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Diagnostic importance of CD179a/b as markers
of precursor B-cell lymphoblastic lymphoma
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Surrogate light chains consisting of VpreB (CD179a) and i5 (CD179b) are expressed in precursor B cells lacking
a complete form of immunoglobulin and are thought to act as substitutes for conventional light chains. Upon
differentiation to immature and mature B cells, CD179a/b disappear and are replaced with conventional light
chains. Thus, these molecules may bhe useful as essential markers of precursor B cells. To examine the
expression of the surrogate light-chain components CD179a and CD179b in precursor B-cell [ymphoblastic
lymphoma, we analyzed tissue sections using immunohistochemistry techniques. Among a number of
moenoclonal antibodies for the surrogate light chains, VpreB8 and SL11 were found to detect CD179a and
CD179b, respectively, in acetone-fixed fresh frozen sections. Moreover, we also observed VpreB8 staining in
formalin-fixed, paraffin-embedded sections. Using these antibodies, we found that CD179a/b were specifically
expressed in precursor B-cell lymphoblastic lymphomas, but not in mature B-cell lymphomas in childhood.
Furthermore, other pediatric tumors that must be included in a differential diagnosis of precursor B-cell
lymphoblastic lymphoma, including precursor T-cell lymphoblastic lymphoma, extramedullary myeloid tumors,
and Ewing sarcoma, were also negative for both CD17%a and CD178h. Our data Indicate that CD179a and
CD179h may be important markers for the immunophenotyplc diagnosis of precursor B-cell lymphoblastic
lymphomas.
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B cells are characterized by the surface expression of
immunoglobulin (Ig), consisting of a heavy chain
(HC) and conventional x or 2 light chains (LCs). The
Ig expressed in B cells is associated with the Iga/Igf
(CD79a/b) complex and forms a B-cell antigen
receptor complex. In contrast to these mature B
cells, precursor B cells do not express Ig, although
they do contain Ig-related components. For exam-
ple, more primitive pro-B cells already express the
Iga/Igf complex and contain surrogate L.Cs, consist-
ing of VpreB (CD179a) and A5 (CD179b).*"® Through
the successful rearrangement of HC genes, pro-B
cells undergo differentiation into pre-B cells and
start to express a premature antigen receptor,
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namely the pre-B-cell receptor (pre-BCR), consisting
of u HC, CD179a/b and the Iga/Igf heterodimer.5*
Upon further differentiation from pre-B cells to B
cells, CD179a/b disappear and are replaced with
conventional LC.

The stage-specific developmental expression of
Ig-related molecules is an essential characteristic of
B-lineage cells and is conserved not only in normal
cells but also in neoplastic cells of B lineage. Indeed,
precursor B acuie lymphoblastic leukemias (ALL),
which originate from precursor B cells and lack the
complete form of Ig, are known to express CD179a/b,
while mature and Ig-expressing B-cell ALLs do
not.’® Precursor B-cell lymphoblastic lymphoma
(B-LBL) is a disease in which neaplastic precursor
B cells proliferate without the obhvious involvement
of blood or bone marrow and thus exhibits immu-
nophenotypic characteristics that are similar to
those of precursor B-ALL.'*** Neoplasms of pre-
cursor B cells most commonly present as a form of
ALL during childhood, and the presentation of B-
LBL is infrequent, but may occur in patients of any
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age, frequently involving the skin, bone, or lymph
nodes. Owing to the rareness of B-LBL and its
morphological and immunophenotypic similarities
to mature B-cell lymphomas in some cases, distin-
guishing between these diseases is of great impor-
tance, especially in the field of pediatric oncology,
because the treatment strategies for these two
diseases are quite different. In addition, other
tumors, including precursor T-cell lymphoblastic
lymphoma (T-LBL), extramedullary myeloid tumors,
and Ewing sarcoma, must also be included in a
differential diagnosis of B-LBL.

In an attempt to characterize B-LBL using the
expression of Ig-related molecules and to examine
the utility of such a method for diagnosis, we
examined CD179a/b expression in B-LBL tissues
using immunohistochemistry. CD179a/b was found
to be specifically expressed in B-LBL, but not in
mature B-cell lymphomas and other tumors in
childhood. The usefulness of CD179a/b as diagnos-
tic markers for B-LBL is discussed.

Materials and methods
Materials

The human pre-B-cell line HPB-NULLY and the
Burkitt cell line Ramos (Japanese Cancer Research
Resources Bank, Tokyo, Japan) were used in this
study. Cells were maintained in RPMI1640 supple-
mented with 10% fetal calf serum at 37°C in a
humidified 5% CO, atmosphere.

Biopsy specimens from pediatric patients, includ-
ing 11 patients with B-LBL, seven patients with
Burkitt lymphoma, three patients with diffuse large
B-cell lymphoma, seven patients with T-LBL, three
patients with extramedullary myeloid tumors, and
three patients with Ewing sarcoma, were selected
from medical files collected between 1985 and 2003
at the Department of Developmental Biology,
National Research Institute for Child Health and
Development. In each case, the initial diagnosis was
based on morphological observations of hematox-
ylin and eosin (H&E)-stained, formalin-fixed, paraf-
fin-embedded tissues, the immunophenotypic
characteristics revealed by immunochistochemistry
using acetone-fixed, fresh frozen sections, and the
patient’s clinical features. In some cases, immuno-
phenotyping was also performed using flow cyto-
metric analysis of a single-cell suspension prepared
from the tissue. To examine CD179a/b expression,
snap-frozen tissues in OCT compounds stored at
—85°C after the initial diagnosis were used.

The following mouse monoclonal antibodies
(mAbs) were used in this study: anti-CD179a
(HSL96), anti-CD179b (HSL11), anti-conformational
pre-BCR (HSL2),*® anti-CD20 (L26),** anti-HLA-
DR,™ and anti-CD10 (IF6}.** HSLZ is a unique mAb
that does not bind to each component of the pre-
BCR, but recognizes a conformational epitope
formed only when the u HC and CD179a/b surrogate
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LC associate with each other to make the pre-BCR
complex.’® In addition, several commercially avail-
able mAbs were also used: anti-p (G20-127), anti-
CD179a (VpreB8 and VpreB9), and anti-CD19
(Leu12) from BD Pharmingen (San Diego, CA,
USA); anti-x (HP6053) and anti-1 (HP6054) from
Zymed Laboratories Inc. (San Francisco, CA, USA);
anti-CD79a (HM-57), anti-CD22 (4KB128), and anti-
TdT (HT-1/3/4) from DAKO (Glostrup, Denmark);
anti-CD179a (4G7) from Coulter/Immunotech Inc.
{(Westbrook, MA, USA); anti-TdT (SEN28) from
Nichirei Co. (Tokyo, Japan); and anti-CD179a (B-
MAD-688) from Biocarta {San Diega, CA, USA). The
anti-CD77 (1A4) used in this study was a generous
gift from Dr S Hakomori of the University of
Washington, Seattle, WA, USA and Otsuka Assay
Laboratories, Kawauchi-cho, Tokushima, Japan.
Secondary Abs, including fluorescence- and en-
zyme-conjugated Abs, were purchased from Jackson
Laboratory, Inc., West Grove, PA, USA.

Flow Cytometry

The cells were stained with mAbs and analyzed by
flow cytometry (EPICS-XL, Coulter) as described
prevmusly 15 Cytoplasmic antigens were stained
using CytoStain™ Kits (BD Pharmmgen), according
to the manufacturer’s protocol.

Immunochistochemistry

Immunohistochemical staining of acetone-fixed
fresh frozen sections was performed as described
elsewhere.'® Briefly, fresh frozen sections from each
tissue were prepared using a cryostat apparatus and
fixed in acetone for 15 min at 4°C. After washing in
phosphate-buffered saline (PBS) and blocking with
normal rabbit serum, the sections were incubated
with mAbs at appropriate dilutions for 30min at
room temperature. Sections were then washed with
PBS and incubated with horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse antibodies for
30min at room temperature. After washing with
PBS, color development was performed in diamino-
benzidine solution {10mM in 0.05M Tris-HCI, pH
7.5) with 0.003% H,O..

For the cell line samples, the cells were cytocen-
trifuged on slide glasses using Cytospin It (Shandon
Scientific Ltd., Pittsburgh, PA, USA). After fixation
with acetone, immunohistochemical staining was
performed as described above. In addition, other
fixatives, including paraformaldehyde and Zambo-
ni’s fixative, were also tested.

The formalin-fixed, paraffin-embedded tissue
specimens were initially deparaffinized and then
treated using the heat-induced epitope retrieval
method in 10 mM of citrate buffer, pH 6.0; immuno-
histochemical staining was performed using the
CSA system (DAKOQ) accordmg to the manufac-
turer’s protocol.



Results

Immunohistochemical Staining of CD179a/b in
Acetone-fixed Cytocentrifuged Cell Lines .

As reported previously and presehted in Figure 1,
the mAbs HSL96, HSL11, and HSL2 recognized
CD179a/VpreB, CD179b/45, and conformational pre-

BCR, respectively, in membrane-permeabilized cells -

when analyzed using flow cytometry.?® We first
examined whether these mAbs could also be used
for immunohistochemical staining in acetone-fixed
cells. When acetone-fixed, cytocentrifuged pre-B-
ALL HPB-NULL cells expressing conformational
pre-BCR were tested, the HSL11 mAb was able to
detect CD179b at a concentration of 5 pg/ml; neither
- the HSL96 nor the HSL2 mAbs detected this
molecule (Figure 1). Typically, a cytoplasmic stain-
ing pattern was observed in HPB-NULL cells using
HSL11. In contrast, HSL11 did not react with

HPB-NULL
A4
HSLE6
HSL96
HSL11
HSL2
&
Antl-y YL
k. & @, o
7
Mslg o

Figure 1 Immunohistochemical detection of CD179b by HSL11in
acetone-fixed, cytocentrifuged precursor B-ALL cell lines. Pre-
BCR-expressing HPB-NULL cells were permeabilized and stained
with specific mAbs, as indicated, and analyzed using flow
cytometry (left panels). The resulting histograms (solid lines)
were superimposed on those of the négative control (cells stained
with isotype-matched control mouse Ig, broken light lines) and
displayed. X-axis, fluorescence intensity; Y-axis, relative cell
number, In parallel, HPB-NULL cells were cytocentrifuged,
acetone-fixed, and stained with each mAb, as indicated, using
immunohistostaining (right panels). HSL11 is strongly positive
and anti- is moderately positive, but others are negative. Mslg,
iso-type matched control mouse immunoglobulin. .
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similarly treated Ramos Burkitt cells, which express
the complete form of Ig (z4), but lack the surrogate
LCs, suggesting’ that CD179b binds specifically
to SL11. ‘ :

We also examined the staining patterns produced
by commercially -available anti-CD179a mAbs:
VpreB8, VpreB9, 4G7, and B-MAD-688. When these
four anti-CD179a mAbs were examined, only the

~ VpreB8 mAb reacted with CD179a in acetone-fixed

HPB-NULL cells (data not shown). However, VpreBs
mAb exhibited a weak nonspecific binding with the
nuclei of acetone-fixed Ramos cells at high mAb
concentrations. A concentration of 1.25 pg/m] was
optimized as a sufficient and specific condition for
CD179a detection in precursor B-ALL cells, which
does not produce a nonspecific reaction in Burkitt
cells (data not shown).

We further examined whether SL11 and VpreBs
could be used for immunchistochemical staining in
cells treated with other fixatives and observed that
both mAbs react with Zamboni’s fixative-treated
cells, but not with paraformaldehyde-treated cells
{data not shown). '

Immunchistochemical Staining of CD179a/b in
Acetone-fixed Fresh Frozen Tissues

Next, we used immunochistochemistry to examine
whether VpreB8 and HSL11 could detect CD179a/b
in clinical childhood B-LBL specimens. When
acetone-fixed fresh frozen sections prepared from
biopsy specimens obtained from B-LBL patients
were examined using immunochistochemical stain-
ing, both VpreB8 and HSL11 were found to react
with the tissues (Figure 2 and Table 1). Typically, a
diffuse cytoplasmic staining pattern was observed in
B-LBL tissues using both mAbs (Figure 2). Cases
were considered as positive if most of the blasts
present in the tissue were clearly stained. As
summarized in Table 1, nine out of 10 (90%) B-
LBL patients and eight out of 11 (73%) B-LBL
patients were positive for VpreB8 and HSL11,
respectively. In contrast, no positive staining for
VpreB8 or HSL11 was seen in either the Burkitt
lymphoma tissues {seven cases) or the diffuse large
B-cell lymphoma tissues (three cases), suggesting
that both VpreB8 and HSL11 react specifically with
B-LBL cells, but not with mature B-cell lymphomas
in childhood.

We also examined the other pediatric tumors that
must also be included in a differential diagnosis of
B-LBL. As presented in Table 2, when acetone-fixed
fresh frozen section$ prepared from biopsy speci-
mens obtained from seven T-LBL cases, three
extramedullary myeloid tumors, and two Ewing
sarcoma cases were examined similarly, all of these
cases were negative for both VpreB8 and HSL11,
indicating the specificity of these mAbs to B-LBL
cells.
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Figure 2 Immunchistochemical detection of CD179a and CD179b. CD179a and CD179b were detected in B-lymphoblastic lymphoma
tissues using immunchistochemical staining on acetone-fixed fresh frozen sections ((b), (c), FF) and formalin-fixed, paraffin-embedded
tissue sections ((d), PF) from biopsy tissues. The H&E-staining of formalin-fixed and paraffin-embdded tissues is also shown ((a), HE).

Immunchistochemical Staining of CD179a in
Formalin-fixed, Paraffin-embedded Tissues

Next, we examined whether mAbs against CD179%a
and CD179b could be used in formalin-fixed,
paraffin-embedded tissues. When paraffin-em-
bedded tissues prepared from clinical specimens
obtained from B-LBL patients were examined using
immunohistochemical staining with the heat-in-
duced epitope retrieval treatment, only VpreB8
reacted with the tissue. The staining results were
consistent with those obtained from the immuno-
staining of acetone-fixed frozen sections. None of
the other mAbs reacted with the B-LBL samples.
Since higher concentrations of VpreB8 resulted in
nonspecific nuclear staining in paraffin sections of

Modern Pathology (2004) 17, 423-429

Burkitt lymphomas, care must be taken when
deciding the appropriate conditions for the use of
this mAb.

Discussion

In the current study, we clearly presented that both
VpreB8 and HSL11 are useful for the immunohisto-
chemical detection of CD179a and CD178b, respec-
tively, in acetone-fixed B-LBL tissues. Furthermore,
VpreB8 can also be used in paraffin-embedded
sections. The reactivities of these Abs were highly
specific for B-LBL. Reactivity was not seen in
tissues of Burkitt lymphoma, diffuse large B-cell
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Table 1 Detection of CD179a and CD179b in B-lineage lymphoma tissues using immunchistochemical staining in acetone-fixed fresh

frozen sections

Case no. Age (years} Sex Origin CDi79a CD179b TdT CD34 CDi19 CD79a DR CD20 w 'LC CDio CD77
B-IBL
1 4 M Bil-CL + + + - + + + +P - . - + -
2t 9 M R-testis + + + - + + + +M NT NT + -
3 7 M LCL + + + - + + + - + - + -
4 5 F L-CL + + + - + + + — — - + -
5 7 F L-CL + + + + + + + - + - + -
[ 1 F R-CL + + + - + + + - - - + _
7 12 M AT + + - - + + + - - - + -
8 5 F  L-upper arm + - — - + + + +M - - = + NT
g 7 M L-CL - - + - + + + +P - — + NT
10 4 F R-radius + - - + + + + - - - + -
11 9 M CNS NT + + NT + + NT NT + NT NT  NT
Burkitt
1 6 F AT - - - - + o+ + + + - - +
2 7 M AT - - - + + + + + Lamda + +
3 15 M AT - - - - + + + + + Lamda + +
4 4 M AT - = - - + + + + + Kappa + *
5 & M AT - - - - + + + + + Kappa + -
6 5 M AT - - - - + + + + + Kappa + +
7 4 M AT - - - - + + + + + Lamda + +
B-DL
1 7 F R-CL - - - - + + + + 4+ Lamda - -
2 6 M AT - - - + + + + + Lamda - -
3 8 M R-CL - - - = - + + + + + Lamda + -

B-LBL, precursor B-cell lymphoblastic lymphoma; DL, diffuse large cell lymphoma; Bil, bilateral; L, left; R, right; CL, cervical lymph nodes;
AT, abdominal tumor; LC, light chairs; NT, not tested; P, lﬁ(atchy staining pattern; M, membranous staining pattern.

PTesticular relapse of precursor B acute lymphoblastic leukemia.

Table 2 Immunchistochemical staining of CD179a and CD179%b
on acetone-fixed fresh frozen sections of non-B-cell lineage
neoplasm tissues '

Positivity
CD179a CD179b
T-LBL 0/7 0/7
Extramedullary myeloid tumors
Granulocytic sarcoma 0/2 0/2
AMolL, skin infiltration 0/1 0/1
Ewing sarcoma 0/z 0/2

T-LBL, precursor T-cell lymphoblastic lymphoma; AMol, acute
monocytic leukemia.

lymphoma, T-LBL, extramedullary myeloid tumors,
and Ewing sarcoma.

In pediatrics, the three major types of B-cell
lymphoma are B-LBL, Burkitt lymphoma, . and
diffuse large B-cell lymphoma; the latter two types
must be distinguished from B-LBL since the ther-
apeutic protocols for these diseases are quite
different from that for B-LBL. In the Berlin Frankfurt
Munster (BFM) study group, for example, B-LBL
cases were treated using ALL-type protocol with a
total therapy duration of at least 24 months.?” In
contrast, mature B-cell lymphoma cases, including
Burkitt lymphoma and diffuse large B-cell lympho-
ma, are treated using a short course of treatment that

is usually completed within a year.?® Each type of B-
lineage lymphoma is morphologically unique and
distinctive upon histological examination. In the
practical pathological diagnosis of lymphomas,
however, pathologists may experience difficulties
in differentiating B-LBL from other B-lineage lym-
phomas, especially when only poor-quality biopsy
specimens are available.?? Unfortunately, patholo-
gists are not always familiar with B-LBL because of
its rarity among childhood lymphomas; as a result,
patients with B-LBL may be misdiagnosed as having
mature B-cell lymphoma, such as Burkitt lympho-
ma. The similarity in marker expression patterns for
B-LBL and Burkitt lymphoma is also partly respon-
sible for the risk of misdiagnosis.t**?

TdT is considered to be a reliable marker for the
diagnosis of cases of precursor lymphocyte ori-
gin,**** but TdT is not always positive in B-LBL
cases as reported by several different groups.*®** For
example, Mertelsmann et a*° reported that TdT was
absent in approximately 5% of ALL and LBL cases,
Orazi et al’* also reported that 6% (two out of 35) of
LBL cases was TdT-negative assessed by immuno-
histochemical staining. On the other hand, CD34 is
expressed on human bone marrow progenitor cells
and leukemic blasts, and is considered to be an
immature marker. Although the expression of CD34
on B-lineage lymphomas suggests their precursor B-
cell origin, the positivity of CD34 among the B-LBL
cases is approximately 50%. In addition, both TdT

Modern Pathology (2004) 17, 423429
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and CD34 are not restricted to the precursor of B
cells. In contrast, CD20 is a B-cell-specific marker
and its expression increases with B-cell maturation.
Therefore, the absence of CD20 expression in B-
lineage lymphomas suggests their precursor B-cell
origin. However, CD20 expression is variable among
cases of B-LBL and approximately 50% of B-LBL
cases are CD20-positive, exhibiting sometimes a
strong membranous staining pattern.'* Therefore, it
is difficult to specify a B-precursor origin using
CD20 expression alone. Based on the above evi-
dences, the development of other markers capable of
revealing a precursor B-cell origin is urgently
required; in this regard, the results described here
are expected to assist in the proper diagnosis of B-
LBL among B-cell lymphomas in childhood.

CD179a and CD179b are essential for the devel-
opment of precursor B cells. Although their biolo-
gical significance is not fully understocd, they are
believed to serve as surrogate LCs expressed with y
HCs in pre-BCR to determine whether the clone
should survive or die. After subsequent rearrange-
ments in x or A LC genes, the expression of the
surrogate LCs is suppressed.®® The utilization of
such functional molecules in the diagnosis of
precursor B-cell lymphomas is appropriate if the
expression is conserved even in tumor cells. In
precursor B-ALL cells, we previously reported that
CD179a, CD179b, and the complete form of pre-BCR
were detected by HSL96, HSL11, and HSL2, respec-
tively, and were expressed in most of the CD10-
positive precursor B-ALL cases,'® suggesting that
these markers may be useful for the further classi-
fication of this disease. Consistent with this ob-
servation, CD179a and CD179b, detected by VpreB8
and HSL11, respectively, were frequently expressed
in B-LBL cases, whose origin is comparable to that of
precursor B-ALL. Thus, the successful employment
of these functional molecules in the diagnosis of
B-cell lymphomas is another important aspect
emphasized in this study.

As shown here, CD179a and CD178b immuno-
histochemistry can identify more than 90% of
B-LBL cases. In our series, the positivity of TdT
among the B-LBL cases examined was lower (73%])

_ than that of previous reports.’*** The reason for this

discrepancy is not known, but it is noteworthy that
three TdT-negative cases were positive for either
CD179a or CD179b or both. Thus, by combining
the TdT and CD179 markers, we believe that
virtually all B-LBL cases can be properly judged as
having a precursor B-cell origin. The absence of
CD179a/b reactivity in Burkitt and diffuse large B-
cell-type lymphomas further supports the reliability
of this marker.

Occasionally, B-LBL may be misdiagnosed as
Ewing sarcoma, since these two diseases have
similar morphologies and immunostaining pat-
terns.?® CD99 (MIC2) was previously considered to
be a specific marker for Ewing sarcoma, but this
molecule has now been shown to be frequently

Modern Pathology {2004) 17, 423420

expressed in B-LBL. Bone tumors with a blastic
morphology and a CD45-, CD20—, MIC2 + pheno-
type can be diagnosed as Ewing sarcoma. In
such cases, immunostaining for CD179a/b along
with TdT and CD79a will lead to a proper diagnosis.
In addition, immunostaining for CD179a/b is
also useful for distinguishing B-LBL from either
T-LBL or extramedullary myeloid tumors, both of
which are included in frequent differential for
B-LBEL.

Diagnostic markers must be usable in paraffin
sections for practical diagnostic procedures. In this
regard, the utilization of mAb VpreB8 in paraffin
sections, as demonstrated in this report, should
facilitate its use in daily diagnostics. Caution must
be exercised, however, when using VpreB8 because
this antibody may produce nonspecific binding.
After careful examination, we selected a concentra-
tion of 1.25pug/ml for our system; however, this
value should be evaluated for each laboratory in
which the mAb is used, since differences in
detection systems may affect the results. Other
than VpreB8, unfortunately, none of the mAbs
against CD179a/b tested in this study was useful
for immunochistochemical detection in paraffin-
embedded sections. Since the expression of
CD179b was always accompanied by that of
CD17%a in our cases assessed using fresh frozen
section staining (Table 1), paraffin section staining
with VpreB8 may be sufficient for the diagnosis of
B-LBL. However, the generation of novel mAbs
against CD179a/b and preBCR that can react in
paraffin sections would be useful and may provide
more convineing results.

In conclusion, we have demonstrated that mAbs
against CD179a/b specifically detect B-LBL tissues.
Although an examination of a larger number of
lymphoma tissues is required to confirm their
reliability, the application of these mAbs in the
immunochistochemical examination of lymphoma
tissues should contribute to a precise diagnosis of
B-lineage lymphomas.
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ABSTRACT

Puarpose: The purpose of this investigation was to de-
termine the antileukemic effects of 1'-acetoxychavicol ace-
tate (ACA) obtained from rhizomes of the commonly used
cthno-medicinal plant Languas galanga (Zingiberaceae),

Experimental Design: We evaluated the effects of ACA
on various myeloid leukemic cells in vitro and in vivo.
We further examined the molecular mechanisms of ACA-
induced apoptosis in myeloid leukemic cells.

Results: Low-dose ACA dramatically inhibited cellular
growth of leukemic cells by inducing apoptosis. Because NB4
promyelocytic leukemic cells were most sensitive to ACA,
we used NB4 cells for further analyses. Production of reac-
tive oxygen species triggered ACA-induced apoptosis. ACA-
induced apoptosis in NB4 cells was in association with the
loss of mitochondrial transmembrane potential (AWm) and
activation of caspase-9, suggesting that ACA-induced death
signaling is mediated through a mitochondrial oxygen stress
pathway. In addition, ACA activated Fas-mediated apopto-
sis by inducing of casapse-§ activity, Pretreatment with the
thiol antioxidant N-acetyl-L-cysteine (NAC) did not inhibit
caspase-8 activation, and the antagonistic anti-Fas antibody
ZB4 did not bhlock generation of reactive oxygen species,
indicating that both pathways were involved independently
in ACA-induced apoptosis. Furthermore, ACA had a sur-
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vival advantage in vivo in a nonobese diabetic/severe com-
bined immunodeficient mice leukemia model without any
toxic effects.

Conclusions: We conclude that ACA induces apoptosis
in myeloid leukemie cells via independent dual pathways, In
addition, ACA has potential as a novel therapeutic agent for
the treatment of myeloid leukemia,

INTRODUCTION

1'-Acetoxychavicol acetate (ACA) is present in sceds and
rhizomes of Languas galanga (Zingiberaceae), which is used as
a traditional condiment in Thailand and other countries in
Southeast Asia (1). Recently, it has been reported that ACA
inhibits chemically induced tumor formation and potently sup-
presses cellular growth of Ehrlich ascites tumor cells (2, 3).
Other studies have demonstrated that this compound suppresses
tumor promoter-induced EBV activation in vitro (1% ACA has
subsequently been shown to inhibit skin tumor promotion in
mice and both colonic aberrant erypt foci and adenocarcinoma
formation in rats (4-7). ACA is also known to reduce superox-
ide apion production by inhibiting the xanthine oxidase and
NADPH oxidase systems (7, 8), and this activity has been
suggested to be partly responsible for its cancer chemopreven-
tive effects (9). However, the mechanism of ACA-induced
apoplosis remains unclear, and the effects of ACA on liuman
leukemic cells have never been investigated.

Caspasecs are believed to play a crucial role in mediating
various apoptotic responses. A model has been propesed in
which (wo different caspases, caspase-8 and -9, mediated dis-
tinct types of apoptotic stimuli (0, 11). The cascade led by
caspase-8 is involved in death receptor-mediated apoptosis such
as the one triggered by Fas (also known as APO-1 or CD95).
The death receptor, Fas, contains an intracytoplasmic death
domain that mediates interactions with the adapter molecule
Fas-associated death domain (FADD). FADD associates, in
turn, with procaspase-8. Ligation of Fas by Fas lipand results in
sequential recruitment of FADD and procaspase-8 to the death
domain of Fas to form the death-inducing signaling comples,
leading to cleavage of procaspase-8, with the consequent gen-
eration of active caspase-8. Caspase-8 then activates down-
stream effector caspases through cleavage of Bid, committing
the cell 1o apoplosis (12). The mechanisms by which antineo-
plastic cytotoxic drugs kill leukemic cells are not well under-
stoed, although the activation of caspase-3 has been involved in
the important signaling pathway of apoptosis (13). Recent ob-
servations have resulted in the suggestion that interactions be-
tween Fas and Fas ligand may mediate cytotosic killing of at
least some leukemic cell lines (14). On the other hand, the
caspase pathway headed by caspase-9 is thought to mediate
cytotoxic drug-induced apoptosis. Cytotoxic drugs induce gen-
eration of reactive oxygen species (ROS), leading to loss of
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Fig. 1 Chemical structure of (1°R,$")-1"-acetoxychavicol acetate.

mitochondrial transmembrane potential (A¥m) and the release
of apoptogenic proteins such as cytochrome ¢ and Smac/DIA-
BLO from the mitochondria into the cytosol. The subsequent
interaction of cytochrome ¢ with Apal-1 protein results in the
recruitment of procaspase-9. Activation of procaspase-9 within
this nultiprotein complex, the apoptosome, resulls in the proc-
essing of caspase-3 and subsequently contributes o apoplotic
cell death (15-17) The link between caspase-8 and caspase-9 is
provided by caspase-8 cleavage of the proapototic Bid protein,
whose truncated form is inserted into the mitochondrial outer
membrane and promoetes eytochrome ¢ release and consequent
activation of the apoptosome (18, 19). Anticancer drug-induced
apoptosis was generally mediated through either a caspase-8 or
caspase-9 pathway.

In the present study, we showed lor the first time that a natural
product, ACA, dramatically inhibits viability of myeloid leukemic
cells via the induction of apoplosis through two different path-
ways. We further investigated the molecular mechanisms of ACA-
induced celf cyele arrest and apoptosis in myeloid leukemic cells in
vitro, as well as survival advantage with ACA in vivo,

MATERIALS AND METHODS

Cell Cultures. The NB4 promyelocytic leukemia cell
line was a gift of Pr, M. Lanotte (Hopital St Louis, Paris,
France; Ref. 203, and the retinoic acid-resistant acute promyelo-
cytic leukemia cell line UF-1 was established in our laboratory
from a relapsed patient with acute promyelocytic leukemia who
was treated with all-frans-retinoic acid (21). The human leuke-
mic cell lines including HL-60 and K562 were obtained from
the Japan Cancer Research Resources Bank (Tokyo, Japan).
Bone marrow samples from patients with acute myeloid levuke-
mia {(AML}Y and mononuclear cells from a healthy donor were
obtained according 10 appropriate Human Protection Committee
validation at Keio University School of Medicine (Tokye, Ja-
pan} and with writlen informed consent. Morphology was eval-
uated from cytospin slide preparations with Giemsa staining,
and viability was assessed by trypan blue dye exclusion. Cells
were maintained in RPMI 1640 (Life Technelogies, Inc., Grand
Island, NY) with 10% fetal bovine serum (Life Technologies,
Inc.), 100 units/mi penicillin, and 100 pg/m! streptomycin in a
humidified atmosphere with 5% CO;. UF-1 cells were grown in
RPMI 1640 with 15% {etal bovine serum (Hyclone Laborato-
ries, Logan, UT) under standard culture conditions.

Reagents, ACA was synthesized as described previously
(1) and dissolved in DMSO at a stock concentration of 20 mm.
Synthetic (1'R.5")-ACA (Fig. 1) has an identical suppressive

activity to natural (1'5)-ACA as evaluated by tumor promoter-
induced EBV activity (22). The pan-caspase inhibitor Z-VAD-
FMK (Calbiochem, La Jolla, CA) and caspase-8 and -9 inhibi-
tors [Z-IETD-FMK and LEHD-CHO, respectively (MBL,
Nagoya, Japan)] were dissolved in DMSO (Sigma, St. Louis,
M) at a stock concentration of 100 mM, stored at —20°C, and
protected from light. The final DMSO concentrations in the
medium were not greater than 0.1%, N-acetyl-L-cysteine (NAC)
and buthionine sulfoximine were purchased from Sigma,

Celt Cycle Analysis,  Cells (1 X 10°) were suspended in
hypotonic solution [0.1% Triton X-100, 1 mm Tris-HCT (pH
8.n, 3.4 mm sodium citrate, and 0.1 mm EDTA] and stained
with 50 wg!ml propidium iodide. DNA content was analyzed by
FACSCalibur (Becton Dickinson, San Jose, CA). The popula-
tion of cells in each cell cycle phase was determined using Cell
ModiFIT software (Becton Dickinson).

Assays for Apoptosis. Apoptosis was detennined based
on morphological change. Apoplolic cells were quantified by an-
nexin V-FITC and propidium iodide double staining using a stain-
ing kit purchased from PharMingen (San Diego, CA}. Induction of
apoptosis was, also detected by DNA fragmentation assay. The
A¥m was determined by flow cytometry using rhodamine 123
(Sigma). Bricfly, cells were washed twice with PBS and incubated
with 1 pg/mi rhodamine 123 at 37°C for 30 min, Rhodamine 123
inlensity was determined by flow cytometry,

Caspase Assays. Caspase-rclated protease activity was
determined by using a commercially available kit (PharMingen)
according to the manufacturer’s instructions. Briefly, cells were
fixed and permeabilized using the Cytofix/Cytopenn for 20 min
at 4°C, pelleted, and washed with Perm/Wash buffer (Phar-
Mingen). Cells (1 X 10% were then stained with polyclonal
antibody against the active form of caspase-3, -9, and -8 (.25
mg/liter; PharMingen} for 20 min at room temperature; washed
in Perm/Wash buffer; stained with goat antirabbit FITC (Super
Techs, Bethesda, MD), and analyzed via flow cytometry. For
caspase inhibitor assay, cells were pretreated with a synthetic
pan-caspase inhibitor (20 un Z-VAD-FMK) and caspase-8 and
-9 inhibitors (30 pmM Z-IETD-FMK and LEHD-CHO, respee-
tively) for 1 h before the addition of ACA.

Measurement of ROS Production. To assess the gen-
eration of ROS, control and ACA-treated cells were incubated
with 5 pm dehydroxy ethidium (Molecular Probes, Eugene,
OR), which is rapidly oxidized to a fluorescent intercalator,
ethidium, by cellutar oxidants. Cells (1 X 10%) were stained with
5 py debydroxy ethidium for 15 min at 37°C and then washed
and resuspended in PBS. The oxidative conversion of dehy-
droxy ethidium to ethidium was analyzed by flow cytometry. To
measure intracellular glutathione (GSH) levels, cells (1 X 10%
were stained with 20 pa S-chloromethyl Muorescein diacetate
(Molecular Probes) for 30 min at 37°C and then analyzed by
flow cytometry:,

Cell Lysate Preparation and Western Blotting. Cells
were collected by centrifugation at 700 X g for 10 min, and then
the pellets were resuspended in lysis buffer [1% NP40, I mm
phenylmethylsulfony! fluoride, 40 mn Tris-HCE (pH 8.0), and
150 mm NaCl] at 4°C for 15 min. Mitochondnal and cytosolic
fractions were prepared with digitonin-nagarse treatment. Pro-
tein concentrations were determined using a DC protein assay
system (Bio-Rad, Richmond, CA}. Cell lysates (15 pg protein/
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lane) were fractionated in 12.5% or 7.5% SDS-polyacrylamide
gels before being transferred to Immobilon-P membrane (Mil-
lipore, Bedford, MA) according to a standard protocol. Anti-
body binding was detected by using the enhanced chemilumi-
nescence kit with hyper-enhanced chemiluminescence film
(Amersham, Buckinghamshire, United Kingdom), B-Actin was
used as an indicator for equality of lane loading. The following
antibodies were used in this study: anti-caspase-3, anti-caspase-8,
anti-cytochrome ¢, and anti-Rb (Pharhlingen); anti-cyclin B
(Cell Signaling Technology, Inc., Beverly, MA); anti-Fas and
anti-Bid (MBL), and anti-B¢l-2, anti-BAX, antj-p21©/FI/WaFI
anti-p27%'F anti-poly(ADP-ribose) polymerase, and anti-B-ac-
tin (Santa Cruz Biotechnology, Santa Cruz, CA),

Assays for Fas.  We analyzed the expression of Fas by
incubating cells with monoclonal anti-Fas-FITC antibody (UB2;
Immunotech, Nottingham, United Kingdom) or control mouse
1gG1 FITC antibody for 30 min at 4°C and then analyzing them
by Mow cytometry. For Fas inhibitor assay, antagonistic ZB4
monaclonal antibody (MBL) was added at 250 ng’ml 1 h before
treatment with 10 pay ACA or 200 ng'ml! agonistic anti-IFas
antibody (C1111; MBL),

Immunoprecipitation, After treatment with ACA, cells
(1.5 X 10% were washed twice in PBS and incubated with the
cleavable cross-linker 3,3’-dithiobis[sulgosuccinimidy]-propio-
nate] (Pierce Chemical Co., Rockford, IL) for 10 min at 4°C.
The reaction was stopped by 2 S-min incubation in PBS con-
taining 10 ma1 ammonium acetate at 4°C, Cells were washed
twice in PBS and lysed in lysis buffer for 15 min on ice. After
centrifugation at 17,800 X g for 15 min, an antihuman FADD
antibody (MBL) was added and reacted at 4°C overnight, [m-
mune complexes were precipitated using protein A-Sepharose
(Pharmacia Co., Orsay, France) and washed three times in lysis
buffer. The precipitate was resuspended in Laemmli buffer
containing 2.3% B-mercaptoethanol and boiled for 5 min. Sam-
ples were fractionated on 12.5% SD$S-polyacrylamide gels be-
fore being transferred to Immobilon-P membranes (Mijllipore)
according to a standard protocol. Caspase-8 conient was ana-
lyzed by using antthuman caspase-8 antibody (PharMingen). To
monitor loading of protein samples, the same membranes were
reprobed with an anti-FADD antibody.

Animal Model and Experimental Design.  We have es.
tablished a human all-rrans-retinoic acid-sensitive acule promy-
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times (0—48 h) and at varicus concentrations
(0-20 pm) for 24 h, Cell viability was as-
sessed by trypan blue dye exclusion. Results
are expressed as the mean of three duplicate
expeniments, and the SD was within 5% of the
mean. C, cell cyele analysis, Cells were cul-
tured with 10 pM ACA for the indicated time
and then stained with propidium iodide as
descnbed in “Materials and Melhods.™ DNA
content was analyzed by means of flow cy-
tometry, Go-Gy. Go-M, and § indicate the cell
phase, and sub-G, DNA content refers lo the
portion of apoptotic cells. Each phase was
calculated using the ModiFIT program, Three
duplicate experiments were performed with
similar results. [, agarose gel efectrophoresis
demonstrating DNA fragmentation in NB+4
cells wreated with 10 uM ACA for 4 h.
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Fig. 3 Effects of 1'-acctoxychavicol ac-
elate (ACA) on caspase activation, A,
cefls were incubated with 10 pM ACA for
3 h and analyzed for activities of various
caspases by fluorescence-activated cell-
sorting analysis and colorimetric assay.
ACA tremtment (M) significantly in-
creased caspase-3, -8, and -9 activities.
Combination of ACA and each caspase
inhibitor () blocked caspase activities.
B, 1ime course of caspase-3, -8, and 9
cleavage in ACA-treated NB4 cells. Cells
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caspase inhibitors. Cells were preincu-

bated with each caspase inhibitor [20 pM D
Z-YAD-FMK (pan-caspase inhibitor), 50
puM Z-IETD-FMK (caspase-8 inhibitor),
and 50 pM LEHD-CHO (caspase-9 inhib-
iton)] for 1 h before the addition of 10 pM
ACA. For A and C, values represemt the
mean > SD for three separate experi-
ments performed in triplicate, D, effects
of caspase inhibitors on ACA-induced
caspase cleavage. Cells were preincubated
with 50 pm Z-IETD-FMK and 50 pM
LEHD-CHO for 1 h and then cultured
with10 pM ACA for 6 h. Prolein fysates
were separaled with 10% 8DS-PAGE and
analyzed by blouting with anti-caspase-8
and -9 or B-actin antibodies,
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elocytic leukemia model in a nonobese diabetic (NODYsevere
combined immunodeficient mice system using NB4 cells (23).
Briefly, NODysevere combined immunodeficient mice (The
Jackson Laboratory, Bar Harbor, ME) were pretreated with 3 Gy
of total body irradiation, which is a sublethal dose that was
expected to enhance the acceptance of Xenografts. Subse-
quently, NB4 cells (1 X 107} in their logarithmic growth phase
were inoculated s.c. into NOD/severe combined immunodefi-
cient mice. Inoculated NB4 cells formed s.c. tumors at the
injection site, and cells grew rapidly. Fourteen days after im-
plantation of the cells, mice with the transplanted cells were
randomly assigned to be injected with PBS (n = 15) or 3 mg/kg
ACA (n = 15) via i.p. injection for 3 days. The study was
approved by the Animal Care and Use Committee at the Keio

- ¢leaved form

University School of Medicine, Mice were routinely monitored
to determine their peneral condition, and survival times were
used to determine therapeutic efficacy. When the mice showed
severe wasling, or when observations were finished, mice were
sacnificed according to the United Kingdom Coordinating Com-
mittee on Cancer Research guidelines, and the day of sacrilice
was recorded (24).

RESULTS

Effects of ACA on Cellular Proliferation of Various
Leukemia Cells,  We [irst investigated the effects of ACA on
cellular proliferation in four myeloid leukemic cell lines {NB4,
UF-1, HL-60, and K562). ACA (10 p) inhibited cellular
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Fig. 4 1'-Acetoxychavicol acetate (ACA)-induced apoptosis is medi-
ated through a mitochondsial pathway. A, NB4 cells were cultured with
10 pM ACA for 3 h, and rhodamine 123 fluorescence was analyzed by
flow cytometry for the indicaled times. B, expression of cviosolic
cvtochrome ¢, cytosodic Smac/DIABLO, total Bax, cylosolic Bax, and
mitochondrial Bax in ACA-treated NB4 cells was assessed by Western
blot analysis.

growth of all myeloid leukemic cells, but not normal bone
marrow mononuclear cells from a healthy donor, in a dose- and
a time-dependent manner (Fig. 2, 4 and B). Interestingly, ACA
decreased cellular growth of NB4 cells with the lowest IC,,
(4.72 pm). Therefore, we used NB4 cells for subsequent inves-
tigations. Cultivation with ACA rapidly increased the popula-
tion of cells in the GG, phase with a reduction of cells in S
phase, and a strong induction of apoptosis was shown by the
appearance of a hypodiploid DNA peak with sub-G, DNA
content 6 h after treatment (Fig. 2C). Apoptosis was asscssed in
terms of both morphological changes and DNA ladder forma-
tion. DNA fragmentation was confirmed by electrophoresis of
genomic DNA extracted from NB4 cells treated with 10 pm
ACA for 4 h (Fig. 2D). These results indicate that ACA led to
cell cycle arrest at the Gg-G, phase followed by apoptosis.
Effects of ACA on Caspase Activity. Treatment with
~ ACA for 3 h significantly induced caspase-3, -8, and -9 activ-
ities in NB4 cells (Fig. 3A). Vartous caspase inhibitors blocked
caspase activities (Fig. 34). We also found that ACA induced
caspase-3, -8, and -9 activation as assessed by cleavage of
proforms into the active cleaved forms using polyclonal antihu-
man casapase-3, -8, and -9 antibodies (Fig. 3B). Interestingly,
ACA-induced caspase-8 activation was rapid, occurring within
3 hof treatment and belore activation of caspase-3 and -9 (Fig.
3B). NB4 cells were treated with 10 pm ACA for 24 h, either

alone or in combination with 20 pm Z-VAD-FMK (pan-caspase
inhibitor}, 50 pu Z-IETD-IA K (caspase-8 inhibitor), or 50 um
LEHD-CFHO (caspase-9 inhibitor). Each caspase inhibitor alone
did not have any effect on the proliferation of NB4 cells.
ACA-induced apoptosis was almost completety blocked by
treatment with Z-VAD-FME, although Z-IETD-FMK and
LEHD-CHC() partially inhibited ACA-induced apoptosis in NB4
cells (Fig. 3C), Z-IETD-FMK and LEHD-CHO inhibited ACA-
induced caspase-8 and -9 cleavage, respectively (Fig. 3D,
These results suggest that ACA-induced apoptosis is associated
with the activation of caspase-3, -9, and -8

ACA-Induced Death Signaling Is Mediated through the
Mitochondrial Pathway. After treatment with 10 un ACA
for 3 h, low rhodamine 123 staining in NB4 cells indicated an
increase in the loss of AW¥m in a time-dependent manner (Fig,
4A4). ACA also induced a substantial release of cytochrome ¢
and Smac/DIABLO from the mitochondria into the cytosol (Fig.
48). In addition, ACA induced a translocation of Bax lrom the
cviosol 1o the mitochondria within 3 h, whereas the protein
accumulated in the mitochondria (Fig. 4B). These results sug-
gest that the mitochondrial-dependent pathway plays an impor-
tant role in ACA-induced apoptosis.

Expression of Cell Cycle- and Apoptosis-Associated
Proteins in ACA-Treated NB4 Cells. To chamcterize the
molecular mechanism of ACA-induced cell cyele wrest followed
by apoptosis in NB4 cells, we examined the expression of cell
cycle- and apoptosis-associated proteins during treatment with

o 3 e
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Fig. 5 Expression of the apoptosis- and cell cycle-associated proteins,
NB-t cells were treated with 10 pM 17-acetoxychavicol acetate for the
indicated time. Cell lysates (15 pg/lane) were fractionated on 12.5%
SDS-polyacrylamide gels and analyzed by Western blotting with anti-
bodies against apoptosis- and cell cycle-associated proteins [cyelin DI,
cyclin Bl pSer-Rb, p21MAFICIRI pagliPl Bel2, Fas, poly(ADD-
ribose) polymerase, and Bid). Reblotting with B-actin staining demon-
strated that equal amounts of prolein were present in each lane.
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Fig. 6 Effcct of 1'-acetoxychavicol acetate (ACA) on generation of reactive oxygen species. A, NB4 cells were treated with 10 pM ACA [lor the
indicated times, afier which cells were labeled with an oxidative-sensitive dye (dehydroxy ethidium) and analyzed by flow cytometry to determine
the percentage of cells displaying an increase in production of reactive oxygen species. B, generation of glulathione in ACA-treated NB4 cells. Cells
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on ACA-treated NB4 cells. Cells were treated with 5 or 10 pM ACA and then incubated without (M) or with (CJ) 1 mM buthionine sulfoximine for
12 h. Cell viability was assessed by trypan blue dye exclusion. [, cells were pretreated with 100 pM N-acetyl-L-cysteine and then treated with 10 M
ACA for 12 h, and induction of apeptosis was examined by annexin V/propidium iodide double staining,

ACA. Expression of p2] WAFVEP! pa78iP! and Fas was increased
in a time-dependent manner with dephosphorylation of Rb, redue-
tion of cyclin D1 and Bl protein expression, and cleavage of
poly(ADP-ribose) polymerase (Fig. 5). In contrast, ACA did not
affect the expression of Bcl-2 or Bid protein (Fig. 3).

Effects of ACA on Intracellular ROS Generation.
Within 0.5 h, NB4 cells treated with 10 pM ACA showed an
increase in intracellular ROS compared with control cells (Fig. 64),
corresponding to the reduction of intracellular GSH (Fig. 68); 1
my buthionine sulfoximine, a specific inhibitor of y-glutamyl-
cysteine synthetase, induced GSH depletion and synergically en-
hanced ACA-induced apoptosis (Fig, 6C). Treatment with a thiol
anttoxidant, NAC, an excellent supplier of GSH, attenuated but did
ot completely inhibit ACA-induced apoptosis with complete in-
hibition of ROS generation in NB4 cells (Fig. 6D). These results
indicate that ROS generation plays a partial role in ACA-induced
apoptosis, but another pathway may also contribule to the ACA-
induced apoptotic pathway in N34 cells,

ACA Activates Fas/Fas Ligand-Mediated Apoptosis in
NB4 Cells. ACA rapidly activated caspase-8 and -9, and
each specific inhibitor partially blocked ACA-induced apo-
ptasis in NB4 cells, respectively (Fig. 38). For that reason,
we investigated whether the Fas-mediated pathway was in-
volved in ACA-induced apoptosis. Suppression of Fas by
12-h exposure to antagonistic anti-Fas anlibody ZB4 dramat-
ically inhibited ACA-induced apoptosis, similar to that of
agonistic anti-Fas antibody (C1I11) in NB4 cells (Fig. 7, A
and B). However, longer exposure (24 h) to ZB4 partially
blocked ACA-induced cell proliferation (Fig. 74). CH11-
induced apoptosis in NB4 cells was completely blocked by
ZB4 (Fig. 7, A and B). Corresponding to these results, ex-
pression of Fas on the plasma membrane was significantly
increased immediately after ACA treatment (Fig, 7C) with
induction of Fas ligand (data not shown). The death-inducing
signaling complex was also formed in NB4 cells treated with
ACA (Fig. 7D}. These resulis indicate that the apoptotic
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Fig. 7 1’-Acetoxychavicol acetale (ACA)-induced apoptosis via the Fas pathway. A, amagonistic anti-Fas antibody blocks ACA-induced apoptosis
in NB+4 cells. NB4 cells were preincubated for | h in the presence of 500 ng/ml ZB+4 antagonistic anti-Fas-antibody for 12 (M) or 24 h ((J) and then
treated with 10 py ACA and 250 ng/ml Fas-IgG (CHIL1), after which cell viability was assessed by trypan blue dye exclusion. Results are expressed
as the means * SD of three duplicate experiments. B, induction of apoptosis was examined by annexin ¥/propidium iodide double staining. These
data represent three separate experiments. C, flow cytometric analysis of Fas expression on the plasma membrane of tmor cells. NB4 cells were
treated with 10 uM ACA for L b, and Fas expression was determined by flow eytometry using anti-Fas 1gG FITC antibody (UB2). We used antimouse
IgG1 and [gG2a FITC antibody as the negative control, Results are representative of \bree duplicate experiments. A representalive case is shown in
the fnset. D, ACA-induced death-inducing signaling complex formation. NB4 cells were stimulated with 10 p ACA for the indicated times. Proteins
were extracted and immunoprecipitated with an antibody directed against Fas-associated death domain. Alter blotting to nitrocellulose membranes,
Western blot analysis was performed using an amibody directed against caspase-8.

pathway related to Fas:Fas lipand also seems to be involved
in ACA-induced apoptosis.

ACA-Induced Apoptosis in NB4 Cells Mediated
through Dual Pathways. Because Bid protein, which is
known to link caspases-8 and -9, was not cleaved during treat-
ment with ACA (Fig. 5), we hypothesized that Fas/Fas ligand-
and ROS-dependent pathways are independently activated dur-
ing ACA-induced cell death. We thus investigated the effects of
antagonistic anti-Fas antibody ZB4 on ROS generation and the
effects of NAC on the enzymatic activity of caspase-8. Inhibi-

tion of the Fas pathway by ZB4 did not affect ROS generation,
and the activity of caspase 8 was not altered during NAC
treatment (Fig. & A and B). In addition, costimulation of ZB4
and NAC additively inhibited ACA-induced apoptosis (Fig,
RC), indicating that ROS generation was completely independ-
ent of the FasiFas ligand-mediated pathway.

Effects of ACA on Primary Samples from Patients with
AML. We examined the effects of ACA on primary AML
cells from 10 patients (Table 1), Representative cases of ACA-
induced apopiosis and generation of ROS are shown in Fig. 9, A
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and B. ACA remarkably inhibited cellular growth of freshly
isolated cells from patients with AML by induction of apoptosis
corresponding to induction of ROS generation (Fig. 9, A and B)
and Fas and Fas ligand expression (data not shown), In contrast,
ACA did not affect cellular growth of bone marrow mononu-
clear cells from healthy volunteers (Fig. 2, A and B). These
results strongly supported the finding that induction of both Fas
expression and ROS generation plays a crucial role in the effects
of ACA on fresh myeloid leukemic cells, and ACA has potential
as a treatment for patients with AML.

Effects of ACA in Vivo. Our in vifro data prompted us to
examine whether the effects of ACA are equally valid in vivo,
To evaluate the effect on survival, NB4-transplanted NODY
severe combined immunodeficient mice were treated with ACA
(Fig. 10). The survival curves of mice in both groups are shown
in Fig. 10, and the difference in survival between the two groups
was statistically significant by log-rank test analysis (P < 0.005;
Fig. 10). As shown inFig. 10, ACA markedly improved overall
survival, During the treatment, ACA-treated mice appeared
healthy. In addition, pathological analysis at autopsy revealed

no capsaicin-induced tissue changes in any of the organs (data
not shown). These results suggest that ACA had no loxic effects
on nyice during this treatment.

DISCUSSION

Natural produets have been the mainstay of cancer chen-
otherapy lor the past 30 years (23), Tor example, the main
constituent of the plant Catharanthus reseus was the lorerunner
of the anticancer agents known as the Vince alkaloids, vinblas-
tine and vineristine. Both drugs were introduced to the clinical
field in the late 1960s and have contributed to long-lerm remis-
sions and cures of testicular teratoma, malignant lymphoma,
lymphoblastic leukemia, and many other cancers. Natural prod-
ucts or their structural relatives now comprise about 50% of the
drugs that are used for cancer chemotherapy. Therelore, it is an
important project to discover novel anticancer agents from nat-
ural produets through a routine examination of terrestrial plants
and microorganisms. There have been a series of studies report-
ing that ACA, a natural product from edible plants in southeast-
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Table |

Bascline characteristics of patients and effect of ACA? on primary AML cells®

Annexin V-positive cells {%)

Fas-positive cells (%)

Patiemt o, Age (yrs)  Sex  Diagnesis®  Blast? (%)  Control  ACA  Fold-increase®  Control  ACA  Fold-increase”
1 49 M AMLMD 81.0 124 942 7.6 10.3 56.9 55
2 30 M AML (M2) 91.4 1.7 818 49.9 2.5 66,7 26.7
3 35 F AML (M3) 8.8 78 89.4 1.5 54 453 84
4 58 M AML (M2) 8.0 11.2 7.4 71 93 782 84
5 68 F AML (MD) 81.6 19.5 847 44 10.5 532 5.1
6 56 M AML (M2) 90.0 89 8.5 88 6.5 40.3 6.2
7 39 A AML (M3) 93.0 94 §7.1 9.3 13 789 10.8
8 27 M AML (MO) 98.2 20.5 96.7 4.7 143 74.6 52
9 23 F AML (M3) 81.0 4.1 8.5 19.1 9.5 643 6.8

10 39 M AML (M2) %6.6 217 876 4.0 11.4 45.8 414

*ACA, V'-acctoxychavicol acetate; AML, acute myveloid leukemia.

b Cells were separated by Lymphoprep sedimentation procedure and subsequently cultured with 10 pM ACA for 12 h,

° Diagnosis was based on French-American-British classification.

#Samples from patients were separated from bone marrow, and the percentage of blast cells are at diagnosis.
“ Induction of apoplosis and Fas expression were expressed as fold increase of the percentage of control cells,

ern Asia, exhibits chemopreventive effects on various tumors
{1=7). Flowever, there have been no investigations regarding the
effects of ACA on human levkemias. In this report, we propose
for the first tme that ACA induced apoptosis in myeloid leu-
kemic cells mediated by dual pathways through mitochondrial
oxidative stress and Fas/Tas ligand system.

We demonstrated that ACA suppressed Lhe cellular growth
of various myeloid leukemic ccll lines and fresh samples via the
induction of apoptosis. Mitochondria play an essential role in
the death-signating pathway. In general, permeability transition
pore opening, collapse of the mitochondrial A¥fm resulted in the
rapid release of caspase activators such as ¢ytochrome ¢ into the
cytoplasm (20), We demonstrated that the loss of A¥'m in-
creased within 3 h of treatment, a time frame parallel to that of
induced apoptosis. Furthermore, caspase-3 was activated by
ACA, and caspase-3 and caspase-9 inhibilors suppressed the
apoptotic effects of ACA. Taken together, these results suggest
that ACA-induced apoptosis in leukemic cells is associaled with
the loss of A¥m and with the activation of caspases, probably
via the cytochrome c/Apal-l/caspase-9 pathway. We further
demonstrated that ACA had no influence on the expression of
Bcl-2 or Bel-X,, but it up-regulated the levels of mitochondrial
but not cytoplasmic Bax protein in NB4 cells in a time-depen-
dent manner. Bax translocation 1o the mitochondria has been
shown to reduce AW¥m, enhance cytochrome ¢ release lrom the
mitochondria, and activate caspases (27, 28).

We detected that ACA-induced apoptosis in myeloid leu-
kemic cells was associated with an increase in the levels of
intracellular ROS. It has been suggested that the generation of
ROS is a common mechanism in one of the representative
pathways of apoptosis through mitochondria by triggering cy-
tochrome ¢ release with the consequent Apal-1-dependent acti-
vation of caspase-9 (26, 29). Oxidant and its compounds are
capable of depleting GSH or damaging the cellular antioxidant
defense system and can directly induce apoptosis (30-32). We
demonstrated that ACA rapidly induced ROS gencration and
that pretreatment with antioxidant NAC inhibited ACA-induced
apoptosis. In additton, buthionine sulfoximine, which reduces
intracellular GSH contents, enhanced ACA-induced apoptosis.

Recently, it has been reported that superoxide dismutases are
target molecules of estrogen-induced apoptosis in leukemic cells
identified by cDNA microarray assay and that inhibition of
superoxide dismutase causes an accumulation of ROS and Jeads
to the release of cytochrome ¢ from the mitochondria (33). Most
ACA-sensitive NB4 cells among the various leukemic cells used
in this study were reported to have weak activities of antioxidant
enzymes including glutathione peroxidase, catalase, and ghuta-
thione S-transferase (34, 35). These results suggest that ACA-
induced apoptosis in leukemic cells is modulated by the cellular
GSH redox system.

The role of membrane death receplor-mediated apoptosis is
known to be one of the pathways to caspase-8 activation. On
activation of death receptors by their ligation, the death recep-
tors recruit the adapter molecule FADD by the death domain
that is also present on FADD, followed by activation of
caspase-8. We demonstrated that Fas ligand levels were in-
creased in NB4 cells during treatment with ACA. NB4 cells
were sensitive to Fas-induced apoptosis because agonistic anti-
Fas antibody CH11 induced apoptosis, and antagonistic anti-Fas
antibody ZB4 inhibited the induction of apoptosis in N34 cells.
In addition, ZB4 induced the expression of cell surface Fas in
association with reduction in apoptotic cells. Moreover, we
demonstrated that up-regulation of Fas ligand expression and
formation of death-inducing signaling complex during treatment
with ACA corresponded to activation of caspase-8. These re-
sults indicate that signaling by the Fas/Fas ligand system plays
an important role in the apoptotic killing of NB4 cells by ACA.

The time-response curve of caspase-8 in ACA-treated NB4
cells was similar to that of caspase-S, suggesting that both
proteases were aclive in this apoptotic pathway. Caspase-8 directly
activates the downstream caspase, caspase-3. Caspase-9, which is
activated by cytochrome ¢ from mitochondria, can also activate
caspase-3 (36, 37). In certain cells, the mitochondrial activation-
mediated pathway has been shown 1o be required for Fas-
mediated apoptosis (28). In these cells, Bid mediates the release
of cytochrome ¢ from mitochondria initiated by caspase-8 acti-
vation (18, 38). Therefore, Bid interconnects the extrinsic ap-
optotic pathway initiated by death receptors to the intrinsic
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pathway of mitochondria-mediated apoptosis {39). In our study,
the antioxidant NAC did not affect activation of caspase-8, and
antagonistic anti-Fas antibody ZB4 did not inhibit ROS gener-
ation. Also, Bid protein was not cleaved by treatment of NB4
cells with ACA. ACA-induced apoplosis was reduced in an
additive way when NB4 cells were pretreated with ACA or ZB<.
Fron: these results, we conclude that there are two different
palthways (for mitochondrial oxidative stress-mediated and Fas-
mediated cell death signaling) in ACA-treated NB3 cells.
Acute leukemia is a hematological neoplastic disorder and
generally shows aggressive clinical maniflestations with poor
prognosis in the clinical setting The therapeutic approach to
acute leukemia is basically chemotherapy for achieving com-
plete remission, but side effects and complications such as
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Fig. 9 Effects of 1'-acetoxychavicol acetate on primary cells from
patients with acute myeloid leukemia. Fresh levkemic cells from a
patient were separated by the Lymphoprep sedimentation procedure and
subsequently cultured with 10 pM I'-acetoxychavicol acetate for 24 h.
A, induction of apoplosis was measured by determining the number of
annexin V-posilive cells. B, generation of reactive oxygen pecies wias
measured by flow cytomelry, Representative data from 10 patients with
AML are shown.
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Fig. 10 1'-Acctoxyehavicol acetate-mediated apoptosis of lenkemic
cells in vivo using a nonobese diabetic (NOD)/severe combined immu-
nodeficient mice model. NB4 cells (1 X 107) were inoculated s.c. into
NODisevere combined immunodeficiemt mice. Fourtcen days after
transplantation, PBS (control) or 1'-acetoxychavicol acetate (3 mg/kg)
was given one time every 3 days. Kaplan-Meier survival curves between
the experimental and control mice groups are stalistically differem by
log-tank test (F < 0.005).

serious infection due to anticancer drugs are severe problems. In
particular, side elTects of anticancer drugs might be fatal in older
patients or immunocompromised patients. In addition, repeated
episodes of relapse of the disease may lead to refractory or
chemotherapy-resistant leukemia. Therefore, novel effective
lherapeutic strategies are actively being sought in the world, A
component of a traditional Thai condiment, ACA, is a natural
compound, and it appears to be safer than current chemothera-
peutic drugs. ACA remarkably inhibited cellular growth of
primary cells from patients by the induction of apoptosis,
whereas the same dose of ACA did not affect the cellular growth
of bone marrow mononuclear cells lrom healthy volunteers,
indicating that the effects of ACA are specific to neoplastic
cells. In this study, we demonstrated the anticancer efTects of
ACA both in vitro and in vivo. Fas receptor 1s known (o be
constitutively expressed in the liver, indicating that the liver is
very sensitive 1o Fas-induced apoptosis (40), and mice treated
with an agonistic anti-Fas antibody died from hepatic failure
caused by generalized apoptosis of hepatocytes {41). However,
in our study, we could not observe any organ damage i vivo,
suggesting that ACA had no toxic effects on mice during this
treatment.

We conclude that ACA might be developed as a new,
potent anticancer agent lor the management of hematological
malignancies. In addition, ACA has potential as a novel thera-
peutic agent (o replace the more cytotoxic agents currently used
to treat patients with myeloid leukemia.
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Induction of Apoptosis in Leukemic Cells by Homovanillic Acid Derivative,
Capsaicin, through Oxidative Stress: Implication of Phosphorylation of
pS3 at Ser-15 Residue by Reactive Oxygen Species
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ABSTRACT

Capsaicin (N-vanillyl 8-methyl1-nonenamide) is a homovanillic acid
derivative found in pungent fruits, Several investigators have reported the
ability of capsaicin to inhibit events associated with the promotion of
cancer. However, the effects of capsaicin on human leukemic cells have
never been investigaled. We investigated the effects of capsafcin on leu-
kemic cells in vitro and in vive and further examined the molecular
mechanisms of capsaicin-induced apoplosis in myeloid leukemic cells,
Capsalcin suppressed the growih of leukemic cells, but not normal bone
marrow mononuglear cells, via induction of GG, phase cell eyele arrest
and apoptosis, Capsalcin-induced apoptosts was In assoclation with the
elevation of intracellular reactive oxygen species production. Interest-
ingly, capsaicin-sensitive leukemic cells were possessed of wild-type pf3,
resulting in the phosphorylation of p53 at the Ser-15 residue by the
freatment of capsaicin. Abrogation of p&3 expression by the antisense
oligenucleotides significantly altenvated capsaicin-induced cell cycle ar-
rest and apoptosis. Pretreatment with the antioxidant N-acetyl-L-cystein
and catalase, bul not superoxide dismutase, completely inhibited capsa-
icin-Induced apoptosis by inhibiting phosphorylation of Ser-15 residue of
p53. Moreover, capsaicin effectively fnhibited tumor growth and induced
apoptosis in vive using NOD/SCID mice with no toxic effects. We conclude
that capsaicin has polential as a novel therapeutic agent for the treatment
of levkemia.

INTRODUCTION

Capsaicin is the active principle ingredient of the hot chilli pepper
Capsicum, which contains about 0.1-1.0% of capsaicin (1). Spicy
foods may play some role in human carcinogenesis, and to date one
single epidemiological study has demonstrated that there was a cor-
relation between hot chilli pepper consumption and incidence of
gastric cancer (2); however, other studies have failed to provide
evidence for its genotoxic potential (3, 4). Capsaicin extracts have
been extensively investigated for their effects on genotoxicity and
mutagenicity in vitre as well as in vivo, but the study results are
conflicting (5-7). In several studies, the tumor-initiating or -promot-
ing potential of capsaicin was observed (8-11), whereas in other
studies the chemoprofective effects of capsaicin were demonstrated
(5, 12-14). Moreover, it has been reported that capsaicin inhibits
cellular growtl of neureblastoma and hepatocarcinoma cells through
the induction of apoptosis (15-17). However, the mechanism of
capsaicin-induced apoptosis remains unclear, and the effects of cap-
saicin on human leukemic cells have never been studied.
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The tumor suppressor profein p53 regulates the cellular response to
DNA damage by mediating cell cycle amest, DNA repair, and cell
death (18, 19). The mechanisms involved in pS3-mediated cell death
remain controversial, and regulation of pS3 function is complicated,
Phosphorylation at the Ser-15 residue of p33 is critical for p53-
dependent transactivation, Inaddition, accumulation of p53 protein by
inhibiting the interaction between p53 and MDM2 siimulates p53-
dependent transactivation (20). In response to stress signals, levels of
p33 protein are rapidly increased, and ils activity is enhanced after
phosphorylation at the Ser-15 residue, resulting in the up-regulation of
downstream genes, including the cyclin-dependent kinase inhibitor
p2IVAFUCIPL 4004 the prospopiotic gene Bax. In turmn, increased levels
of Bax induce mitochondrial depolarization, release of cytochrome ¢,
and activation of a caspase cascade, leading to apoplosis (9, 21-25).
Ataxia telangiectasia mutated kinase has been shown to phosphorylate
the Ser-13 residue of p33, leading to apoptotic signal transduction (26,
2. Several studies have demenstrated that reactive oxygen species
tRO8} gencration phosphorylates and aclivates p53 in an ataxia tel-
angiectasia mutated-dependent manner (28-32).

In the present study. we show that the homovanillic acid derivative
capsaicin inhibits the proliferation of various leukemic cells. Capsa-
icin dramatically suppressed the growth of leukemic cells with wild-
type p53, through the induction of G,-G, cell cyele arrest and apo-
ptosis. We further investigated the molecular mechanisms of
capsaicin-induced apoptosis in leukemic cells in vitro as well as its .
antitumor effects in vivo.

MATERIALS AND METHODS

Cell Culture. NB4 promyelocytic leukemia and Kasumi-1 niyeloid feuke-
mia cell lines were generous gifis from Dr. M. Lanotte (Héopital St. Louis,
Paris, France; Ref. 33) and Dr. H. Asou (Hiroshima University, Hiroshima,
Japan; Ref. 31, respectively. Retinoic acid-resistant acute promyelocyiic leu-
kemia cell line UF-1 was established in our laboratory (35). The human
levkemic cell lines, including HL-60, K562, KURB12, and U937, and NIH3T3
cells as a positive control for wild-type p53, were obtained from the Japan
Cancer Research Resources Bank (Tokyo, Japan), Bone marrow samples from
cight patients with acute leukemia and three normal volunteers were obtained
according to appropriate [Tuman Protection Committee validation at the Keio
University School of Medicine (Tokyo, Japan) with wrillen informed consent.
Mononuclear cells were separated by Lymphoprep (Nyvcomed Pharma As,
Oslo, Norway), Cells were maintained in RPMI 1640 (Life Technelogies, Inc.,
Grand Island, NY) with 10% fetal bovine serum (Life Technologies, Ine.), 100
units'ml penicillin, and 100 pg/ml streptomycin in a humidified atmosphere
with 5% CO,. UF-1 and primary cells (rom the patients were grown in RPMI
1640 with 15% fetal bovine serum (Hyclone Laboratories, Logan, MT) under
standard culture conditions. The morphology was evatuated by cytospin slide
preparation with Giemsa staining, and the viability was assessed by trypan blue
dve exclusion.

Reagents. Capsaicin was purchased from Sigma (S Louis, MQ) and
dissolved in 100% ethanol, and N-tert-butoxy-carbonyl-Val-Ala-Asp-fluorom-
cthylketone (Calbiochem, La Jolla, CA) was dissolved in DMSO (Sigma),
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NAC, huthionine sulfoximine, catalase, and superoxide dismutase were pur-
chased from Sigma.

Cell Cycle Analysis. Cells (1 % 10%) were suspended in hypotenic solution
(0.1% Triton X-100, 1 mM Tris-IIC1 (pH 8.0, 3.4 mM sodivm citrate, and 0.1
mM EDTA) and stained with 50 pg/ml of propidium iodide. DNA content was
analyzed by FACSCalibur (Becton Dickinson, San Jose, CA). The population
of cells in each cell cycle phase was determined using Cell ModiFIT sofiware
(Becton Dickinson),

Assays for Apoptosis, Apoplotic cells were quantified by Apnexin V-
FITC and propidinm iodide double staining using a staining kit from Phar-
Mingen (San Diego, CA). The mitochondrial transmembrane potential (Aym)
was determined by flow cytomelry, Briefly. cells were washed twice with PBS
and incubated with 1 pg/ml Rhodamine 123 (Sigma) at 37°C for 30 min.
Rhodamine 123 intensity was determined by flow cytometry.

Caspase Assays, Caspase-3-related prolease activity was determined by
using a commercially available kit (PharMingen) according to the manufac-
turer’s instructions, Briefly, cells were fixed and permeabilized wsing the
Cytofix/Cyroperm for 20 min at 4°C, pellcted, and washed with Perm/Wash
buffer (PhaMingen). Cells were then stained with polvelonal antibody against
the active form of caspase-3 (PharMingen) for 20 min at room temperature,
washed in PermWash buffer, stained with goat antirabbit-FITC (Super Techs,
Bethesda, MD), and analyzed by flow cytometry. In the caspase inhibitor
assay, cells were pretreated with & synthetic pan-caspase inhibitor (20 umM;
N-tert-butoxy-carbonyl-Val-Ala-Asp-fluoromethylketone) for an hour before
addition ol capsaicin.

Measurement of ROS Production, To assess the generation of ROS, we
incubated control and .capsaicin-treated cells with 3 um dihydroethidiom
(Malecular Probes, Eugene, OR), which is rapidly oxidized to the ftuorescent
intercalator ethidium by cellular oxidants. Cells (1 X 10%) were stained with 5
M dihydroethidium for 15 min at 37°C and were then washed and resus-
pended in PBS, The oxidative conversion of dihydroethidium to ethidium was
analyzed by flow cylometry.

Cell Lysate Preparation and Immunoblotting. Cells were collected by
centrifngation at 700 X g for 10 min, and then the pellets were resuspended
in a lysis buffer [1% NP40, 1 mM phenyomethylsulfonyl fluoride, 40 mu
Tris-HCl(pH 8.0), and 130 mm NaCl] at 4°C for 15 min. Mitochondrial and
cytosolic fractions were prepared with digilonin-nagarse treatment. Protein
concentrations were determined using a detergent-compatible protein assay
system (Bio-Rad, Richmond, CA). Cell lysates (15 ug of protein/lane) were
fractionated in 12.5% or 7.5% SDS-polyacrylamide gefs before being
transferred to the membrane (Immobilon-P membrane; Millipore, Bedford,
MA}Y according to standard protocol. Antibody binding was detected by
using the enhanced chemiluminescence kit with hyper-enhanced chemilu-
minescence film (Amersham, Buckinghamshire, United Kingdom). B-Actin
was used as an indicator for equality of lane loading. Blots were also
stained with Coomassgie Brilliant Blue 10 confirm that equal amounts of
protein extracts were present in each lane. The following antibodies were
used in this study: anti-Rb, -cytochrome ¢ (PharMingen), -MDM2 (Onco-
gene, Boston, MA), -p53, -phospho Rb (Ser-780; Cell Signaling. Beverly,
MA), -cyclin D1, -Bax, -p21 WAFYSIPL and -B-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA). We used p53-phosphorylated kit (Cell Signaling)
to detect phosphorylated p33, For detection of wild-type p53 protein
expression, cell lysates were precipitated with anti-p53 wild-type monc-
clonal antibody (PAb1620; Oncogene) and then blotted with anti-p53
polyclonal antibody (Cell Signaling). Expression of wild-type p53 was also
determined by {low cylometry.

Reverse Transeription-PCR, PCR, Gel Electrophoresis, and Sequenc-
ing. Total cellular RNAs were isolated from the cells by using RNA easy kit
(Qiagen K.K., Tokyo, Japan). Random primed, first strand cDNAs were
synthesized from | pg of total RNAs using Superscript I reverse transeriptase
(Life Technologies, Inc. Gaithersburg, MD) according to the manufacturer’s
instructions. PCR was carried out for 30 s at 94°C, 30 s at 55°C. and 20 s at
72°C for 40 cycles. Primer sequences for p53 were sense (nucleotide 225-244)
S.TGCACCAGCGACTCCTACAC-3" and antisense (nucleotide 892-873) 5'-
CTGGGTGAGGCTCCCCTTTC-3", The PCR products were analyzed on 1%
agarose gel, To normalize the amount of RNA, we used amplification of the
human B-actin gene as a control. Exons 4-11 of the “hot spots™ region of p53
were amplified by PCR using the following primers: 5'-GCCAAGTCTGT-
GACCTGCACG-3' (exon 4 and 5-TCAGTCTGAGTCAGGCCCTTC-3'

(exon 1t). The amplified product was cloned into a pCR2.1 TORD vector
(Invitrogen, Carlsbad, CA) and sequenced with both M13 forward primer and
M13 reverse primer incloded in the TOPO TA cloning kit {Invitrogen) ac-
cording to the manufacturer's recommendation. DNA sequencing was per-
formed on an ABI PRISM 310 genetic analyzer (Perkin-Elmer Applicd Bio-
svstems, Foster City, CA). All of the oligonucleotides were obtained from
Sawaday Technology (Tokyeo, Japan).

Antisense Oligonucleotides for pS3, The p53-antisense oligodeoxynucle-
otide targeted the following region of the initiation codon: 5°-CGGCTCCTC-
CATGGCAGT-3'. s serambled oligodeoxynucleotide (5'-ACTGCCATG-
GAGGAGCCG-3") and the mismatch sequence (5'-CGGGTCCTCTACG-
CTAGT-3") were designed as a negative control. These oligodeoxynucleotides
were modified by phosphorothioate to enhance their stability, and they had no
similarity 1o other mammalian genes as shown by Basic Local Alignment
Scarch Tool scarch analysis. After 24 h of preincubation with these oligonu-
cleotides, NB4 cells were treated with capsaicin and 1 M each oligonucleotide
for 24 h.

Animal Model and Experimenial Design, We have established a system
of himan all-trans retinoic acid-sensitive acute promyelocytic feukemia model
in NOD/SCID mice by using NB4 cells (36), Briefly, NOD/SCID mice (The
Jackson Laboratory, Bar Harbor, ME) were pretreated with 3 Gy of total body
irradiation, which is a sublethal dose that was expected to enhance the
acceptance of xenografts. Subsequently, the mice were inoculated s.c. with
NB4 cells (1 X 107 cells) in their logarithmic growth phase, and the incculated
NB4 cells rapidly formed s.c. tumors a1 the injection site, Fourteen days afier
implantation of the cells, mice with the transplanted cells were randomly
assigned 1o be injected with 5% ethanol (n = 15; 50 pl) or capsaicin (50
mg'kg) in 5% ethanol (# = 15; 50 ul) as an emulsion fluid administered daily.
After 6 days of the Lreatment, mice were sacrificed and dissected 10 measure
tumor weights, The study was approved by the Animal Care and Use Com-
mittee at the Keio University School of Medicine, Tokyo, Japan. When the
mice showed severe wasting or when obscrvations were finished, mice were
sacrificed according 1o the UKCCCR guidelines (37). Tumors were fixed in
4% paraformaldehyde, embedded in paraffin, sectioned, and then stained with
anti-single-strand DNA (Dako Japan Co., Ltd, Kyoto, Japan) for delection of
apoptotic cells (38).

Statistical Analysis. Tumor weights and numbers of mitotic cells are
expressed as the mean * SD. Dilferences of both parameters were analyzed for
significance by Student’s 2 test. P < 0.05 was considered to indicale statistical
stgnificance.

RESULTS

Effects of Capsaicin on Cellular Proliferation of Various Leu-
kemic Cells. We first investigated the effects of capsaicin on cellular
proliferation of seven leukemic cell lines that included NB4, UF-1,
Kasumi-1, HL-60, K562, KU812, and U937 cells. Capsaicin inhibited
cellular growth of all leukemic cells, but not normal bone marrow
mononuclear cells, in a dose- and time-dependent manner (Fig. 1, A
and B). Interestingly, capsaicin was particularly sensitive to NB4 and
Kasumi-1 leukemic cells (Fig. 1, A and B), both of which expressed
PAbB1620-reactive wild-type p53 (Fig. 2, A and B). In addition, se-
quencing analysis of p53 (exons 4-11) was performed on both cell
lines that have wild-type p53 (data not shown). But the other leukemic
cell lines had defective p53 (Fig. 2, A and B). As previous investiga-
tions have reported, these cell lines contain mutated pS53 alleles
(39-~42). Because capsaicin dramnatically decreased cellular growth of
NB4 and Kasumi-1 cells with the lowest 1C,, we used NB4 cells for
our subsequent investigations. Cultivation with capsaicin increased
the population of cells in the GG, phase with a reduction of cells in
the S-phase, which was followed by a marked increase of a sub-G,
population at 24 h (Fig. 1C), Annexin V-positive apoptotic fractions
were detected beginning 4 h after exposure to capsaicin, and these
fractions dramatically increased in a time-dependent manner (Fig.
1D). Annexin V and propidium iodide double-positive cells were
increased at 24 h after (reatment, indicating that capsaicin induced
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