or macrophage differentiation as well as in lipid and
glucose metabolism (Nagy et al. 1998; Tontonoz et al.
1998; Rosen et al. 1999). lts ligands include modified

Etsuko Yasugi and Akiko Horiuchi contributed equally to this work.

*Author to whom all correspondence should be addressed.

Email: e-yasugi@umin.ac.jp

Received 5 December 2005; revised 18 January 2006;
accepted 19 January 2006.

such as thiazolidione, rosiglitazone or pioglitazone
(Forman et al. 1995; Lehmann et al. 1995; Nagy ef al.
1998). PPARy binds to DNA as a heterodimer with
the retinoid X receptor {(RXR). This heterodimer is also
activated by RXR ligands (Kliewer et al. 1992b; Gearing
et al. 1993). Together, ligands specific for PPARy and
RXR can synergistically activate transcription and
promote adipocyte differentiation in culture (Schulman
et al. 1998; Thuillier et al. 1998).

In several myelocytic cell lines, such as HL-60, U937
and NB4, all-trans retinoic acid (ATRA), which binds to
retinoic acid receptors (RAR), induces differentiation
of these immature myeloid cells into mature phagocytic
cells (Breitman et al. 1980; Hu et al. 1993). ATRA has
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been used successfully for the treatment of patients
with acute promyelocytic leukemia (APL; Huang et al.
1988; Degos 1992). However, this therapy has one
problem, that is, the prolonged use of a high dose of
ATRA provoked expression of cytosolic retinoic acid-
binding proteins, which resulted in the leukemic celis
becoming resistant to the induction of differentiation
(Cornic et al. 1992). 9-cis-Retinoic acid (9-cis RA),
an isomer of ATRA that can bind both RAR and RXR,
also proved to be potent in inducing differentiation
(Kizaki et al. 1993; Sakashita et al. 1993). In addition,
Evans et al. reported that the combination of a PPARy
ligand and an RXRa ligand induced monocytic
differentiation of some myeloid leukemia cell lines
(HL-60 and THP-1) (Nagy et al. 1998; Tontonoz et al.
1998). Therefore, we considered that the combination
of PPARy ligands with retinoids, not only RXR ligands
but also RAR ligands, might have synergetic effects
on differentiation in the APL cell line NB4.

Peroxisome proliferator-activated receptor vy functions
as a transcriptional regulator of genes related to
lipid metabolism. Known targets of PPARYy include the
genes encoding adipocyte fatty acid binding protein
(aP2), phosphoenoylpyruvate carboxykinase, lipoprotein
lipase, and the brown fat uncoupling protein UCP1
(Tontonoz et al. 1998). PPARY is expressed at high levels
in adipose tissues and serves as a central regulator
of the process of adipocyte differentiation (Chawla et al.
1994; Tontonoz et al. 1994). This transcription factor
may also play an important role in the regulation of
lipid metabolism in other cell types, such as cells in
mammary and colonic epithelia (Mueller et al. 1998)
and monocyte/macrophages (Tontonoz et al. 1998).
These facts led us to study the effects of PPARy
ligands in combination with a retinoid on lipogenesis
in human myeloid NB4 cells.

In this study, we investigated the combined effects
of ATRA (RAR ligand) and PPARYy ligands on human
myeloid NB4 celis. Two major cell biological phenomena
on which we focused were differentiation and
lipogenesis, since RAR and PPARYy play important roles
in both of these biological phenomena in human myeloid
cells, and therefore we can explore possible linkage
between them in our in vitro assay system. Our data
showed that pioglitazone or PGJ2 in conjunction with
ATRA inhibited clonal proliferation and potently induced
the differentiation of NB4 cells to granulocytic matura-
tion. Furthermore, cells exposed to the combination of
PPARy ligand and ATRA accumulated lipid droplets.
The levels and biosynthesis of triacylglycerol in the cells
increased markedly after differentiation. Taken together,
these findings show that treatment with PPARYy ligand
and ATRA exerted synergistic effects on differentiation
and lipogenesis in NB4 cells.

Materials and methods
Chemicals

All-trans retinoic acid, PGJ2, and the synthetic PPARy
ligand pioglitazone (Actos, AD4833) were obtained
from Sigma-Aldrich (St Louis, MO, USA), Cayman
Chemical (Ann Arbor, MI, USA) and Takeda Chemical
Industries, (Tokyo, Japan), respectively. These reagents
were dissolved in ethanol. PPARy antagonist (GW3662),
RXR antagonist (HX531) and RXR agonists (LG 100268,
PAQ24) were synthesized (Boehm et al. 1995; Ebisawa
et al. 1999; Ohta et al. 2000; Willson et al. 2001). PPARy
antagonist (BADGE) was obtained from Cayman
Chemicals. All antagonists and agonists were dissolved
in ethanol. Diluent alone had no effect on the proliferation
or differentiation of leukemia cell lines. BODIPY FL dode-
canoic acid (BODIPY-FL-C12), cholesteryl BODIPY FL
C12 and nile red were from Molecular Probes (Eugene,
OR, USA). Triacylglycerol-containing BODIPY-FL-C12 was
synthesized from 1, 2-diacylglyceride (Funakoshi
Co., Tokyo, Japan) and BODIPY-FL-C12 using Lipase
D derived from Rhizopus delemar (Amano Pharma-
ceutical Co., Nagoya, Japan). Anti-PPARy (H-100)
antibody was obtained from Santa-Cruz Biotechnology
(Santa Cruz, CA, USA).

Cell culture

Human myelocytic leukemia cell lines (NB4 and HL-60)
were grown in RPMI-1640 medium (Sigma-Ardrich) with
10% fetal calf serum (FCS; JRH Biosciences, Lenexa,
KS, USA) at 37°C in an atmosphere of 5% CQO,. Cell
suspension (4 x 10* cells/mL) in RPMI-1640 medium
containing 10% FCS was placed in each well of 8-well
plates or 24-well plates. PPARYy ligand and ATRA were
added to the culture medium. The cells were incubated
for the indicated periods and harvested for experiments.
To examine the effect of antagonists, the cells were
pretreated with antagonist for 8 h prior to treatment.

Assessment of cell proliferation and differentiation

Cell growth after various treatments was assessed by
counting viable cells under a phase contrast micro-
scope {Olympus CK40; Olympus, Tokyo, Japan).
Differentiation of leukemia cells was examined by
assessing their ability to produce superoxide, as
measured by reduction of nitroblue tetrazolium (NBT,
Nacarai Tesgue, Kyoto, Japan). For analysis of the
ability to reduce NBT, samples of cultured cells were
washed once and then suspended in RPMI-1640 me-
dium supplemented with 10% FCS containing 1 mg/mL.
NBT and 100 ng/mL 12-O-tetradecanoylphorbol 13-
acetate (Sigma) for 30 min at 37°C. Cells containing
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formazan blue-black deposits were detected light
microscopy (Olympus BX-51) and counted. To further
confirm cell differentiation, cytocentrifuged prepara-
tions of cells were stained with Wright-Giemsa solution
and observed under a light microscope.

Ultrastructural analysis

For morphological observation of differentiation and
lipid droplets, electron microscopy was used. Methods
of fixation, staining, embedding and sectioning were
described previously (Yasugi etal. 2002). Sections
were examined with an electron microscope (JEOL
JEM1010; JEOL, Tokyo, Japan) and images were taken
with the Imaging Plate system (PIX system 20; JEOL).

Preparation of cell lysates, gel electrophoresis and
immunoblotting

Cell pellets were suspended in 1x sample buffer and
mixed vigorously. The cell suspension was heated
for 5 min at 100°C and then frozen at —20°C until use.
Proteins were separated by electrophoresis in a 10%
sodium dodecy! sulfate-polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride membrane in
blotting buffer. After transfer, the membrane was
blocked with 5% non-fat dry milk in phosphate-
buffered saline (PBS) for 1 h at room temperature.
After incubation with primary antibody against PPARY,
horseradish peroxidase-conjugated secondary antibody
followed by the enhanced chemiluminescence (ECL)
system from Amersham Biosciences (Piscataway, NJ,
USA) were used for detection.

RNA analysis

Total RNA was obtained from cells using an RNeasy
mini kit (QIAGEN, Hilden, Germany). The first strand
cDNA was synthesized from 1 ug of total RNA using
the Super Script Il Transcriptase (Invitrogen Japan,
Tokyo, Japan). For the polymerase chain reaction (PCR)
assay, 1 uL of cDNA was used in a total volume of
50 ulL containing 1x reaction buffer, 0.2 mm dNTP, 20
pmol of each primer, and 0.25 U of Ex Taqg polymerase
(Takara Bio., Otsu, Japan). PCR was performed in a
GeneAmp PCR system 9600 (Applied Biosystems,
Foster City, CA, USA) with the following temperature
profile: denaturation at 95°C, primer annealing at 55°C,
and primer extension at 72°C, each for 30 s. After an
initial denaturation (95°C, 5 min), the cycle was per-
formed 30 times, followed by a final extension step
for 7 min at 72°C. The primers used for aP2 (Genbank
accession number J02874) were as follows: sense
primer, 5-TCCAGTGAAAACTTTGATGATTAT-3; antisense

primer, 5-ACGCATTCCACCACCAGTTTA-3Y); as described
before (Zilberfarb et al. 2001). The expected size of the
PCR product was 320 bp. PCR products were visualized
on a 2% agarose gel by ethidium bromide staining.

Lipid droplet staining in cells

Cells were fixed with 1% paraformaldehyde in PBS for
30 min at room temperature and washed with PBS.
For detection of lipid droplets, the cells were stained
with nile red at a final concentration of 0.1 ug/mL for
30 min at room temperature, and examined with a
fluorescence microscope (Olympus BX-51). The
cell morphology in the same fluorescent image was
observed under a light microscope with Nomarski
differential interference contrast (DIC). The fluorescent
and DIC images of cells were captured by Aquacos-
mos (version 2.01) from a digital camera C4742-95
(Hamamatsu Photonics, Hamamatsu, Japan).

Quantitation of triacylglycerol

Each sample of cells was harvested after 4 days of
treatment with PPARY ligand and ATRA, and sonicated
in water, Lipids were extracted from the homogenate
with methanol-chloroform-water (2:1:0.8, v/v). Extracted
lipid was evaporated to dryness and dissolved in
chloroform-methanol (2:1, v/v). Total lipid was applied
to a high performance thin-layer chromatography
(HPTLC) silica gel plate (Kieselgel 60; Merk & Co.,
Whitehouse Station, NJ, USA). For detection of neutral
lipid, the plate was developed with a solvent mixture
of hexane-ethylacetate (1:1, v/v) and was stained with
Morstein reagent (10% sulfuric acid solution containing
0.1% cesium sulfate and 5% ammonium pentamolyb-
date). Levels of triacylglycerol in cells were quantified
enzymatically using a Triglyceride G-test Wako kit
(Wako Pure Chemical Industries, Osaka, Japan).

Metabolism of fluorescent fatty acid analogues in NB4
cells

After treatment with PPARYy ligand and ATRA for 3 days,
cells in 96-well plates were incubated in RPMI medium
containing BODIPY-FL-C12 (10 ng/mL) for 2min at
room temperature. After washing, cells were subse-
quently chased in RPMI medium at room temperature
for various periods and examined using a fluorescence
microscope. The intensity of incorporated BODIPY-
FL-C12 fluorescence in the cells was analyzed using
a Fluorimager 595 (Amersham Biosciences).

For detection of triacylglycerol synthesis, cells were
incubated with BODIPY-FL-C12 for 10 min at room
temperature, washed and further incubated for
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30 min at 37°C. Lipids extracted from the cells were
separated on HPTLC plates with a solvent mixture of
hexane-diethylether (1:1, v/v), visualized using a
Fluorimager 595, and quantified as percentage using
Image Quant software.

Triacylglycerol synthesis was assayed in vitro in a
final volume of 300 pulL containing 16 um BODIPY-FL-
C12, 36 um coenzyme A sodium salt, 0.5m Tris-HCI
buffer (pH 7.5) and cell homogenate (125 ug of
protein) as an enzyme source. Glycerol and dihy-
droxyacetone phosphate lithium salt were used as
substrates. Incubation was carried out for 30 min at
room temperature and terminated by the addition of
2mbL of ethyl acetate. Lipids were extracted twice
with ethyl acetate for 2min by vigorously shaking.
Then the combined organic phases were applied to
HPTLC plates. Triacylglycero! containing BODIPY-FL-
C12 was visualized with a Fluorlmager 595 and its
amount was estimated as described above.

Protein determination

Protein content was measured using the BCA Protein
Assay Reagent (Pierce, Rockford, 1L, USA).

Statistical analysis

Statistical significance was determined by using
Student’s ttest (two-tailed) to compare the two
groups of data sets. Asterisks shown in the figures
and tables indicate significant differences between
experimental conditions and the corresponding
control condition.

Resuits

Presence of peroxisome proliferator-activated
receptor y protein and the growth-suppressive effect
of peroxisome proliferator-activated receptor yligands
in myeloid cells

Peroxisome proliferator-activated receptor y protein in
untreated and differentiated NB4 cells was detected
by western blotting. The relative molecular mass of the
PPARYy protein was 52 KDa. The expression of PPARy
protein was found in untreated cells. Treatment with
PPARy ligand alone or with a combination of PPARy
ligand and ATRA for 2 days (Fig. 1) or 4 days (data
not shown) resulted in expression levels equivalent
to those in untreated cells.

The effects of PPARy ligand and ATRA on the
proliferation of NB4 cells are shown in Table 1. PPARy
ligand (PGJ2 (4 um) or AD4833 (50 um)) alone caused
a dramatic decrease of cell growth after 4 days of

PPARY-
B-tiibulizs s

Fig. 1. Intracellular levels of peroxisome proliferator-activated
receptor y (PPARY) protein in NB4 celis. Cells were treated with
PPARy ligand and/or all-trans retinoic acid (ATRA) for 2 days,
and then whole cell extracts were subjected to western blot
analysis. 1, Control; 2, 1 pum ATRA; 3, 4 um 15-deoxy-A12,14-
prostaglandin J2 (PGJ2); 4, 50 uv AD4833; 5, 1 uM ATRA + 4 um
PGJ2; 6, 1 um ATRA + 50 um AD4833.

Table 1. Effects of peroxisome proliferator-activated receptor y
ligands on NB4 cell growth

Treatment Cell number (x10%)
Untreated 106.0+4.3
1 nm ATRA 79.5+35
4 um PGJ2 347126
50 um AD4833 47.0x5.2
1np ATRA + 4 um PGJ2 26.7+0.9
1 nm ATRA + 50 um AD4833 31.7+£33

Cell number was counted after 4 days of treatment. Values
are mean + SD. ATRA, all-trans retinoic acid; PGJ2, 15-deoxy-
A12,14-prostaglandin J2.

incubation, though ATRA (1 nm) had less effect. Com-
bined treatment with ATRA plus PGJ2 or AD4833
caused a further decrease in the number of viable cells.

Peroxisome proliferator-activated receptor y ligand
and all-trans retinoic acid cooperate to promote NB4
differentiation

The differentiation of NB4 cells was evaluated by
assessing the ability to reduce NBT, Wright-Giemsa
staining and electron microscopic observation. With
regard to NBT-reducing activity, neither PGJ2 nor
AD4833 alone increased the activity of cells (data
not shown). The combined treatment of cells with
ATRA (1 nm) and PPARYy ligand strongly enhanced the
NBT-reducing activity. More than 90% of cells treated
with PPARYy ligand plus ATRA cells were positive for
this activity, although ATRA-treated cells showed only
22% positivity (Fig. 2a). A high concentration of ATRA
(1 um) alone resulted in 96% of the cells being pos-
itive for NBT-reducing activity. In HL-60 cells, similar
effects of PPARYy ligands and ATRA on differentiation
were observed, although treatment with PGJ2 or AD4833
alone induced differentiation in these cells (Fig. 2b).

Next, the granulocytic differentiation of NB4 cells
was morphologically confirmed by Wright-Giemsa
staining (Fig. 3A). The cells treated with ATRA (1 nm)
and PPARYy ligand showed lobulated kidney-bean or
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(@)

Control
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Fig. 2. Effects of peroxisome proliferator-activated receptor vy
(PPARY) ligands on nitroblue tetrazolium (NBT)-reducing activity
in human myeloid cells. The NBT-reducing activities of NB4 (a)
and HL-60 cells (b) were determined after 4 days of treatment
with the indicated reagents. The activities are expressed as the
percentage of NBT-positive cells. Results are representative of
three experiments and are expressed as mean * SD. (a) ATRA,
1 nm all-trans retinoic acid (ATRA); PG, 4 um 15-deoxy-A12,14-
prostaglandin J2 (PGJ2); AD, 50 um AD4833. (b) ATRA, 1um
ATRA; PG, 4 um PGJ2; AD, 50 um AD4833.

horse-shoe-shaped nuclei that are characteristic of
granulocytes. The cytoplasm of those cells contained
many white vacuoles and was stained white, in
contrast to the blue cytoplasm of control cells. Further-
more ultrastructural observation showed that the
combined treatment of cells with PPARYy ligand and
ATRA (1 nm) induced irregularly lobulated nuclei and
condensation of heterochromatin along the nuclear
membrane (Fig. 3B). These results clearly indicate
that PPARy ligand and ATRA showed synergistic
effects on granulocytic differentiation of NB4 cells.

Effects of peroxisome proliferator-activated receptor y
and retinoid X receptor antagonists on differentiation
of NB4 cells

To confirm that the differentiation of NB4 cells is
mediated through the PPARYy pathway, we used
antagonists of PPARy and RXR, such as GW9662
(Willson et al. 2001), BADGE (Wright et al. 2000) and
HX531. HX531 works as an RXR antagonist (Ebisawa
et al. 1999) but also as a potential PPARY/RXR
inhibitor (Yamauchi et al. 2001). The effects of PPARy
and RXR antagonists were evaluated in terms of the
induced-differentiation of NB4 cells as determined
by the NBT reduction assay. Their effects on ATRA
ligand- and PPARYy ligand-induced NB4 differentiation
are summarized in Table 2. All three antagonists showed
inhibitory effects on the differentiation induced by the
combination of ATRA and PPARYy ligands. In contrast,
PPARy antagonists did not exert an inhibitory effect
on the differentiation of NB4 cells induced by ATRA

Fig.3. Morphological observation of NB4
cells treated with peroxisome proliferator-
activated receptor y (PPARY) ligand and/or
all-trans retinoic acid (ATRA). The cells were
treated for 4 days with ATRA (1 nm), PG (4 pm
15-deoxy-A12,14-prostaglandin J2), AD (50 pm
AD4833), individually or combined. (A) Wright-
Giemsa staining. Bar, 20 um (B) Ultrastructural
observation. Arrowhead and arrow indicate
nucleus and lipid droplet, respectively. Bar,
4 um. Right panel is higher magnification of the
lipid droplet. Bar, 0.5 um.
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Table 2. Effects of peroxisome proliferator-activated receptor y antagonists on NB4 differentiation

None HX531 GW96e62 BADGE
1 um ATRA 96.1+£22 96.0+£2.0 97.1+£0.2 94.3+2.1
1nm ATRA 220+3.2 120x2.2" 16.5+8.8 265+3.4
1nm ATRA + 0.5 um PGJ2 39.4+£4.9 28.7 £3.3*
1 v ATRA + 2 um PGJ2 917147 16.3+£1.0™ 19.2 3.8 922+2.1
1 nm ATRA + 50 um AD4833 90458 3.2+0.6™ 56+£0.8™ 26.3+6.9

Concentration of each antagonist was 1 um. Values are expressed as percent of NBT-positive cells. Values are mean * SD.
Probabilities were calculated for the percentages of NBT-positive cells with and without peroxisome proliferator-activated receptor ¥
antagonist. *F < 0.05, **P < 0.01, **P < 0.001. ATRA, all-trans retinoic acid; PGJ2, 15-deoxy-A 2 *-prostaglandin J2.

Table 3. Effects of retinoic X receptor agonists on NB4
differentiation

LG 100268 PAQ24
None 0.8+0.1 29+0.7
4 um PGJ2 748 £7.4* 26.3+£54*
50 um AD4833 17.0£1.3*" 13.3+3.5*

Concentration of each agonist was 1 um. Values are expressed
as percent of NBT-positive cells. Values are mean + SD. Probabilities
were calculated for the percentages of NBT-positive cells with
and without peroxisome proliferator-activated receptor y
ligand. *P < 0.05, **P <0.01, **P <0.005. PGJ2, 15-deoxy-A
2% prostaglandin J2.

(1 nm or 1pum) alone. Thus, for the induction of dif-
ferentiation by the combination of ATRA and PPARy
ligands, the signaling through PPARY/RXR is neces-
sary. The combination of RXR agonist and PPARy lig-
and also induced NB4 differentiation, indicating that
the stimulation of the RXR receptor is important in
this differentiation pathway (Table 3).

Upregulation of adipocyte fatty acid binding protein in
NBA4 cells during treatment with peroxisome
proliferator-activated receptor y ligands

The expression of adipocyte fatty acid binding pro-
tein (aP2), whose promoter has an adipose response
element (ARE; DR-1), occurs in parallel to the
expression of PPARy (Thuillier et al. 1998). We exam-
ined the gene expression of aP2 in NB4 cells by
reverse transcription—-polymerase chain reaction
(RT-PCR) after treatment with ATRA (1 um) and PPARy
ligand (Fig. 4). The expression of aP2 mRNA was
greatly induced after 24 h and continued for up to
4 days in NB4 cells cultured with PPARYy ligand alone
or with a combination of PPARYy ligand and ATRA,
whereas the expression of this gene remained low
or undetectable in cells cultured with ATRA alone or
in untreated cells. Thus, in human myeloid cells,
PPARy ligands induced the transcription of a gene

123456 123456 123456123456

dayl day2 day3 day4

Fig. 4. Adipocyte fatty acid binding protein (aP2) mRNA
expression in NB4 cells after treatment with peroxisome proliferator-
activated receptor v (PPARY) ligand and/or all-trans retinoic acid
(ATRA). Cells were treated with PPARY ligand and/or ATRA for
the indicated periods. Reverse transcription-polymerase chain
reaction for aP2 mRNA in freshly prepared NB4 cells revealed a
cDNA fragment of the expected size. 1, Control; 2, 1 um ATRA,;
3, 1 um ATRA + 4 um PGJ2; 4, 1 um ATRA + 50 um AD4833; 5,
4 um PGJ2; 6, 50 um AD4833. As a control for cDNA quality, the
signals for B-actin expression are shown.

specific for this transcriptional receptor and impor-
tant for lipid metabolism.

Lipid droplets accumulate in NB4 cells after treatment
with peroxisome proliferator-activated receptor y
ligands and all-trans retinoic acid

In the cytoplasm of cells treated with PPARYy ligands and
ATRA, we found many white vacuoles after Wright-
Giemsa-staining, as mentioned above (Fig. 3A). We
speculated that these vacuoles might be lipid
droplets and examined the cells by fluorescence
microscopy after staining with the lipophilic dye nile
red. As nile red has the remarkable property of
staining neutral lipids (Greenspan et al. 1985), lipid
droplets containing triacylglycerol or cholesterol ester
show a fluorescent red color. In Figure 5A, NB4 cells
after treatment with PPARYy ligands and ATRA {1 um)
contained numerous nile red-positive droplets. In the
cytoplasm of cells treated with ATRA alone, there
were also lipid droplets, but the number of droplets
was fewer and the intensity of the fluorescence was
weaker. In the cells treated with PGJ2 or AD4833
alone, lipid droplets were weakly visible (data not
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DIC

Nile red

Fig. 5. Accumulation of lipid droplets in ]
differentiated NB4 and HL-60 cells. Cells were DIC
treated for 4 days with all-trans retinoic acid ;
(ATRA; 1 um), ATRA (1 M) + 15-deoxy-A12,14-
prostaglandin J2 (PG; 4 um) or ATRA (1 pm) +
AD4833 (AD; 50 um). Upper panels are difference
interference contrast images, and lower panels
are the corresponding images obtained by
fluorescence microscopy. Lipid droplets were
stained with nile red. Bar, 10 um. (A) NB4 cells,
(B) HL-60 cells.

Nile red

shown). Similar findings were made in HL-60 cells
(Fig. 5B). Ultrastructural observation revealed that
treatment with PPARy ligand and ATRA clearly stim-
ulated the accumulation of lipid droplets in the cyto-
plasm (Fig. 3B). Lipid droplets are surrounded by a
phospholipid monolayer, and clearly distinguished
from other organelles in the cytoplasm. Both types
of microscopic observation clearly demonstrated that
PPARYy ligands stimulated the accumulation of lipid
droplets in NB4 cells.

Triacylglycerol levels increase in NB4 cells after
treatment with peroxisome proliferator-activated
receptor y ligands and all-trans retinoic acid

We examined whether treatment with PPARY ligand
and ATRA (1 um) affected the cellular levels of tria-
cylglycerol and cholesterol ester, the major storage
fipids in mammalian cells. Thin-layer chromatography
revealed that treatment with PPARY ligand and ATRA
particularly increased the triacylglycerol level in NB4
cells, and slightly increased the cholesterol ester
level (Fig. 6a). Free-cholesterol levels were almost
equivalent between untreated cells and cells treated
with PPARy ligand and ATRA. Next, the cellular
triacylglycerol levels were analyzed enzymatically
(Fig. 6b). After incubation with ATRA (1 um) combined
with PGJ2 or AD4833, the triacyiglycerol level of NB4

Control

Control

ATRA ATRA + PG ATRA +AD

ATRA +AD

cells was increased by 2.7-fold compared to that in
untreated cells. PGJ2 or AD4833 alone also increased
the triacylglycerol level slightly, but ATRA alone did not.
These results strongly suggest that the lipid droplets
in NB4 cells contained predominantly triacylglycerol,
and the level of triacylglycerol increased after treat-
ment of the cells with PPARy ligand and ATRA.

Translocation of a fluorescent fatty acid analogue,
BODIPY-FL-C12 in NB4 cells treated with peroxisome
proliferator-activated receptor vy ligands and all-trans
retinoic acid

The distribution pattern of intraceliular BODIPY fluo-
rescence was compared between differentiated and
untreated cells under the pulse-chase conditions
(Fig. 7a). After prelabeling of cells with BODIPY-FL-
C12 at room temperature, intracellular fluorescence
was distributed in the cytoplasm, including the endo-
plasmic reticulum (ER), in both differentiated and
unireated cells. After a chase of 10-30 min, most of
the intracellular fluorescence in differentiated cells
was clearly accumulated in the lipid droplets, though
that in untreated cells remained in the cytoplasm.
The translocation of the fluorescence from the cytosol
to lipid droplets was observed in differentiated cells
treated with ATRA alone or with ATRA and PPARy
ligand. There was no significant difference in total
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Fig.6. (a) Thin-layer chromatogram of neutral lipids in
differentiated NB4 cells. Each lane was spotted with crude lipid
extracted from 7 x 10* cells. Cells were treated for 4 days with
peroxisome proliferator-activated receptor y (PPARY) ligands and/
or all-trans retinoic acid (ATRA). 1, linoleic acid; 2, trilinclein; 3,
1uM ATRA + 4 uM 15-deoxy-A12,14-prostaglandin J2 (PGJ2);
4, control; 5, 1 uM ATRA + 50 uM AD4833; 6, 1 uM ATRA; 7,
control; 8, cholesterol; 9, cholesterol ester. CE, cholesterol ester;
TG, triacylglycerol; FA, fatty acid; C, cholesterol; PL., phospholipid.
(b) Triacylglycerol levels in differentiated NB4 cells. Cells were
treated for 4 days with PPARYy ligand and/or ATRA (1 um). PG,
4 um PGJ2; AD, 50 um AD4833. Values represent mean + SD.
Triacylglycerol contents are expressed as pg/mg protein.

amount of BODIPY lipid associated with cells
between the differentiated and untreated cells (data
not shown). These observations provided evidence
that BODIPY-FL-C12 was incorporated in the cyto-
plasm and immediately translocated to lipid droplets
in differentiated cells.

Metabolism of BODIPY-FL-C12 in NB4 cells treated
with peroxisorne proliferator-activated receptor y
ligands and all-trans retinoic acid

In order to examine the metabolism of incorporated
BODIPY-FL-C12, celis were prelabeled with BODIPY-

FL-C12 at room temperature for 10 min and incu-
bated for 30 min at 37°C. Extracted lipids containing
BODIPY-FL-C12 were analyzed by thin-layer chroma-
tography using a Fluorimager. The fluorescent spots
of triacylglycerol containing BODIPY-FL-C12 were
detected in lipids extracted from both differentiated
and untreated cells (data not shown). The Rf value
of triacylglycerol containing BODIPY-FL-C12 was
confirmed by the comigration of synthesized triacylg-
tycerol containing BODIPY-FL-C12. The fluorescence
of triacylglycerol extracted from cells treated with
PPARy ligands and ATRA was about twofold stronger
than that of untreated cells (Fig. 7b). These findings
indicated that BODIPY-FL-C12 had been incorporated
in the cytoplasm and converted to triacylglycerol.

Triacylglycerol synthesis activity in differentiated
and untreated cell homogenates was compared
using two substrates, glycerol and dihydroxyacetone
phosphate, respectively. The activity in differentiated
cells treated with PPARy ligands and ATRA was
found to be more than twofold higher than that in
untreated cells using glycerol as substrate (Fig. 7c).
The activity was dependent on glycerol concentration
(Fig. 7¢) but not on dihydroxyacetone phosphate
(data not shown).

These findings suggest that triacylglycerol was
synthesized from glycerol in differentiated cells.
Taken together, these data show that triacylglycerol
synthesis in NB4 cells treated with PPARYy ligand and
ATRA increased.

Discussion

Peroxisome proliferator-activated receptor y has been
demonstrated to regulate adipocyte differentiation
and glucose homeostasis in response to several
structurally distinct compounds, including thiazolid-
inediones (Tontonoz et al. 1994; Lehmann et al. 1995).
In this study, we investigated the effects of PPARy
ligands on human NB4 and HL-60 cells and found
that PPARYy ligands can act synergistically with ATRA
to induce differentiation into cells that show granulo-
cytic characteristics and accumulate lipid droplets.
Activation of PPARy in immortalized cell lines, such as
THP-1 and HL-60, promotes differentiation along the
macrophage lineage, as shown by changes in gene
expression and uptake of OxLDL induced by CD36
(Hirase et al. 1999; Tontonoz et al. 1998). However,
using PPARYy -deficient stem cells, Moore et al. dem-
onstrated that PPARYy is neither essential for myeloid
development nor for mature macrophage functions
such as phagocytosis and inflammatory production
(Moore et al. 2001). Furthermore, Asou et al. reported
the effects of troglitazone on the proliferation and
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Fig. 7. (a) Intracellular distribution of BODIPY-FL-C12 fluorescence in differentiated and untreated NB4 cells. Cells were treated for
3 days with all-trans retinoic acid (ATRA; 1 um), ATRA (1 um) + 15-deoxy-A12,14-prostaglandin J2 (PG; 4 um) or ATRA (1 um) + AD
(AD4833, 50 um). Cells were incubated in medium containing BODIPY-FL-C12 for 2 min at room temperature and were subsequently
chased and examined using a fluorescence microscope. Upper panels are difference interference contrast images. Middle and lower
panels are the corresponding fluorescence microscopy images. BODIPY, BODIPY-FL-C12. Bar, 10 um. (b) Relative concentration of
triacylglycerol containing BODIPY-FL-C12 in NB4 cells. Cells were treated for 3 days with peroxisome proliferator-activated receptor
v (PPARY) ligand (PGJ2 4 pm, AD4833 50 pm) and/or ATRA (1 um). The assay methods are described in Materials and methods. Values
represent mean + SD. The relative concentrations of triacylglycerol containing BODIPY-FL-C12 in differentiated cells were calculated
as fluorescence strength compared to that in untreated cells taken as 1.00. (c) Triacylglycerol synthesis activity in NB4 cells. Cells
were treated for 3 days with PPARY ligand (PGJ2 4 um, AD4833 50 um) and ATRA (1 um). The method of the enzyme assay is
described in Materials and methods. Values are mean + SD. The relative concentrations of triacyiglycerol containing BODIPY-FL-C12
in differentiated cells are piotted together with that of untreated cells taken as 1.00. (@), ATRA + PG; (M), ATRA + AD; (4), control.

differentiation of normal and malignant myeloid cells
(especially monocytic cells) and demonstrated that
troglitazone combined with a retinoid was a moder-
ately potent inhibitor of the clonogenic growth of acute
myeloid leukemia cells, but not a potent inducer of
differentiation of these leukemia cells (Asou et al.
1999). Our results clearly indicated that combined
treatment with PPARy ligand and ATRA induced

differentiation of NB4 cells. This discrepancy between
these findings may be related to the fact that in the
study of Asou et al. (1999), NB4 cells were treated
with troglitazone (107° M) as the PPARy ligand, and
the concentration of troglitazone was rather low
compared to our conditions. We also examined the
effects of PPARy ligands and ATRA on HL-60 cells
and observed synergistic effects of PPARy ligands
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