
Novel role of HDAC inhibitors in AML1/ETO AML cells:
activation of apoptosis and phagocytosis through
induction of annexin A1
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The chimeric fusion protein AML1-ETO, created by the t(8;21) translocation, recruits histone deacetylase (HDAC) to AML1-
dependent promoters, resulting in transcriptional repression of the target genes. We analyzed the transcriptional changes in
t(8;21) Kasumi-1 AML cells in response to the HDAC inhibitors, depsipeptide (FK228) and suberoylanilide hydroxamic acid
(SAHA), which induced marked growth inhibition and apoptosis. Using cDNA array, annexin A1 (ANXA1) was identified as one of
the FK228-induced genes. Induction of ANXA1 mRNAwas associated with histone acetylation in ANXA1 promoter and reversal of
the HDAC-dependent suppression of C/EBPa by AML1-ETO with direct recruitment of C/EBPa to ANXA1 promoter. This led to
increase in the N-terminal cleaved isoform of ANXA1 protein and accumulation of ANXA1 on cell membrane. Neutralization with
anti-ANXA1 antibody or gene silencing with ANXA1 siRNA inhibited FK228-induced apoptosis, suggesting that the upregulation
of endogenous ANXA1 promotes cell death. FK228-induced ANXA1 expression was associated with massive increase in cell
attachment and engulfment of Kasumi-1 cells by human THP-1-derived macrophages, which was completely abrogated with
ANXA1 knockdown via siRNA transfection or ANXA1 neutralization. These findings identify a novel mechanism of action of
HDAC inhibitors, which induce the expression and externalization of ANXA1 in leukemic cells, which in turn mediates the
phagocytic clearance of apoptotic cells by macrophages.
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The t(8;21) translocation creates the chimeric fusion protein
AML1-ETO,1 which recruits the histone deacetylase (HDAC)
enzymes to AML1-dependent promoters, resulting in tran-
scriptional repression of the target genes. Histone acetylation
is essential for the establishment of transcriptionally compe-
tent chromatin.2 The acetylation state of histones and other
proteins that regulate transcription is controlled by histone
acetyltransferases and histone deacetylases (HDACs).3

HDACs also form a complex with leukemia fusion proteins,
such as AML1-ETO, PML-RARa, MLL-CBP, and others,
which results in the aberrantly suppressed expression of
genes required for the control of cell growth and hence the
transformation of primitive hematopoietic cells.4 Conversely,
the histone deacetylase inhibitors (HDACIs) are capable of
inducing apoptosis, differentiation, and growth in tumor cells,
including leukemia cells.5 These properties of HDACIs have
made them of particular interest as a means of overcoming
the drug resistance characteristic of acute myeloid leukemia
(AML) that now reduces the prospects for long-term survival
in these patients. Several structurally diverse HDACIs have
now been developed as anticancer agents; of these sodium
phenylbutyrate, depsipeptide (FK228), suberoylanilide hydro-

xamic acid (SAHA), andMS-275 are currently being studied in
clinical trials in patients with hematologic malignancies and
solid tumors.5 The mechanism of HDACIs is unknown,
however. Knowledge of their mechanism could be used in
the development of other improved HDACIs and in the design
of combination treatment.
We therefore studied the mechanisms of the anti-leukemic

effects of HDACIs in the AML cell line Kasumi-1. We selected
FK228 that was previously shown to possess cytotoxic activity
against myeloid leukemia6,7 but not in T-cell lymphoma cells,8

and used another HDACI SAHA, which is currently under-
going clinical trials in hematologic malignancies.9 To identify
genes regulated by HDAC in Kasumi-1 cells harboring the
AML1-ETO fusion protein, we first analyzed transcriptional
changes in response to FK228 using cDNA array technology.
We found that FK228-induced apoptosis was associated with
the induction of the expression of the pro-apoptotic protein
annexin A1 (ANXA1) through the histone acetylation of its
promoter. ANXA1 is a 37 kDa member of the annexin super-
family that structurally belongs to a family of ubiquitous phos-
pholipids and calcium-binding proteins. Depending on the cell
system, it is implicated in apoptosis induction,10 caspase-3
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activation,11,12 cell growth inhibition,13,14 and phagocytosis.15

Further, downregulation of ANXA1 expression has been re-
ported to correlate with tumor progression in head and neck
cancer.10 In this study, we discovered that FK228 induced
histone acetylation, induction of ANXA1 gene expression and
C/EBPa binding in ANXA1 promoter specifically in AML1/
ETO-expressing AML cells, and these effects contributed to
apoptotic cell death and the engulfment of apoptotic cells by
macrophages. These effects were blocked both by the
ANXA1-blocking antibody and by silencing of the ANXA1
gene with ANXA1 siRNA. Since the phagocytic clearance of
apoptotic leukemia cells plays an important role in the
resolution of inflammation after chemotherapy, our findings
also emphasize the pivotal role of ANXA1 as a mediator of
apoptosis and phagocytosis in response to HDAC inhibition.

Results

FK228 inhibits growth and induces apoptosis of
Kasumi-1 cells. We first examined the dose-dependent
inhibitory effects of FK228 on the growth of Kasumi-1 cells
exposed to incremental concentrations of FK228 (1, 5, and
10 nM) for 16 h. Cell counts were determined at 24, 48, 72,
and 96 h after wash-out of the drug (Figure 1a, i). Since
treatment with 5 nM FK228 significantly inhibited the growth
of Kasumi-1 cells compared with the growth of control cells,
this concentration was chosen for further mechanistic
studies.
As FK228 has been reported to induce apoptosis in many

tumor cell types, we next investigated whether FK228 induced
apoptosis in Kasumi-1 cells. At 72 h of culture, the transient
(16 h) exposure of cells to 5 nM FK228 induced apoptosis
(Po0.001, Figure 1a, ii). At a concentration of 10 nM, FK228
induced the death of almost all Kasumi-1 cells. FK228 at 5 nM
also affected the cell cycle, in that the ratio of G0/G1 phase
cells moderately increased and the ratio of S-phase cells
significantly decreased compared with the findings in un-
treated control cells at 72 h (P¼ 0.03), with increase in the
hypodiploid (sub-G1) population (Figure 1b). Overall, this
showed that the FK228-induced cell growth inhibition of
Kasumi-1 cells is caused by the combination of apoptotic and
cell cycle-inhibitory responses.
As shown in Figure 1c, however, NB4 APL cells, which

express fusion protein PML-RARa4 known to form complexes
with HDACs, were less sensitive than Kasumi-1 cells to
FK228. Although the dose-dependent growth-inhibitory ef-
fects of FK228 were likewise observed in NB4 cells, 5 nM
FK228 did not induce significant apoptosis and only minimally
affected the G0/G1 cell cycle distribution (G0/G1: control
44.874.2 versus FK228 57.674.0, P¼ 0.04; S: control
49.074.2 versus FK228 38.572.5, P¼ 0.03, at 72 h). A
higher dose (10 nM) of FK228 did, however, significantly
inhibit NB4 cell growth and apoptosis, concordant with the
findings from a previous study.7

Another HDACI, SAHA, caused the dose-dependent cell
growth inhibitory effects and induction of apoptosis in both,
Kasumi-1 and NB4 cells (Figure 1d and e). Whereas lower
dose of SAHA (0.5 and 1 mM) induced more apoptosis in

Kasumi-1 than NB4 cells, higher dose (1mM) SAHA induced
almost complete cell death of Kasumi-1 and NB4 cells.

FK228 upregulates ANXA1 expression in AML1-ETO-
positive Kasumi-1 and SKNO-1 cells. To determine the
mechanisms of apoptosis induction by FK228, we examined
changes in the gene expression of FK228-treated Kasumi-1
cells using a cDNA array. The following criteria were used to
identify the genes differentially expressed in FK228-treated
and control cells: a lower bound of fold changes (FC) 42
and a difference of means of 4150 were used to identify
upregulated genes and an upper bound of FC p2 and
difference of mean of p150 were used to identify
downregulated genes. In FK228-treated Kasumi-1 cells,
123 genes were upregulated and 14 genes were
downregulated. Among these, the gene that encodes the
tumor necrosis factor a (TNFa) was moderately upregulated
(2.1-fold), consistent with a previous report of TNFa gene
induction through histone hyperacetylation.16 The anti-
inflammatory cytokine TGF-b17 gene was similarly found to
be upregulated by 2.3-fold in the FK228-treated Kasumi-1
cells. The genes upregulated 42.1-fold are summarized in
Table 1. We focused our studies on the pro-apoptotic ANXA1
gene, which showed a 3.5-fold increase in expression in
response to FK228.
To confirm the microarray results, we analyzed changes in

the mRNA expression of the ANXA1 gene using real-time
PCR. This showed that the ANXA1 mRNA expression in
Kasumi-1 cells was repeatedly upregulated by 5nM FK228
or 1mM SAHA (FK228 6.470.2, SAHA 7.470.5 fold increase
compared with control; Figure 2a). However, no further
increase in the ANXA1 mRNA levels was observed at a
higher (10 nM) dose of FK228 (data not shown). Likewise,
these HDACIs induced ANXA1mRNA in another AML1-ETO-
positive cell line, SKNO-1 cells (FK228 6.070.7-, SAHA
9.671.3-fold increase compared with control), but not in the
AML1-ETO-negative NB4, U937, or OCI/AML2 cells
(Figure 2a). No further induction of ANXA1 mRNA was
observed in NB4 cells at a higher dose of FK228 (10 nM) or at
later time points (48 and 72 h; data not shown).

FK228 activates ANXA1 gene transcription through
histone acetylation in AML1-ETO-positive Kasumi-1
and SKNO-1 cells. We next determined whether induction
of ANXA1 transcription is mediated by histone acetylation.
This was examined using the ChIP assay and quantified by
TaqMan PCR to identify the critical histone residue on the
ANXA1 promoter modified by HDACIs in AML1-ETO-positive
and -negative cells. As shown in Figure 2b and c, both FK228
and SAHA promoted histone acetylation in the ANXA1
promoter in AML1-ETO-positive Kasumi-1 cells (histone
H3L9; FK228 38.177.6-, SAHA 83.6713.5-, H4; FK228
3.970.8-, SAHA 4.170.8-fold increase compared with
control). Similar results were observed in SKNO-1 cells
(H3L9; FK228 3.470.6-, SAHA 58.179.5-, H4; FK228
1.470.3-, SAHA 2.670.5-fold increase compared with
control) but not in the AML1-ETO-negative cells (i.e., NB4,
U937, and OCI/AML2 cells).
To clarify the mechanisms of histone acetylation in the

ANXA1 promoter in AML1-ETO-positive cells, we examined
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the possibility of ANXA1 being a direct target of the AML1-
ETO gene. However, no direct AML1-binding sites were
identified in the ANXA1 promoter. We next focused on the

ANXA1 promoter region as a possible location of binding
sites for the candidate AML1 target genes. A survey of this
region showed that these sites are repressed by AML1-ETO
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Figure 1 FK228 effects on growth inhibition, apoptosis, and cell cycle in Kasumi-1 and NB4 cells. (a), (c) Kasumi-1 cells (a) and NB4 cells (c) were cultured in the presence
of different concentrations of FK228 (1, 5, and 10 nM) for 16 h, followed by wash-out of the drug with medium change. The effects on cell growth (i) were determined by viable
cell counts using the Trypan blue exclusion method. Graphs show the mean7S.D. of results of three independent experiments. (ii) Percentage of annexin V-positive control
cells and cells treated with FK228 (72 h time point). Graphs show the mean7S.D. of results from three independent experiments. Statistically significant differences
(**Po0.01) were determined by a paired Student’s t-test. (b) Example of results from flow cytometric cell cycle analysis. Kasumi-1 cells were treated with FK228 (5 nM) for
16 h, followed by wash-out of the drug, after which fixed cells were stained with PI at the 72 h time point. Numbers indicate the average7S.D. of the percentage of cells in the
G1 and S phases of the cell cycle from three independent experiments, as calculated by the ModFit program. (d), (e) Kasumi-1 cells (d) and NB4 cells (e) were cultured in the
presence of different concentrations of SAHA (0.5, 1.0, and 2.0mM) for 16 h. The effects on cell growth (i) were determined by viable cell counts using Trypan blue exclusion
method. Graphs show the mean7S.D. of results of three independent experiments. (ii), percentage of annexin V-positive control cells and cells treated with SAHA (72 h time
point). Graphs show the mean7S.D. of results from three independent experiments. Statistically significant differences (**Po0.01) were determined by a paired Student’s
t-test

Table 1 Summary of genes upregulated in Kasumi-1 cell after exposure to FK228 (24 h, 5 nM)

GenBank accession no. Gene name Fold changes

NM_002166.1 Inhibitor of DNA-binding 2 4.81
NM_002628.1 Profilin 2 4.00
AW296309 CD8 antigen, beta polypeptide 1 3.87
NM_000700.1 Annexin A1 3.51
BC002538.1 Serine (or cysteine) proteinase 3.51
AB019691.1 A kinase (PRKA) anchor protein 3.32
NM_018123.1 Hypothetical protein FLJ10517 3.30
X77598.1 Leupaxin 3.27
NM_014033.1 DKFZP586A0522 protein 3.10
BE789881 RAB31, member RAS oncogene family 3.01
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Table 1 (Continued )

GenBank accession no. Gene name Fold changes

U72937.2 a-Thalassemia/mental retardation syndrome protein 3.01
NM_001449.1 Four and a half LIM domains 1 2.97
NM_006317.1 Brain abundant, membrane attached signal protein 1 2.87
AW058148 Recombination activating gene 2 2.82
AF000990.1 Testis-specific transcript, Y-l 2.80
NM_016618.1 Hypothetical protein LOC51315 2.80
NM_004487.1 Golgi autoantigen, golgin subfa 2.80
AI041204 Homo sapiens clone CDABP0086 2.77
AA972711 KIAA0530 protein 2.78
AV682436 Ribosomal protein L35a 2.72
D28482.1 scr2 mRNA for RNA binding protein SCR2 2.71
NM_005767.1 Purinergic receptor 2.65
BC000616.1 SWAP-70 protein 2.65
NM_006520.1 t-complex-associated-testis-expressed 1-like (TCTE1L) 2.63
NM_002727.1 Proteoglycan 1, secretory granule 2.61
NM_006307.1 Sushi-repeat-containing protein 2.61
NM_005196.1 Centromere protein F, 350/400ka 2.61
M14333.1 FYN oncogene related to SRC 2.61
BC006471.1 ALL1-fused gene from chromosome 2.57
J00146.1 Dihydrofolate reductase pseudog 2.56
NM_003292.1 Translocated promoter region (to activated MET oncogene) (TPR) 2.55
AB002306.1 KIAA0308 protein 2.54
AF183421.1 RAB31, member RAS oncogene family 2.53
NM_007268.1 Ig superfamily protein 2.52
NM_001813.1 Centromere protein E, 312 kDa 2.48
AA035414 KIAA0342 gene product 2.47
NM_018478.1 Chromosome 20 open reading framly 2.47
AA911739 Putative selenocysteine lyase 2.44
NM_016248.1 A kinase (PRKA) anchor protein 2.44
NM_004362.1 calmegin 2.43
AL132665.1 BCL2/adenovirus E1B 19 kDa 2.41
AA291203 Notch homolog 2 (Drosophila) 2.41
NM_013322.1 Sorting nexin 10 2.39
NM_024333.1 Fibronectin type 3 and SPRY domain 2.39
NM_012120.1 CD2-associated protein 2.39
NM_014810.1 Centrosome-associated protein 3 2.39
AA142929 MADS box transcription enhancer 2.39
NM_016195.1 M-phase phosphoprotein 1 2.37
NM_003430.1 Zinc finger protein 91 2.33
NM_001386.1 Dihydropyrimidinase-like 2 2.31
NM_002162.2 Intercellular adhesion molecule 2.28
NM_005655.1 Kruppel-like factor 10 (TGFB inducible) 2.28
NM_024315.1 Hypothetical protein MGC4175 2.28
BG402105 RB1-inducible coiled-coil 1 2.27
NM_001268.1 Chromosome condensation 1-like 2.26
NM_018695.1 erbb2-interacting protein 2.26
AL117536.1 Homo sapiens mRNA; cDNA DKFZp43 2.26
NM_019903.1 Adducin 3 (g) 2.26
AL118506 KIAA1196 protein 2.25
M23254.1 Calpain 2, (m/II) large subunit 2.24
AI356398 Zinc finger protein 36, C3H type 2.22
NM_000962.1 Prostaglandin-endoperoxide synthase 1 2.22
NM_016837.1 RNA-binding motif, single-stranded interacting protein 2.21
AB018272.1 KIAA0729 protein 2.21
D13889.1 Inhibitor of DNA-binding 1 2.20
BE566023 KIAA0372 gene product 2.20
NM_002167.1 Inhibitor of DNA-binding 3 2.20
BF224151 Pleckstrin homology domain 2.19
AI912583 HIV-1 rev-binding protein 2 2.19
AL137751.1 Radixin 2.18
BC000915.1 PDZ and LIM domain 1 (elfin) 2.18
NM_017684.1 Hypothetical protein FLJ20136 2.18
BF221673 IDN3 protein 2.18
NM_005524.2 Hairy homolog (Drosophila) 2.18
NM_006267.2 RAN-binding protein 2 2.17
NM_014943.1 KIAA0854 protein 2.16
AI762627 Protein tyrosine phosphatase 2.13
AB034747.1 LPS-induced TNF-a factor 2.13
AL119322 Fibroblast growth factor 12 2.10
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via HDAC recruitment,18 and identified four candidate
C/EBPa (transcription factor CCAAT/enhancer binding
protein a) binding sites: tgtgaTTCCAact (GenBank U25414;
nucleotides 410–422), aaaTGTAAtattt (nucleotides
610–622), cttTGTAAtgcca (nucleotides 822–834), and
gtgTGAAAtcttc (nucleotides 1001–1013). Because expres-
sion of the C/EBPa gene andC/EBPa-dependent transcription
is inhibited by AML1-ETO through the suppression of its
positive autoregulatory loop,19,20 we investigated whether
HDACIs might induce C/EBPa gene expression in AML1-
ETO-positive cells. This showed that FK228 or SAHA
specifically increased C/EBPamRNA levels in Kasumi-1 cells
(FK228 9.170.9, SAHA 4.670.5-fold increase compared
with control) and SKNO-1 cells (FK228 5.270.6-, SAHA
3.370.4-fold increase compared with control) but not in NB4,
U937, and OCI/AML2 cells (Figure 3a). Using a ChIP assay,
we confirmed the recruitment of C/EBPa to the ANXA1
promoter region in Kasumi-1 cells (12.273.3-fold increase)
and SKNO-1 cells (induction of C/EBPa from no detection in
control) following exposure to FK228 (Figure 3b). These
findings strongly indicate that the transcription of ANXA1 is
regulated by reversal of the HDAC-dependent suppression of
C/EBPa by AML1-ETO and the direct recruitment of C/EBPa
to the ANXA1 gene promoter.

FK228-induced ANXA1 promotes apoptosis. We next
focused on the investigation of the functional role of
ANXA1 in the cellular effects induced by HDAC inhibitors in
Kasumi-1 cells. The overexpressions of both, full-length
ANXA1 and of the N-terminal cleavage of ANXA1 have been
shown to promote apoptosis.11,12 Immunofluorescence
analysis using either monoclonal ANXA1 antibody, which
detects the full-length ANXA1, or polyclonal ANXA1
antibody, detecting cleaved N-terminal-truncated protein
ANXA1 with full length form, demonstrated increase in
ANXA1 expression localized on the plasma membrane in
FK228-treated Kasumi-1 cells, more prominently detectable
by polyclonal anti-ANXA1 (Figure 4a). The caspase-induced
cleaved product of ANXA1 protein has been reported to be
associated with cell death,11 and as shown in Figure 4b, we
indeed confirmed the increase in the amount of cleaved
N-terminal-truncated ANXA1 protein (33 kDa) by FK228
using Western blot analysis with polyclonal anti-ANXA1.
Monoclonal anti-ANXA1 antibody also detected the full-
length (37 kDa) ANXA1 protein increase by FK228. FK228
initiated caspase-3 cleavage associated with appearance
of the increased cleaved version of ANXA1 in Kasumi-1
cells (Figure 4b, ii). Caspase-3 inhibitor Z-DEVD fmk
effectively blocked caspase-3 cleavage (Figure 4b, ii),
diminished FK228-induced apoptosis (% AnnexinVþ cells:
control 16.173.2, FK228 54.474.6, FK228/ Z-DEVD
34.474.5, P¼ 0.01, at 72 h), suppressed accelerated
cleavage of ANXA1 (detected by polyclonal antibody)
and partially prevented increase in full-length protein
(detected by monoclonal antibody; Figure 4b), with no
change in ANXA1 mRNA (Figure 2a). These results
indicate that the caspase-3 activation in part contributes to
the ANXA1 activation and cell death, but these effects are
transcription-independent.

To ascertain the contribution of ANXA1 upregulation to
FK228-induced apoptosis, we first examined the effect of the
ANXA1 neutralizing antibody on the cytotoxic effects of FK228
on Kasumi-1 cells. The neutralization of ANXA1 completely
blocked FK228-induced apoptosis in Kasumi-1 cells
(Figure 4c). In an alternative approach, we analyzed FK228-
induced apoptosis in ANXA1 knockdown Kasumi-1 cells. This
showed that ANXA1 mRNA expression in ANXA1 siRNA-
transfected cells was reduced by 80% at 48 h as compared
with its expression in non-specific (NS) siRNA-transfected
cells (Figure 5a, i). This translated into the complete
disappearance of the cleaved isoform of ANXA1 and a
partial decrease in the expression of the full-length protein
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Figure 2 FK228 and SAHA induce ANXA1 mRNA with increases in histone acetylation in the ANXA1 promoter in Kasumi-1 and SKNO-1 cells. (a) Induction of ANXA1
mRNA expression in Kasumi-1, SKNO-1, NB4, U937, and OCI/AML2 cells treated with FK228 (5nM), SAHA (1 mM), and/or Z-DEVD-fmk (50 mM) for 24 h, as detected by
TaqMan RT-PCR analysis. The abundance of transcripts of ANXA1 relative to the abundance of transcripts of b2-microglobulin was determined as described in the Materials
and Methods. Graphs show the representative data from three independent experiments. (b) Chromatin from Kasumi-1, SKNO-1, or NB4 cells treated with FK228 (5 nM) or
SAHA (1 mM) for 24 h was immunoprecipitated with an antibody against acetylated H3-Lys9(i) and H4(ii) and then analyzed by TaqMan PCR using probes and primers
corresponding to the ANXA1 promoter. The graph shows the abundance of acetylated H3-Lys9 and H4 relative to that of ‘input’ as described in the Materials and Methods.
Graphs show the representative data from three independent experiments. (c) Real-time TaqMan PCR profiles of ANXA1 promoter amplification shown by examples of ChIP
assays. Representative profiles of acetylated H3-Lys9 in Kasumi-1 (i) and NB4 (ii) cells treated with FK228. (iii) The In put curve shows the total genomic DNA before
immunoprecipitation
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Figure 3 FK228 and SAHA induce C/EBPa mRNA with increases in C/EBPa recruitment to the ANXA1 promoter in Kasumi-1 and SKNO-1 cells. (a) Induction of C/EBPa
mRNA expression in Kasumi-1, SKNO-1, NB4, U937, and OCI/AML2 cells treated with FK228 (5 nM) or SAHA (1 mM) for 24 h detected by TaqMan RT-PCR analysis. The
abundance of transcripts of C/EBPa relative to that of b2-microglobulin was determined as described in the Materials and Methods. Graphs show the representative data from
two independent experiments. (b) Chromatin from Kasumi-1 and SKNO-1 cells treated with FK228 (5 nM) for 24 h was immunoprecipitated with an antibody against C/EBPa
and analyzed by TaqMan PCR using probes and primers corresponding to the ANXA1 promoter. The graph shows the abundance of C/EBPa recruitment relative to that of
‘input’ as described in Materials and Methods. Graphs show the representative data from two independent experiments
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(Figure 5a, ii). Notably, ANXA1 siRNA-transfected cells were
significantly less susceptible to FK228-induced apoptosis
than were NS-siRNA-transfected cells (Figure 5b, i). How-
ever, ANXA1 silencing only partially blocked the growth-
inhibitory effects of FK228 (Figure 5b, ii), suggesting that while
ANXA1 plays a role in apoptosis induction, ANXA1-indepen-
dent mechanisms are responsible for the anti-proliferative
effects of FK228.

ANXA1 mediates engulfment of apoptotic cells by
macrophages. Since ANXA1 is an endogenous ligand that
naturally mediates the engulfment of apoptotic cells,21 we
investigated the functional effects of ANXA1 on the
phagocytosis of leukemia cells. We used a co-culture
system consisting of human THP-1-derived macrophages
and Kasumi-1 cells and performed a cell adherence assay to
evaluate the engulfment of Kasumi-1 cells by macrophages
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Figure 4 (a) ANXA1 induction and translocation induced by FK228 in Kasumi-1 cells. Induction and translocation of ANXA1 in Kasumi-1 cells detected by
immunofluorescence microscopy after 24 h of FK228 (5 nM) treatment. Cells were stained for ANXA1 (by monoclonal or polyclonal antibody, green), and nuclei were
counterstained with DAPI (blue). Results are representative of two independent experiments. (b) FK228-induced ANXA1 cleavage and caspase-3 cleavage in Kasumi-1 cells.
Whole-cell lysates were prepared from Kasumi-1 cells cultured with and without FK228 (5 nM) or FK228/ Z-DEVD-fmk (50 mM) for 24 h and subjected to immunoblot analysis
for ANXA1 and caspase-3 expression. The anti-polyclonal and monoclonal ANXA1, anti-procaspase-3, and anti-cleaved caspase-3-antibodies were used. b-actin showed
equal loading of samples. The data shown are representative of three independent experiments. (c) Neutralization of ANXA1 inhibits FK228-induced apoptosis in Kasumi-1
cells. Percentage of Kasumi-1 cells showing FK228-induced annexin V-positivity pretreated with or without ANXA1 neutralizing antibody. FK228 was added to the cells 24 h
following pretreatment with the ANXA1 neutralizing antibody, after which cells were washed and the medium changed. Cells were then incubated for 48 h, and annexin V
positivity was analyzed by flow cytometry. Graphs show the mean7S.D. of results from three independent experiments. Statistically significant differences (*Po0.05) were
determined by a paired Student’s t-test
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in co-culture. As shown in Figure 6a(i), exposure to FK228
for 24 h dramatically increased the attachment of Kasumi-1
cells to macrophages (untreated versus FK228-treated
cells: 5779 cells versus 196733 cells/microscopic fields
(0.08mm2/field), n¼ 5; P¼ 0.01). The engulfment of Kasumi-
1 cells by macrophages was confirmed by fluorescence-
labeling experiments, in which macrophages were labeled
with PE-conjugated CD14 (Figure 6a, ii).

In contrast, FK228-induced cell attachment was markedly
abrogated in the ANXA1 siRNA-transfected Kasumi-1
cells (60.5710.5% inhibition; n¼ 5; Po0.001; Figure 6b).
Likewise, pretreatment with FK228 and ANXA1
neutralizing antibody for 24 h before the co-culture experi-
ments resulted in the significant repression of FK228-
stimulated engulfment of leukemia cells by macrophages
(54.173.0% inhibition; n¼ 5; P¼ 0.02; Figure 6c).
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Figure 5 (a) ANXA1 knockdown in ANXA1 siRNA-transfected Kasumi-1 cells. Kasumi-1 cells were transfected with NS-siRNA or ANXA1 siRNA, as described in Materials
and Methods. (i) The abundance of transcripts of ANXA1 mRNA relative to that of b2-microglobulin in control (untransfected) and NS-siRNA- or ANXA1 siRNA-transfected
Kasumi-1 cells is shown. Graphs show the mean7S.D. of representative data from three independent experiments. A statistically significant difference (**Po0.01) was
determined by a paired Student’s t-test. (ii) ANXA1 protein expression in NS-siRNA- or ANXA1 siRNA-transfected Kasumi-1 cells was analyzed in Western blots using anti-
rabbit polyclonal-ANXA1 antibody. The data are representative of two experiments that produced comparable results. (b) Effects of ANXA1 silencing by siRNA on apoptosis
and viability of Kasumi-1 cells. Percentage of annexin V-positive cells (and viable cell counts (ii) for NS-siRNA- or ANXA1 siRNA-transfected Kasumi-1 cells treated with
FK228. FK228 was added for 24 h, after which cells were washed, the medium changed, and cells incubated for 48 h. Annexin V positivity was measured by flow cytometry,
and viable cell counts were determined using the Trypan blue exclusion method. Graphs show the mean7S.D. of results from three independent experiments. Statistically
significant differences (*Po0.05) were determined by a paired Student’s t-test
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However, this effect was not enhanced when ANXA1 neutra-
lizing antibody was added to the medium at the time of
co-culture, suggesting that it is the membrane-bound and not
soluble form of ANXA1 that contributes to the engulfment of
leukemia cells by macrophages (not shown).

Discussion
In this study, we investigated a novel mechanism of action of
HDACIs in leukemia cells harboring the AML1-ETO-fusion
protein. In particular, we observed a profound growth
inhibition and apoptosis of AML1-ETO-positive Kasumi-1
and SKNO-1 cells in response to FK228 and SAHA. We
further demonstrated that this response was associated with
upregulation of the pro-apoptotic gene ANXA110–12,22 through
histone acetylation in its promoter region. In contrast, HDAC

inhibition failed to induce ANXA1 expression in the APL cell
line NB4 or in the other AML linesU937 andOCI-AML2. These
AML1-ETO-negative cells also showed a decreased sensiti-
vity to the growth-inhibitory effects of HDACIs, suggesting
that ANXA1 contributes to the pro-apoptotic effects of these
agents.
The specific modulation of the ANXA1 transcription in

AML1-ETO-positive cells suggests a molecular link between
this chimeric fusion protein and the regulation of ANXA1
promoter activity. As it is currently understood, AML1-ETO
recruits the HDAC complex to AML1-dependent promo-
ters,1,4,23 which results in the transcriptional modulation of
AML1-regulated genes, including the upregulation of
TIS11b,24 c-myc, cyclin D125 genes, and downregulation of
the genes that encode the transcription factor C/EBPa,19,20
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the tumor suppressor p14ARF,26 the neurofibromatosis-1
protein,27 and interleukin 3.28 Recently, the proteasomal
degradation of AML1-ETO by FK228 was reported to result
from the interrupted association of AML1-ETO with heat
shock protein 90 (HSP90).29 Adding to this understanding, our
studies identified C/EBPa binding sites within the ANXA1
promoter region that contain no direct AML1-binding site. Our
findings that FK228 upregulated the C/EBPa gene and
promoted C/EBPa binding on the ANXA1 promoter indicate
the possibility that C/EBPa-dependent ANXA1 transcriptional
activation is one of the molecular mechanisms dictating the
specificity of histone acetylation and transcriptional activation
of the target genes in AML1-ETO-expressing AML cells.
However, our findings of apoptosis induction by high doses of
FK228 or SAHA independent of AML1-ETO-expression, and
the observation that ANXA1 silencing in Kasumi-1 cells only
partially blocked growth-inhibitory effects of FK228, suggest
that while ANXA1 plays a role in apoptosis induction in
AML1-ETO-expressing Kasumi-1 cells, ANXA1-independent
mechanisms may contribute to pro-apoptotic properties of
HDACIs irrespective of AML1-ETO expression. Recent
reports have attributed the anti-leukemia activity of the
HDACIs SAHA, valproic acid, and the benzamide derivative
MS275 to the direct activation of the promoter of the tumor-
selective death ligand TRAIL through the cAMP response
element binding protein (CBP) and the recruitment of SP1 and
SP3 in AML cells.7 These effects were seen in AML cells
irrespective of their AML-ETO expression status. Since,
similar to MS275, FK228 also potently inhibits HDAC1 and
HDAC2,30 the induction of TRAIL may also contribute to the
FK228-induced apoptosis in Kasumi-1 cells. The recruitment
of CBP by the HDACI in turn induces promoter histone

acetylation and the target gene transcription.4 Although the
ANXA1 promoter does not contain an SP1 site, the role of
CBP recruitment in the induction of ANXA1 and identification
of the acetylation sites involved await further characterization.
We next focused on the pro-apoptotic function of ANXA1 in

AML1-ETO-expressing AML cells. In this regard, FK228 was
found to increase the protein levels of both the full-length and
33 kDa N-terminal cleavage products of ANXA1, which led
to the localization of ANXA1 on the plasma membrane.
Conversely, the inhibition of ANXA1 function (by ANXA1
neutralizing antibody, which blocked ANXA1 localization on
the plasma membrane) or expression (by siRNA) significantly
reduced FK228-induced apoptosis, indicating that ANXA1
is involved in apoptosis induction in response to FK228. In
addition, our results suggest a specific role for the cleaved
ANXA1 protein in accelerating the cell death process.
Previous reports indicated that cells transfected with cleaved
ANXA1 protein showed higher constitutive and inducible
caspase-3 activity,12 suggesting that activation of ANXA1
contributes to the initiation of the caspase cascade and
apoptosis.We demonstrated that, in turn, caspase-3 inhibition
partially blocks FK228-induced apoptosis and ANXA1 clea-
vage without upregulating the ANXA1 gene. This finding is in
agreement with that of Debret et al.,11 who demonstrated that
ANXA1 cleavage was inhibited in U937 cells by caspase
inhibitors. These findings suggest that although ANXA1
contributes to caspase-3 activation, cleaved caspase-3 in
turn promotes ANXA1 cleavage and apoptosis in leukemia
cells.
Our cDNA array data demonstrated that FK228 upregulates

123 genes, plus it cooperates with other proteins in the
upregulation of the genes that encode the pro-apoptotic
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Figure 6 Involvement of ANXA1 in engulfment of Kasumi-1 cells by macrophages. Clustering of FK228 (5 nM)-treated Kasumi-1 cells on macrophage-differentiated THP-
1. Control and FK228-treated Kasumi-1 cells were added to the macrophage- differentiated THP-1 for 3 h. Kasumi-1 cell clustering was visualized after wash-out of non-
ingested cells. (i) Representative photomicrograph of Kasumi-1 cell clustering on the macrophage-differentiated THP-1 monolayer (� 40). (ii) The engulfment by
macrophages was visualized by immunofluoresence detection of macrophages with PE-conjugated anti-CD14 mouse monoclonal antibody (� 400). (b) Kasumi-1 cells
transfected with ANXA1 siRNA or NS siRNA and treated with FK228 were co-cultured with macrophage-differentiated THP-1 for 3 h. Representative photomicrograph of
Kasumi-1 cells clustering on the macrophage-differentiated THP-1 monolayer: (i) � 40 and (ii) � 400. (c) Kasumi-1 cells pretreated with ANXA1 neutralizing antibody
followed by FK228 were co-cultured with macrophage-differentiated THP-1 for 3 h. Representative photomicrograph of Kasumi-1 cells clustering on the macrophage-
differentiated THP-1 monolayer: (i) � 40 and (ii) � 400
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proteins TNFa (2.1-fold) and profilin (four-fold) that have been
reported to associate with ANXA1.12,31 It has been further
shown that FK228 activates TNFa gene transcription through
the hyperacetylation of histone H3 and H4 in its promoter
region, which is associated with the activation of caspases-8
and -10 and hence the cleavage of caspases-3 and -7.16

Furthermore, the treatment of U937 cells with TNFa has been
shown to increase ANXA1 mRNA and protein expression;12

vice versa, U937 cells overexpressing ANXA1 have been
reported to bemore susceptible to TNFa-induced apoptosis.32

These observations suggest that ANXA1 and TNFa, whose
gene promoters are the targets of FK228-induced histone
acetylation, cooperatively promote apoptosis induction.
The transcriptional activation of several other proapoptotic
genes, including Fas, Bax, and TRAIL, has also been
implicated in HDAC-induced apoptosis.7,33 Some of these
FK228-induced apoptotic events may occur in association
with the activation of caspase-3 that contributes to increased
ANXA1 expression and cleavage.
In addition to the role of ANXA1 in the apoptosis induced by

FK228, our studies identified a unique role for ANXA1 in the
interactions between leukemia cells andmacrophages, one of
the critical attributes of the bone marrow microenvironment.
Specifically, the ANXA1 neutralizing antibody and siRNA/
ANXA1 effectively blocked the engulfment of FK228-treated
Kasumi-1 cells by macrophages, suggesting that membrane-
localized ANXA1 plays a critical role in phagocytosis. This is
potentially explained by the fact that the apoptotic cells
induced by antitumor therapy must be efficiently recognized
and internalized by macrophages. In keeping with this, Arur
et al.21 demonstrated that ANXA1 was recruited from the
cytosol to the membrane in Jurkat T cells undergoing
apoptosis and that this recruitment was specific to ANXA1
among the annexins expressed. These authors concluded
from this that the export of ANXA1 was a critical signal for the
engulfment of the apoptotic cells.
While these observations document the role for ANXA1 as a

caspase-dependent endogenous ligand that mediates the
engulfment of apoptotic cells and hence serves as a bridging
molecule between apoptotic cells and macrophages, ours is
the first observation that HDACIs engage in this mechanism.
In line with these findings, the ANXA1-derived peptide Ac2-26,
which corresponds to the first amino acids of the ANXA1 N
terminus, was recently shown to stimulate the phagocytosis
of apoptotic polymorphonuclear leukocytes by human mono-
cyte-derived macrophages.34 Our cDNA array data showed
that the anti-inflammatory cytokine TGF-b, which functions in
conjunction with ANXA1 in phagocytosis,17 was also tran-
scriptionally induced by FK228, suggesting the close interplay
between ANXA1 and TGF-b in the phagocytosis of apoptotic
Kasumi-1 cells.
In summary, our findings suggest that FK228 and SAHA, a

highly potent antitumor agent currently undergoing phase I/II
clinical trials in patients with hematologic malignancies,9,35

induce the transcriptional activation of ANXA1 through the
histone acetylation of its promoter. Our data further suggest
that the induction of ANXA1 is specific to leukemia cells
expressing the AML1-ETO chimeric fusion protein. This
results in the upregulation and externalization of the intra-
cellular ANXA1 protein that induces apoptosis and, more

importantly, provides an ‘eat-me’ signal that leads to the
phagocytic clearance of the leukemia cells by macrophages.
Since the rapid recognition and engulfment of apoptotic cells
by neighboring macrophages and phagocytosis is an im-
portant component of anticancer therapy, we conclude that
FK228 has promise as an effective antitumor agent in AML1-
ETO-positive leukemias, functioning via dual mechanisms-
the induction of apoptosis and the control of inflammatory
responses.

Materials and Methods
Reagents and cell cultures. We used the following two AML1-ETO-positive
AML cell lines: Kasumi-1, which was provided by Dr. H. Asou,36 and SKNO-1, which
was provided by Dr. T. Nakagawa.37 The following four AML1-ETO-negative cell
lines were also obtained. The NB4 cell line was provided by Dr. M. Lanotte,38 and
the OCI-AML2 cell line was provided by Dr. M. Minden (Ontario Cancer Institute,
Toronto, Canada). U937 cells were purchased from the American Type Culture
Collection (Rockville, MD, USA), and THP-1 cells were purchased from Riken
Bioresource Center (Tsukuba, Japan). Kasumi-1, NB4, OCI-AML2, U937, and THP-
1 cells were maintained in RPMI-1640 medium containing 10% fetal calf serum, 1%
L-glutamine, and penicillin–streptomycin; 2 ng/ml GM-CSF was added to SKNO-1
cell cultures. FK228 (Fujisawa Pharmaceutical Co. Ltd., Osaka, Japan), which was
dissolved in dimethylsulfoxide to a concentration of 10 mM and stored at �201C,
was diluted in culture medium before the in vitro exposure of cells.

Cells were treated with FK228, the caspase-3 inhibitor Z-DEVD-fmk
(Calbiochem, La Jolla, CA, USA), and/or SAHA (provided by Drs. P. Marks and
V. Richon, Merck & Co. Inc., Whitehouse Station, NJ, USA) at the indicated
concentrations. Medium was changed after 16 h of FK228 exposure.

Cell viability assay. At 24–96 h after drug exposure, viable cells were
identified using the Trypan blue dye exclusion method and counted in a
hematocytometer.

Flowcytometric analysis. The cell cycle distribution was determined by flow
cytometry of propidium iodide (PI)-stained nuclei. Briefly, cells were washed twice
with phosphate-buffered saline (PBS), fixed in ice-cold ethanol (70% v/v in water),
and stained with the PI solution (25 mg/ml PI, 180 U/ml RNase, 0.15% Triton X-100,
and 30 mg/ml polyethylene glycol in 4 mM citrate buffer, pH 7.8; all from Sigma
Chemical Co., St. Louis, MO, USA). The DNA content was measured using a
FACScan flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose,
CA, USA) and analyzed by the ModFit program (Verity Software House, Topsham,
ME, USA). Cells with a hypodiploid DNA content (o2n) were considered apoptotic.

For the PI/annexin V-binding studies done to analyze apoptosis, fresh cells were
washed twice with binding buffer (10 mM HEPES, 140 mM NaCl, and 5 mM CaCl2,
pH 7.4; all from Sigma Chemical Co.) and stained with FITC-conjugated annexin V
(Roche Diagnostic Co., Indianapolis, IN, USA) for 15 min at room temperature.
Annexin V fluorescence was determined using a Becton Dickinson FACScan flow
cytometer, and the integrity of the cell membranes was simultaneously assessed by
the PI exclusion method.

Oligonucleotide array-based expression profiling. Hybridization
was performed using human genome U95Av2 probe arrays (Affymetrix, Santa
Clara, CA, USA) containing probe sets with previously characterized genes. The
target was labeled and hybridized to the probe arrays, and the arrays washed,
stained, and scanned, as described previously. Briefly, total RNAs were prepared
after 24 h of treatment with FK228 (5 nM) using the RNeasy Total RNA isolation kit
(Qiagen, Valencia, CA, USA), and double-stained cDNA was synthesized from total
RNA. An in vitro transcription reaction was carried out to produce biotin-labeled
cRNA from the cDNA, and the cRNA was fragmented and hybridized to the
oligonucleotide probes on the probe array during 16 h of incubation at 451C.
Immediately after hybridization, the hybridized probe array underwent an automated
washing and staining on the fluids station, and the Genechip Microarray Suite 4.0
Software (Affymetrix) was used to measure the intensity of the expression of each
target gene by calculating the average differences (perfect match intensity minus
mismatch intensity) of the 14–20 probe pairs used for the particular gene.
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DNA-Chip Analyzer Software was used to analyze the quantified images and the
expression change for each target gene was estimated with the reduced Li Wong
PM-MM difference model.39 The statistical results were imported into the Result
Viewer 2.0 software.

Western blot and antibodies. An equal amount of cell lysate was separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed
by immunoblotting on Hybond-P membranes (Amersham Pharmacia Biotech,
Buckinghamshire, UK). Proteins were visualized using the enhanced
chemiluminescence detection system (Amersham Pharmacia Biotech) after
incubation overnight at 41C with the following antibodies: anti-rabbit polyclonal
ANXA1 antibody,15 anti-mouse monoclonal ANXA1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and anti-procaspase-3 and anti-cleaved
caspase-3 antibodies (Cell Signaling Technology, Beverly, MA, USA). Anti-b-actin
(Abcam, Cambridge, MA, USA) blots were run in parallel as loading controls.

Quantitative real-time PCR. RNA was isolated using TRIZOL (Invitrogen
Co., Carlsbad, CA, USA). One microgram of total RNA template was used per 10 ml
of reverse transcriptase reaction by AMV reverse transcriptase (Roche Diagnostic
Co.) using hexanucleotide random primers at 421C for 1 h following the
manufacturer’s instructions. For quantitative real-time RT-PCR, duplicate 1 ml
samples of each cDNA were amplified as follows: 501C for 2 min, 951C for 10 min,
40 or 50 cycles at 951C for 15 s, and 601C for 60 s. The relative amount of gene
expression was calculated using the expression of b2-microglobin as an internal
standard. Primers (FP, forward; RP, reverse) and probe sequences of ANXA1, C/
EBPa, and b2-microglobin (b2-m) were as follows: ANXA1 (GenBankd accession
number BC035993; nucleotides 375–450), FP: 50-CAGGTCACCTTGAGGA
GGTTGT-30; RP: 50-CAGCACGAAGTTCATCAGCATC-30; probe: 50-TTGGCTC
TGCTAAAAACTCCAGCGCA-30; C/EBPa (GenBankt accession number
NM_004364; nucleotides 161–230) FP:50- GCATCTGCGAGCACGAGAC-30;
RP:50- AACTCGTCGTTGAAGGCGG-30; probe:50- TCCATCGACATCAG
CGCCTACATCG-30; b2-m FP: 50-AGCTGTGCTCGCGCTACTCT-30; RP:
50-TTGACTTTCCATTCTCTGCTGG-30; probe: 50-TCTTTCTGGCCTGGAGGG
CATCC-30. The abundance of each transcript of interest relative to the
abundance of b2-microglobulin was calculated as follows: relative expression
(RE)¼ 100� 2exp(�DCT), where DCT is the mean CT of the transcript of interest
minus the mean CT of the transcript for b2-microglobulin. To obtain the mean CT

values, we performed all reactions in duplicate.

Chromatin immunoprecipitation assay. The chromatin
immunoprecipitation (ChIP) assay was performed following the manufacturer’s
instructions (Upstate Biotechnology, Lake Placid, NY, USA). The cells were fixed
with formaldehyde (final concentration, 1%), lysed, sonicated, and then
immunoprecipitated by overnight incubation at 41C with anti-acetylated H3-lys9,
anti-dimethylated H3-Lys9 (both antibodies from Upstate Biotechnology), and anti-
C/EBPa (Santa Cruz Biotechnology). PBS or rabbit IgG was added as a negative
control. A small portion of chromatin was set aside for use as the ‘input’ fraction by
processing for immunoprecipitated chromatin. After immunoprecipitation, salmon
sperm DNA beads (Upstate Biotechnology) were added and incubated for 1 h at
41C. The chromatin-antibody/beads complexes were washed sequentially with low
salt, high salt, and LiCl immune complex wash buffers and then with TE buffer. The
immunoprecipitated and input chromatin was treated with RNase and proteinase K
and maintained at 651C for 6 h to reverse the formaldehyde crosslinks, after which
the DNA fragments were purified (QIAquick PCR purification kit; Qiagen, Tokyo,
Japan). Total DNA (10� diluted input fraction) and immunoprecipitated DNA
samples were applied to real-time PCR. For quantitative real-time PCR, primers and
probes were designed by Primer Express software packaged with the Applied
Biosystems Model 7700 sequence detector (PE Applied Biosystems, Foster City,
CA, USA). Probes and primers were selected to include the proximal promoter
where a large number of the described transcriptional response elements reside.
The probes were labeled at the 50 end with FAM and at the 30 end with TAMRA,
which served as a quencher. The amplification conditions were as follows: 501C for
2 min, 951C for 10 min, 50 cycles at 951C for 15 s, and 601C for 60 s. Annexin A1
promoter elements (GenBankt accession number U25414; nucleotides 873–953),
FP: 50-TCACTTTGTTTTTGGACATAGCTGA-30; RP: 50-CCACACCTAGCA
ACCAGAAGTTAG-30; probe: 50-CCATGTACTTCAAACAGAAGGCAGCCAATT-30.
The abundance of each transcript of interest relative to that of ‘input’ CT values was
calculated as follows: RE ¼ 2DCT , where DCT is the difference in CT between the
transcript of interest and total DNA (10� diluted ‘input’ fraction), which represents a

relative change of the targeted modification in the ANXA1 gene promoter region
compared with the input.40 The CT data from duplicate PCRs, in which the same
DNA was used were averaged before the RE was calculated.

The Gene regulation program (www.gene-regulation.com) was used to predict
transcription factor binding sites.

Small interfering RNA transfection. ANXA1 gene expression in leukemia
cells was silenced by the siRNA technique. The sense strand of the siRNA silencing
(ANXA1-siRNA) was ACUCCAGCGCAAUUUGAUGTT (BC035993; nucleotides
412–432). Mock transfection was done with buffer alone. A nonspecific control pool
containing four pooled nonspecific siRNA duplexes was also used as a negative
control (referred to as NS-siRNA; Takara Bio Inc., Shiga, Japan). Transfection of
Kasumi-1 cells was facilitated by the Trans IT-TKO Tranfection Reagent (Mirus
Corporation, Madison, WI, USA), following the manufacturer’s instructions, with
modification. Briefly, 24ml of the TKO reagent was first incubated with 100ml of
OPTIMEM-I medium (Invitrogen Co.) at room temperature for 15 min before siRNA
was added. After another 15 min at room temperature, 500ml of RPMI-1640 (with
20% calf serum) containing 0.8� 106 cells was added. The final siRNA
concentration was 125 nM, and the incubation was allowed to continue for 4 h at
371C in 5% CO2, after which 3.5 ml of RPMI-1640 (with 20% calf serum) was added,
and the incubation continued at 371C for 24 s. FK228 was added to a final
concentration, as indicated, and the cells were harvested 72 h later for apoptosis
and cell cycle analysis. The gene silencing was verified by TaqMan RT-PCR and
Western blot performed at 48 h after transfection.

Preparation of cells for phagocytosis studies. THP-1 cells
(0.5� 106 cells per 35-mm dish) were first differentiated by stimulation with PMA
(160 nM) for 72 h to obtain a macrophage-like phenotype that closely resembled that
of human monocyte-derived macrophages. Kasumi-1 cells were cultured at a
density of 0.2� 106 cells/ml in the presence or absence of FK228 (5 nM) for 24 h,
after which the medium was changed. PMA-treated THP-1 cells were washed with
PBS, and Kasumi-1 cells (either treated or untreated with FK228) added. Cells were
then incubated for 3 h at 371C. Non-ingested cells were removed by three washes
with cold PBS. The engulfment by macrophages was visualized by the
immunofluorescence detection of macrophages with PE-conjugated anti-CD14
mouse monoclonal antibody.

For each experiment, the number of Kasumi-1 cells that adhered to
macrophages was determined in at least five fields (� 200), and an average
was calculated for duplicate wells.

For the ANXA1-neutralizing studies, macrophage-differentiated THP-1 and
Kasumi-1 cells were treated for 24 h with the neutralizing anti-rabbit polyclonal
ANXA1 antibody (1 : 100) that binds to full-length and N-terminal–truncated ANXA1
with and without FK228 before co-incubation, as described above.

Confocal microscopy. In preparation for confocal microscopy, cells were
washed with PBS, fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature, permeabilized with 90% methanol in TBST buffer (10 mM Tris, 15 mM
NaCl, and 0.1% Triton X-100) for 15 min, and rinsed with PBS for 5 min. Next, cells
were blocked with 5% goat serum in PBS for 30 min and incubated with anti-mouse
monoclonal ANXA1 antibody (1 : 100) or anti-rabbit polyclonal ANXA1 antibody
(1 : 100) overnight at 41C. Excess antibody was removed by washing with PBS.
Then cells were incubated with secondary FITC-labeled anti-mouse IgG (1 : 250,
Hþ L; Calgat, Burlingame, CA, USA) for 30 min at 371C. Cells were washed with
PBS, mounted on slides, and analyzed under a Zeiss LSM 510 laser confocal
microscope (Carl Zeiss, Thornwood, NY, USA).

Statistical analysis. The results are expressed as the mean7SD. Levels of
significance were evaluated by a two-tailed, paired, Student’s t-test, and Po0.05
was considered statistically significant.
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