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Chapter 6
SIRPα
α is downregulated in AML subsets
and generates pro-apoptotic signals in
t(8;21) AML
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Chapter 6

Abstract
Signal regulatory protein alpha (SIRPα) is an inhibitory receptor that is expressed on
+
myeloid lineage cells and at low levels also on CD34 hematopoietic stem cells (HSC).
We have studied the expression and function of SIRPα in acute myeloid leukemic
(AML) cells. We demonstrate employing an extensive cohort of primary AML samples
(n=511) that the expression of SIRPα is reduced in certain AML, in particular FAB M0M3 subtypes, in comparison to FAB M4/M5 AML and normal CD34+ HSC. In t(8;21)
AML the low expression level of SIRPα appears to involve epigenetic gene silencing,
as shown by the use of inhibitors of DNA-methylation and histone deacetylation.
Furthermore, we provide evidence that SIRPα can provide growth inhibitory signals in
AML. Reconstitution and ligation of SIRPα in t(8;21) AML Kasumi-1 cells inhibits their
growth and promotes apoptosis. Finally, the SIRPα-derived growth suppressive
signal(s) were shown to synergize with established chemotherapeutics. Collectively,
these findings suggest that SIRPα can control the growth of AML cells and that the
reduced expression of SIRPα in the relevant AML subsets could contribute to their
excessive proliferation. They also implicate SIRPα as a potential therapeutic target in
AML.
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Introduction
Currently, only one third of adult patients diagnosed with acute myeloid leukemia (AML)
1
can be cured despite aggressive chemotherapy, and the relapse rate is high . The
prognosis of pediatric AML patients also remains relatively poor. For newly diagnosed
pediatric patients the complete remission (CR) rate reaches 85-90% with standard
induction chemotherapy. However, about 30-50% of the children that achieve a CR,
2
relapse from minimal residual disease cells that apparently survived chemotherapy .
New treatment modalities for AML are therefore warranted.
Insights into the pathogenesis of AML have paved the way for new treatment
modalities that specifically target gene products implicated in the disease. AML is
characterized by the acquisition of recurring genetic aberrations, which include loss-offunction mutations in transcription factors that are required for normal hematopoietic
development. In addition, activating mutations in hematopoietic tyrosine kinases (e.g. cKIT and FLT3) and signaling molecules (e.g. N-RAS and K-RAS) confer a proliferative
advantage to progenitor cells and cooperate with chromosomal aberrancies resulting in
3
uncontrolled proliferation and impaired differentiation . The success of treatment of
acute promyelocytic leukemia (APL) with All Trans Retinoic Acid and chronic myeloid
leukemia (CML) with imatinib mesylate have led to increased efforts to identify novel
4;5
targets for the treatment of AML .
Signal regulatory protein alpha (SIRPα) is a trans-membrane glycoprotein
6;7
predominantly expressed by myeloid and neuronal cells . SIRPα is a typical inhibitory
receptor and its cytoplasmic region contains four immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), which become phosphorylated upon ligand binding and
consequently mediate the recruitment and activation of the SH2-domain-containing
8-11
tyrosine phosphatases (PTPs) SHP-1 and SHP-2 . SHP-1 and SHP-2 can in turn
dephosphorylate specific protein substrates and thereby regulate various cellular
functions, generally in a negative fashion. The extracellular region of the molecule is
composed of immunoglobulin (Ig)-like domains and shares a close structural similarity
to that of TcR and BcR chains, even when compared to other non-rearranging Igsuperfamily members. The N-terminal V-like Ig domain mediates recognition of the
7;12
broadly expressed transmembrane glycoprotein CD47 . SIRPα has been implicated
in the regulation of a variety of functions, including growth, differentiation, adhesion,
transendothelial migration of monocytes and granulocytes, migration of Langerhans
cells, the formation of multinucleated giant cells, phagocytosis and the production of
13-15
inflammatory mediators
.
SIRPα expression has been detected in a variety of transformed cell lines and
cultured cells, but its in vivo expression appears to be limited to myeloid and neuronal
6
cells . Within the hematopoietic cell lineage high levels of expression are found on
myeloid cells, including monocytes, macrophages, granulocytes, mast cells and
myeloid-derived dendritic cells, whereas little or no expression is present on lymphoid
6;7;16
+
. The fact that CD34 hematopoietic stem cells (HSC) have
and erythroid cells
7
moderate levels of SIRPα suggests that SIRPα is upregulated during myeloid
differentiation, while it is being downregulated during lymphoid differentiation.
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Interestingly, a preliminary study on a limited number of AML and CML patients
indicates that the expression of SIRPα on leukemic blasts is significantly reduced as
7
compared to that on normal HSC in the majority of cases . The results were not entirely
conclusive since they were based on staining with monoclonal antibodies (mAb) against
SIRPα, which were subsequently also found to recognize the structurally similar
16
activating receptor SIRPβ1 . The data also suggested a possible link between the
levels of SIRPα expression and AML subtype.
In the present study we have investigated the expression and function of SIRPα
17
in AML. Evaluation of a large number (n=511) of primary pediatric and adult AML
patient samples demonstrates that SIRPα mRNA expression is significantly reduced in
specific AML subsets (AML FAB M0-3). The low expression of SIRPα was confirmed at
the protein level using both primary AML patient samples and AML cell lines, including
t(8;21) AML. Of interest, we were able to upregulate SIRPα in the human t(8;21)
Kasumi-1 cell line using a clinically available DNA demethylating agent decitabine
(DAC), and various histone deacetylase (HDAC) inhibitors, suggesting the involvement
of epigenetic mechanism(s) in the suppression of SIRPα expression in AML.
Importantly, we show that SIRPα-derived signals can directly inhibit myeloid cell growth
and promote apoptosis in SIRPα-expressing Kasumi-1 cells, which provides evidence
for a growth regulatory role of SIRPα in AML cells. SIRPα triggering also synergized
with chemotherapeutic agents routinely used for the treatment of AML. Collectively,
these findings provide evidence for a growth inhibitory role of SIRPα in AML, and
indicate that the low expression in certain AML subsets contributes to their proliferative
advantage. This provides a rational basis for the design of antileukemic therapies
targeting SIRPα.

Materials and Methods
Antibodies
The following mAb were used in this study: ED9 (anti-rat SIRPα; mouse IgG1 isotype)
6;18
was generated in our laboratory , and is commercially available via Serotec (Oxford,
UK). ED9 was labeled with Alexa 633 (Invitrogen, Breda, The Netherlands) according to
manufacturers instructions. Rabbit polyclonal Ab8120 (Abcam, Cambridge, United
Kingdom) is directed to the cytoplasmic tail of human SIRPα. SH-PTP1 (C-19, sc-287),
rabbit polyclonal antibody against SHP-1, and SH-PTP2 (B-1, sc-7384), mouse
monoclonal IgG1 directed against SHP-2, were obtained from Santa Cruz
Biotechnology (Heidelberg, Germany). Mouse anti-actin monoclonal antibody
MAB1501R was obtained from Chemicon International (Temecula, CA, USA).
Drugs
The following drugs were used in this study: The HDAC inhibitors Trichostatin A (TSA),
valproic acid (VPA) and sodium butyrate were all purchased from Sigma Aldrich (St
Louis, MO, USA). Decitabine (DAC) was kindly provided by Pharmachemie BV
(Haarlem, The Netherlands). Cytarabine (Cytosar®) was obtained from Pharmacia &
Upjohn (Woerden, The Netherlands). Daunorubicin (Cerubidine) was obtained from
114
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Rhone Poulenc Rorer (Amstelveen, The Netherlands). Etoposide (Vepesid) was
obtained from Bristol-Myers Squib (Woerden, The Netherlands). Imatinib was kindly
provided by Novartis.
Patient samples
Bone marrow and/or peripheral blood samples were collected from adult AML patients
17
at diagnosis, as described previously . Bone marrow and/or peripheral blood samples
from children diagnosed with de novo AML were collected from the following study
centers: VU University Medical Center, Amsterdam, The Netherlands; The Dutch
Childhood Oncology Group (DCOG), The Hague, The Netherlands and the AML BFMstudy Group, Münster, Germany). The FAB-classification was performed according to
the criteria by Bennett et al, including the modifications to diagnose FAB M0 and FAB
19
M7 . Mononuclear cells were isolated by density gradient centrifugation as described
19;20
. All samples contained at least 80% leukemic cells, as determined
previously
morphologically by analyzing May-Grünwald-Giemsa (Merck, Darmstadt, Germany)
stained cytospins. Total cellular RNA was isolated using Trizol (Invitrogen) according to
the manufacturers’ protocol. After precipitation, RNA pellets were dissolved in 20 µl
RNAse-free TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH=8.0). The RNA concentration
was quantified spectrophotometrically.
Gene expression profiling
Adult (n=285) AML samples were analyzed using Affymetrix U133A and GeneChips, as
17
described previously . SIRPα mRNA levels were detected with 3 independent SIRPα
probes, which all resulted in the same pattern of expression among AML patients.
Pediatric AML samples (n=226) were analyzed with the use of Affymetrix U133 Plus 2
GeneChips (manuscript in preparation). Briefly, integrity of total RNA was checked
using the Agilent 2100 Bio-analyzer (Agilent, Santa Clara, USA). Copy-DNA and
ccRNA syntheses from total RNA, hybridization the Humane Genome U133 plus 2.0
oligonucleotide microarrays (Affimetrix, Santa Clara, USA) and washing steps were
performed according to the manufacturers protocol. Probeset intensities were extracted
from CEL-files (Bioconductor package Affy) and normalization using the variance
stabilization procedure (Bioconductor package VSN) in the statistical data analysis
environment R, version 2.2.0. Differentially expressed genes between AML subgroups
were calculated using a Wilcoxon statistical test, and corrected for multiple testing error
according to the false discovery rate procedure as developed by Hochberg and
Benjamin using the Bioconductor package Multitest.
Cell Lines and culture conditions
The human leukemic cell lines KG1a (primitive human hematopoietic myeloid
progenitor), Kasumi-1 (human acute myeloid leukemia, FAB M2 t(8;21), HL60 (human
promyelocytic leukemia), U937 (human acute monocytic leukemia), MV4-11 (human
acute monocytic leukemia; FLT3 mutant), THP-1 (human acute monocytic leukemia),
CCRF-CEM (human acute lymphoblastic leukemia), Jurkat (T-cell acute lymphoblastic
leukemia) and 697 (human B cell precursor leukemia) were routinely cultured in RPMI
115
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1640 medium (Gibco Laboratories, Irvine, UK) supplemented with 10% fetal calf serum
(FCS; Integro BV, Dieren, the Netherlands), 1% glutamine and penicillin 100 U/ml,
streptomycin 100 µg/ml (Gibco), fungizone 0.125 µg/ml (Amphotericin B, 250 µg/ml;
ICN Biomedicals, Aurora, OH, USA).
6
Kasumi-1 cells (0.5x10 ) were incubated for 0, 3, 24, 48, 72 and 96 hours with
1 µM DAC, 0.3 µM TSA, 0.5 mM VPA and 1 mM sodium butyrate in 5% CO2 humidified
air at 37ºC. Cells were subsequently used for Western Blot analysis, as described
below.
DNA isolation.
6
Cell lines: KG1a, Kasumi-1 and HL60 cells (1-5x10 ) were resuspended in an
eppendorf vial containing 1 ml HIRT buffer (0.6% SDS, 10 mM Tris, 10 mM EDTA pH
8). 5 µl proteinase K (20 mg/ml) was added and the tubes were incubated at 50°C for 2
hours, subsequently at 37°C overnight. The cell solution was split into two 500 µl
aliquots; 250 µl phenol and 250 µl chloroform were added. The solution was shaken
vigorously for 15 s and centrifuged for 10 minutes at 14,000g. The aqueous top layer
was removed, transferred into a clean tube and the phenol/chloroform extraction was
repeated. The aqueous top layer was removed again and transferred into a clean tube
and 500 µl chloroform/isoamylalcohol mix (24:1) was added. The tube was mixed
vigorously and centrifuged for 10 minutes. The aqueous layer was removed and the
DNA was precipitated in a 5 ml vial containing 4 ml NaOAC/EtOH (1:24). The DNA was
washed with 1 ml of 70% EtOH and resuspended in TE buffer. DNA concentrations
were measured with spectrophotometer (Nanodrop).
Patient samples: DNA was isolated from cryopreserved cytospins. A sterile swab and
a drop of sterile water were used to wipe the cells from the slides. The swab was
transferred into a tube containing 180 µl proteinase K buffer (100 mM Tris, 10 mM
NaCl, 5 mM EDTA, 1% SDS pH 9) and 20 µl proteinase K (20 mg/ml) and incubated
overnight at 52°C. The next day tubes were centrifuged and DNA was isolated using
the phenol/chloroform/ isoamylacohol based method described above.
Western blot analysis
6
5x10 cells were washed twice in PBS, centrifuged and the cell pellet was lysed with
Igepal lysis buffer (Sigma-Aldrich) containing protease inhibitor cocktail (Roche) for 3045 minutes at 4ºC. Whole cell lysates were clarified by centrifugation and denatured in
Laemmli’s sample buffer (Bio-rad Laboratories, Hercules, CA, USA) containing βmercapto-ethanol. Equal amounts of total protein (20 µg) were separated on 7.5% SDSpolyacrylamide gels and transferred to nitrocellulose membranes. After blocking with
5% non-fat dry milk (Bio-rad Laboratories), membranes were incubated for 1 hour with
anti-SIRPα (Ab8120; 1:1000), anti-SH-PTP1 (1:1000) anti-SH-PTP2 (1:1000) and antiβ-actin (1:3000). Subsequently, membranes were incubated with the appropriate
horseradish peroxidase-conjugated secondary antibodies, and detection was performed
using enhanced chemiluminescence reagent (Amersham Biosciences, Piscataway, NJ,
USA).
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Bisulphite treatment
21
A modification of the protocol of Olek et al was used for bisulphite treatment. ~1.5 µg
of genomic DNA was digested overnight with XhoI at 37°C. The following day, samples
were boiled for 5 min, chilled on ice and incubated in 2 M NaOH for 15 min at 50°C.
Samples were mixed with 2 volumes of hot 2% NuSieve agarose (SeaKem GTG
Agarose, Cambrex Corporation, East Rutherford, NJ, USA). 35-µl aliquots of the
agarose/DNA mix were pipetted in 750 µl of pre-chilled mineral oil overlaying 750 µl of
a 2.5 M sodium bisulphite solution (sodium bisulphate, hydroquinone, pH 5.0; Sigma
Aldrich), thereby forming agarose beads. The samples were incubated for 3.5 hours at
50°C in the aqueous phase, after which the reaction was stopped by equilibrating the
beads against 1 ml of TE (pH 8; 4 x 15 min), followed by desulfonation in 500 µl of 0.2
M NaOH (2 x 15 min). The reactions were neutralized by washing with TE (pH 8; 3 x 10
min). Beads were directly used for DNA extraction with the Qiagen gel extraction kit
(Qiagen Benelux BV, Venlo, The Netherlands). DNA methylation patterns in the CpG
island of the PTPNS1 gene (encoding SIRPα; accession AL117335) were determined
by PCR with specific primers designed for either methylated or unmethylated bisulphite
treated DNA (22). Two primer sets for MSP were designed targeting two regions within
the CpG island (named MSP1 and MSP2) to gain insight into the methylation status of
the PTPNS1 promoter region: MF1 5’-AGGGTTAAAAGGTAGACGTTTTTTC-3’, MR1
5’-ACGCTACGAATAACTACATCGTC-3’, UF1 5’-GAGGGTTAAAAGGTAGATGTTTTT
TT-3’ UR1, 5’-CAACACTACAAACTAACTACATCATC-3’, MF2 5’-GTTCGTTTAGTTTC
GAGTTTTAGC-3’, MR2 5’-CACCTTCTCTACGAACGAACG-3’, UF2 5’-TTTGTTTAGT
TTTGAGTTTTAGTGG-3’ and UR2 5’-ACACCTTCTCTACAAACAAACACC-3’ (Figure
5). The primer sets were designed to be able to discriminate between unmethylated (U)
and methylated (M) DNA. The Universal Methylated Human DNA Standard (BaseClear
Lab products, Leiden, The Netherlands) was used as a positive control for methylated
alleles of PTPNS1. PCR parameters for both regions 1 and 2 were: 94°C 3 min (1
cycle); 94°C 30 s, 55°C 30 s (42 cycles); 72°C (1 cycle).
Methylation specific PCR (MSP)
DNA methylation patterns in the CpG island of the PTPNS1 gene (encoding SIRPα;
accession AL117335) were determined by PCR with specific primers designed for
22
either methylated or unmethylated bisulphite treated DNA . Two primer sets for MSP
were designed targeting two regions within the CpG island (named MSP1 and MSP2)
to gain insight into the methylation status of the PTPNS1 promoter region: MF1 5’GGGTTAAAAGGTAGACGTTTTTTC-3’, MR1 5’-ACGCTACGAATAACTACATCGTC-3’,
UF1 5’-GAGGGTTAAAAGGTAGATGTTTTTTT-3’ UR1, 5’-CAACACTACAAACTAA
CTACATCATC-3’, MF2 5’-GTTCGTTTAGTTTCGAGTTTTAGC-3’, MR2 5’-CACCTTCT
CTACGAACGAACG-3’, UF2 5’-TTTGTTTAGTTTTGAGTTTTAGTGG-3’ and UR2 5’ACACCTTCTCTACAAACAAACACC-3’ (Figure 5). The primer sets were designed to
be able to discriminate between unmethylated (U) and methylated (M) DNA. The
Universal Methylated Human DNA Standard (BaseClear Lab products, Leiden, The
Netherlands) was used as a positive control for methylated alleles of PTPNS1. PCR
117
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parameters for both regions 1 and 2 were: 94°C 3 min (1 cycle); 94°C 30 s, 55°C 30 s
(42 cycles); 72°C (1 cycle).
Bisulphite Sequence Analysis
PCR amplification was performed using the following primer set: PTPNS1-F 5’GTATTTATTTTTAAGAGGGGTTTTTA-3’ and PTPNS1-R 5’ CAAACTTATTTTTCTAAA
ATCAA-3’ in a two round nested approach during a touch-down PCR. First round
amplifications were performed in 25 µl reactions containing 3 µl bisulfite treated DNA,
10 mM dNTPs, 1.5 µl MgCl2, 2.5 µl 10x PCR buffer, 0.5 µl Jumpstart Taq (Sigma
Aldrich), 5 µl Betaine (Sigma Aldrich) and 25 µM of each primer in an Eppendorf
Thermocycler. Round 1 cycle parameters were as follows: 94°C for 4 min, 94°C for 30
s, 60°C for 35 s and 72°C for 1 min. Touch-down PCR conditions were used for the
annealing temperature of 60°C for 35 s with a decreasing temperature step of –1.0, R=
3.0°/s for 10 cycles. The next 30 cycles followed these conditions: 94°C for 30 s, 50°C
for 35 s, 72°C for 1 min and at the end one cycle of 72°C for 15 min. 1 µl of round 1
product was used as a template for round 2, using the same cycle parameters and
reaction mixture. PCR products were excised from 1.5% agarose gel, DNA was
extracted with the Qiagen gel-extraction kit (Qiagen Benelux BV) and cloned into the
®
pGEM -T Easy Vector Systems according to manufacturer’s protocol (Promega,
Madison, WI, USA). After overnight incubation at 37°C clones were picked from Sgal/LB agar plates and grown overnight in liquid cultures at 37°C. The Qiagen DNA
mini-prep kit (Qiagen Benelux BV) was used to extract DNA and the desired inserts
®
were enzymatically cleaved from the pGEM -T Easy Vector to check if the right insert
was cloned. Automated DNA sequencing was provided by BaseClear BV.
Construction of retroviral vectors and transduction of Kasumi-1 cells
The rat-human SIRPα (SIRPα-WT) fusion construct was generated from cDNA and
PCR fragments as follows: nt 1-1236 (count starts at first methionine) of the rat SIRPα
6
cDNA was fused to nt 1230-1509 of the human cDNA (prot. accession No
NM_080792). The chimeric SIRPα protein contains amino acids 1-412, representing
the extracellular domains, of rat SIRPα and amino acids 411-503, corresponding to the
transmembrane and cytoplasmic region of human SIRPα, resulting in a total length of
505 amino acids, including the signal sequence. The sequence of the construct was
confirmed by automated sequencing.
For retroviral transduction the SIRPα-WT construct was cloned into the
23
retroviral expression vector pLZRSpMBN-linker-IRES-eGFP(NotI-) , which was kindly
provided by Dr. H Spits (Academic Medical Center, University of Amsterdam,
Amsterdam, The Netherlands). The Phoenix-A packaging cell line (kindly provided by G
24
Nolan, Stanford University, Stanford, USA) was transfected with the retroviral
construct containing SIRPα-WT or control empty vector construct containing enhanced
fluorescent protein (eGFP) only, by calcium-phosphate transfection. After selection of
transfected cells with puromycin (1 µg/ml) (Sigma-Aldrich, St Louis, MO, USA), virus
23
was harvested as described previously and used for retroviral transduction of human
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t(8;21) Kasumi-1 cells. SIRPα-WT cells were subsequently selected in several rounds
by FACS sorting (MoFlo,Dako Cytomation) on the basis of eGFP expression to >98%
positivity. Cell surface expression of SIRPα was determined by FACS analysis using
the ED9 mAb, as described below. FACS-sorted, mock-transduced, Kasumi-1 cells
containing empty vector were used as controls in all experiments. Ectopic expression of
SIRPα and/or eGFP were regularly monitored and were found to be stable for several
months, with positivity always exceeding 90% (data not shown).
Flow cytometric analysis
For flow cytometric analysis, SIRPα-WT wild type and empty vector Kasumi-1 cells
were resuspended in PBS-0.1% BSA and stained using Alexa 633-conjugated ED9 (5
µg/ml). Cells were incubated for 1 hour incubation at 4°C. Subsequently cells were
washed three times with PBS-0.1%BSA and analyzed on a FACS calibur (BD
Biosciences, San Jose, CA, USA).
Cell proliferation and apoptosis
5
Cells were seeded in triplicate at 1x10 /ml in RPMI 1640 with 20% FCS in 96-well
tissue culture plates (200 µl/well). They were treated with 10 µg/ml of the ED9 mAb
where indicated and incubated for the indicated periods up to 7 days. Subsequently,
they were processed for proliferation and apoptosis studies as described below. The
number of viable cells was determined using the Casy-1-Cell Counter & Analyzer.
Apoptosis was assessed on days 1 and 3 by Annexin V-phycoerythrin (PE) and 7amino-actinomycin D (7-AAD) double staining according to the manufacturer's protocol
(BD Pharmingen, San Jose, CA, USA). All analyses were performed on a FACS calibur
(BD Biosciences, San Jose, CA, USA). Cells positively stained with Annexin-V and 7AAD negative were considered to be early apoptotic.
Growth inhibition studies
Growth inhibitory effects of chemotherapeutics in combination with ED9 mAb were
evaluated with the MTT-assay. Kasumi-1 SIRPα-WT and EV cells were incubated with
6 concentrations of cytarabine (ara-C) 2.5 – 0.002 µM, daunorubicin (DNR) 18.0 –
0.005 µM, etoposide (VP16) 4.4 – 0.01 µM and imatinib 0.005 - 5 µM in combination
with one fixed concentration of the ED9 mAb (10 µg/ml). Within each experiment all
drugs were tested alone, as well as in combination. After 4 days of incubation in 5%
CO2 humidified air at 37ºC, 3-(4, 5-dimethylthiazol-2,5-diphenyl) tetrazolium bromide
(MTT; Sigma Aldrich) was added and cells were incubated for another 4 hours.
Subsequently, formazan crystals formed were dissolved in acidified isopropanol. The
25
optical density (OD) is linearly related to the number of viable cells . Control wells,
containing Kasumi-1 cells in culture medium in absence of drugs were used to
determine the control cell survival. Wells with culture medium only were used as blank.
Drug interactions between chemotherapeutic drugs and ED9 mAb were studied by
using the multiple drug effect analysis of Chou and Talalay (Calcusyn software, Biosoft,
Cambridge, UK), which enables to determine antagonistic, additive or synergistic
119
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interactions. These different kinds of interaction are given by Combination Index (CI)
which is calculated using the formula: CI = [(D)1/(D1-FA)1] + [(D)2/(D1-FA)2] +
[α(D)1(D)2/(D1-FA)1 (D1-FA)2]. The parameters (D)1 and (D)2 represent the doses of the
separate drugs in the combination, whereas (D1-FA)1 and (D1-FA)2 are the doses of the
individual drugs resulting in survival 1-FA (Fraction Affected; α=1). The CI indicates
synergism (CI<0.9), additivity (CI=0.9-1.1) or antagonism (CI>1.1). In the CI-FA plot
the CI values > 0.5 are evaluated and per experiment a mean CI was calculated from
FA values 0.5, 0.75 and 0.9. The average CI (±SD) of three experiments is given for
each of the combinations.
Statistical analysis
The statistical significance of measured differences in proliferation and apoptosis
between the various conditions and cell populations was determined using the paired
Student’s t-test. Calculations were performed using Graph-pad Prism and SPSS
software.

Results
SIRPα mRNA expression in AML
7
A previous study , evaluating a limited number of AML patients, and using a
monoclonal antibody against SIRPα that was subsequently shown to cross-react with
7;16
the activating SIRPβ1 molecule , has provided indirect and preliminary evidence for a
low expression of SIRPα in the ~75% of AML leukemic blasts in comparison to normal
CD34+ HSC. In order to confirm and extend these observations we analyzed the
mRNA levels of 511 individual AML patients from two separate micro-array datasets
17
containing 285 individual adult and 226 pediatric (manuscript in preparation) AML
patient samples, respectively.
SIRPα mRNA expression varied considerably among AML patients (Figure 1A
and B). We observed a strong association between SIRPα expression and AML FAB
subtype, with highest levels found in the myelo-monocytic FAB M4/M5 subsets, and
relatively low levels in myeloblastic leukemic blasts (FAB M0-M3 subtypes). These
results suggest a differentiation stage-dependent expression of SIRPα probably
reflecting an upregulation of SIRPα during myelo-monocytic differentiation, which is in
6
line with the high expression of SIRPα found on normal monocytes and macrophages .
On the other hand, the low expression on FAB M2 AML with characteristic granulocytic
differentiation appears perhaps somewhat inconsistent with the high expression of
6
SIRPα on normal granulocytes . Notably, the average levels of SIRPα in M0-M3 of
adult AML and M0-M2 of pediatric AML were significantly lower than that of normal
CD34+ HSC, suggesting a downregulation of SIRPα during leukemic cell
transformation.
Based on unsupervised cluster analysis of the microarray data 16 different AML
17
subgroups have previously been identified within the adult group and there is a strong
correlation between these subgroups and some of the most frequent chromosomal
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Figure
1.
SIRPα
mRNA
expression
in
AML
FABsubtypes. mRNA expression was
determined by gene profiling in
511 AML (285 adults and 226
children) patient samples. The
dots
represent
individual
patients; the horizontal bar is the
group mean. The dotted line
represents the mean levels
(139.6;
n=5)
of
SIRPα
expression in normal CD34+
HSC. Adult FAB M0-M3 and
pediatric FAB M0-M2 AML
subgroups have average SIRPα
expression levels significantly
(p<0.05) below that of M4/M5
AML and normal CD34+ HSC.

abnormalities, such as the t(8;21), t(15;17), inv(16), t(11q23) and the FLT3-ITD.
Evaluation of SIRPα expression within these subgroups also showed a clear
correlation, with the highest levels of SIRPα observed in groups 5, 9 (inv(16)), and 16
(11q23 abnormalities), and relatively low levels of mRNA found in several other
subgroups, including for instance 12 and 13, which consist almost exclusively of t(8;21)
and t(15;17) AML (Figure 2A). In pediatric AML SIRPα expression was lowest in the
-6
t(8;21) subgroup (p=2.05x10 compared to all other subgroups), while it was highest
-10
(p= 1.63x10 ) in pediatric AML with a MLL (11q23) rearrangement (Figures 2B and C).
SIRPα protein expression in AML
In order to confirm these findings at the protein level we performed Western blotting
using an antibody directed to the cytoplasmic tail of human SIRPα on various leukemic
cell lines from different origins (Figure 3A). Consistent with the myeloid expression of
SIRPα, all the AML cell lines we analyzed, expressed the SIRPα protein, and we did
not observe SIRPα expression in any of the acute lymphoblastic cell lines: Jurkat,
CCRF-CEM (both T-cell ALL) and 697 (precursor B-ALL; Figure 3A). SIRPα expression
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Figure 2. SIRPα mRNA
expression
in
AML
cytogenetic subgroups.
(A) Adapted Correlation
View of Specimens from
the 285 adult patients
involving 2856 probe
sets.
Based
on
correlation 16 different
AML subgroups were
17

identified .

Along

the

diagonal
the
SIRPα
expression is indicated
and showed a clear
correlation within the
subgroups. (B) Cluster
analysis of 226 pediatric
AML patients samples.
The expression level of
SIRPα is identified and
showed
a
clear
correlation within the
different AML cytogenetic
subgroups. Red indicates
an increase in SIRPα
expression level and
green means a decrease
in expression. The values
of the SIRPα expression
of 221 pediatric AML
patients samples are
presented in figure C.
The
dots
represent
individual patients; the
horizontal bar is the
group mean. Datasets
are the same as in figure
1.
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varied among the different AML cell lines and the core binding factor t(8;21) Kasumi-1
cells expressed relatively low levels of the SIRPα protein. In contrast, the expression
levels of the protein tyrosine phosphatases (PTPs) SHP-1 and SHP-2, which are known
to be recruited to SIRPα upon ligation and mediate many of its down-stream cellular
effects, showed only little variation between the different leukemic cell lines. We also
analyzed SIRPα protein expression in 21 primary pediatric AML patient samples
(Figures 3B and D). Consistent with the mRNA data, SIRPα protein expression was low
in myeloblastic leukemic blasts and high in (myelo)monocytic blasts (Figure 1 and 2).
We did not observe SIRPα expression in ALL patient samples (n=10; Figure 3C).
Collectively, these findings demonstrate a differentiation-stage dependent
regulation of SIRPα among AML, as well as a specific downregulation in M0-M3 as
compared to normal hematopoietic progenitors.

Figure 3. SIRPα protein expression in AML
FAB-subtypes. Analysis of SIRPα, SHP-1
and SHP-2 protein in AML and ALL cell lines
(A) and primary AML (B) and primary ALL
(C) patient samples by Western blotting. (D)
SIRPα expression in 21 pediatric AML
patient samples as detected by Western
blotting,
quantified
by
densitometric
scanning, and expressed relative to β-actin
levels. Note that: 1) SIRPα is differentially
expressed in AML cell lines and primary
AML, with low levels in Kasumi-1 cells, and
no detectable levels observed in ALL cell lines and primary ALL, and 2) SHP-1 and SHP-2 levels were
comparable in all cell lines.
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Epigenetic mechanisms suppress SIRPα expression in t(8;21) AML cells
We hypothesized that the significantly reduced expression of SIRPα that we observed
in the t(8;21) core binding factor (CBF) AML subgroup might be the result of epigenetic
silencing. The oncogenic fusion protein product generated by the t(8;21) chromosomal
translocation, AML1-ETO, acts as a transcriptional repressor that is able to form stable
complexes with corepressors, histone deacetylases and histone methyltransferases,
26;27
. The
inducing epigenetic silencing of typical myeloid differentiation regulated genes
relatively low expression of SIRPα in the Kasumi-1 t(8;21) cell line (Figure 3A) is
consistent with this hypothesis, and therefore this cell line was selected as a model for
studying the possibility of epigenetic silencing of the SIRPα gene, also known as
PTPNS1. Kasumi-1 cells were exposed to the demethylation agent DAC or the HDAC
inhibitors TSA, VPA or sodium butyrate for various periods. At baseline (t=0 hours)
Kasumi-1 cells expressed very low levels of the SIRPα protein and the exposure to
DAC, TSA, VPA and sodium butyrate markedly increased SIRPα levels (Figure 4). With
all drugs an increase in SIRPα protein expression was detected as early as 3 hours
and this became maximal after approximately 24 hours. These findings indicate that
epigenetic mechanisms, including DNA methylation and histone deacetylation
contribute to SIRPα gene silencing in AML.

Figure 4. Upregulation of SIRPα in Kasumi-1 cells after treatment with inhibitors of epigenetic gene silencing.
Kasumi-1 cells were incubated with the DNA methylation inhibitor decitabine (DAC) and the HDAC inhibitors
Trichostatin A (TSA), butyrate and Valproic acid (VPA). SIRPα protein levels were determined by Western
blotting. β-actin was used as a loading control.
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Figure 5. Analysis of the
PTPNS1
gene
by
methylation specific PCR
(MSP) using 2 primer sets
(MSP1 and MSP2). (A, B)
Schematic representation of
the CpG island in the
putative promoter region of
the SIRPα gene (official
gene name: PTPNS1). The
bar indicates the CpG
island. The black boxes
indicate the first two exons
and the arrow indicates the
ATG transcription start site.
Locations of the primers for
methylation specific PCR
(MSP)
and
bisulphite
sequencing (F1/R1) are
indicated with arrows. (C, D)
MSP analysis of AML cell
lines (KG1a, Kasumi-1, AML
HL60) and 5 primary t(8;21) patient samples (A-E), respectively. Human methylated DNA (HMD) was used as
a positive control, and genomic DNA and water served as negative controls. Lane M, amplified product with
primers recognizing methylated PTPNS1 and lane U, amplified product with primers recognizing
unmethylated PTPNS1.
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In order to investigate the possibility of direct gene silencing mediated by DNA
methylation within the SIRPα promoter in AML, the methylation status of the PTPNS1
gene was explored. The PTPNS1 gene is located on chromosome 20p13 (accession
AL117335) and a typical CpG island (Figure 5A) was identified in the putative promoter
region upstream of exon 1 (Figure 5B). However, analysis of the PTPNS1 promoter
region in Kasumi-1 cells and five t(8;21) AML patient samples by methylation-specific
PCR and bisulphite DNA sequencing did not reveal significant levels of DNA
methylation in this location (Figures 5C, 5D and 6). Notably, a high density of
methylation was observed in the corresponding CpG-rich domain of the highly
28
homologous pseudogene SIRPα2p located on chromosome 22 . Collectively, this
shows that at least one of the prime candidate region for epigenetic silencing of the
PTPNS1 gene, i.e. the CpG island in the promoter region, is not subject to considerable
DNA methylation, and is therefore unlikely to be primarily responsible for the above
effects observed with inhibitors of epigenetic gene silencing.

Figure 6. Bisulphite sequencing of the PTPNS1 gene promoter region in the Kasumi-1 cell line and AML
patient samples. Each circle indicates a CpG dinucleotide (open circles unmethylated; filled circles
methylated) and each line represents analyses of a single amplified clone. Notably, using the same
sequenching primers a high degree of methylation was observed within the SIRPα2p pseudogene on
chromosome 22, that is highly homologous to PTPNS1.

Ligation of SIRPα inhibits proliferation and induces apoptosis in t(8;21) AML cells
No direct evidence for an involvement of SIRPα in the regulation of myeloid (leukemic)
cell growth and/or differentiation has been reported. Our initial experiments with the rat
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Figure 7. Ligation of SIRPα in
the rat NR8383 macrophage
cell
line
by
monoclonal
antibodies or CD47-Fc protein
inhibits proliferation. NR8383
cells were incubated for 18
hours with CD47-Fc protein or
indicated
anti-SIRPα
monoclonal antibodies (10
µg/ml).
3H-thymidine
was
added for 4 hours and
incorporated radioactivity was
determined.

myeloid cell line NR8383 showed that agonistic monoclonal antibodies against rat
SIRPα (i.e. ED9, ED17 or OX41), or recombinant Fc-fusion proteins containing the
extracellular region of CD47, the natural ligand of SIRPα, are all able to suppress
proliferation (Figure 7). Importantly, the low levels of SIRPα expression in M0-M3 AML
as described above could form the basis for insufficient growth control and as such
contribute to the malignant behaviour of the leukemic cells. This prompted us to study a
growth-regulatory role for SIRPα in AML. It was anticipated that growth control could
perhaps be restored by reconstituting and triggering SIRPα in vitro. In vivo it seems
likely that SIRPα signaling in developing myeloid cells occurs via continuous interaction
with the broadly expressed ligand CD47. Unfortunately, no agonistic antibodies were
available that specifically recognize human SIRPα to test this hypothesis. In order to
enable the use of our rat SIRPα-specific reagents in a human cellular context, we
generated a chimeric SIRPα protein construct, composed of the extracellular region of
rat SIRPα and the transmembrane and cytoplasmic regions of human SIRPα. This was
introduced by retroviral expression into t(8;21) Kasumi-1 cells (Figure 8A), which
express only low levels of endogenous SIRPα (Figure 3A). Expression levels of the
chimeric SIRPα protein were roughly comparable to those seen on normal rat
6
macrophages or granulocytes (Adams et. al. , and data not shown). Exponentially
growing Kasumi-1 SIRPα-WT cells were treated for up to 7 days with the agonistic ED9
mAb and analyzed. Cell counting revealed that proliferation was significantly inhibited
(p=0.02) in Kasumi-1 SIRPα-WT cells (Figure 8B), whereas no significant effect was
seen in the Kasumi-1 empty vector cells. In absence of antibody the Kasumi-1 SIRPαWT cells showed comparable growth levels as the Kasumi-1 empty vector cells. In
order to investigate whether growth suppression triggered by SIRPα ligation in AML
cells could be explained by an enhanced level of apoptosis, the percentage of apoptotic
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Figure 8. Ligation of reconstituted SIRPα
inhibits proliferation in human Kasumi-1
cells. Chimeric rat-human SIRPα protein
was ectopically expressed in human myeloid
Kasumi-1 cells. (A) Flow cytometric analysis
of eGFP and SIRPα surface expression
using ED9 mAb in Kasumi-1 empty vector
and Kasumi-1 SIRPα-WT cells. Note the
homogeneous expression of the chimeric
SIRPα protein on SIRPα-WT cells (B)
Kasumi-1 SIRPα-WT and empty vector cells
(105/ml) were seeded in 96-well culture
plates in complete culture medium
containing ED9 mAb (10 µg/ml) and were
cultured for 7 days at 37°C. Cell number was
evaluated by daily automated cell counting
(Casy-1-Cell Counter & Analyzer). Data are
means ± SD calculated from 3 independent
experiments using triplicate samples.

cells was quantified by flow cytometry, using Annexin V-PE/7-AAD staining (Figure 9A).
Already on day 1 after adding ED9 mAb the percentage of early apoptotic cells, defined
as Annexin V positive and 7-AAD negative, was significantly higher in the Kasumi-1
SIRPα-WT cells (26.8±6.2%), as compared to Kasumi-1 empty vector cells (8.3±0.9%;
p=0.001). Similar results were observed on day 3 of treatment, at which ligation with
ED9 mAb had caused significant apoptosis in Kasumi-1 SIRPα-WT cells (35.2±15.3%
versus 10.4±2.8% in untreated control cells; p=0.02; Figure 9B). All effects required
ED9 binding to SIRPα, since no induction of apoptosis was observed in Kasumi-1
empty vector cells. These findings provide the first direct evidence for a growthsuppressive and pro-apoptotic role of SIRPα in AML.
SIRPα ligation synergizes with conventional antileukemic and targeted agents in t(8;21)
AML cells.
To investigate the interaction between ED9 mAb and other drugs we determined the
efficacy of the ED9 mAb in combination with different chemotherapeutic agents used for
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Figure 9. Ligation of SIRPα induces apoptosis in human Kasumi-1 cells. Kasumi-1 SIRPα-WT and empty
vector cells (105/ml) were seeded in 96-well culture plates in complete culture medium containing anti-SIRPα
ED9 mAb (10 µg/ml) and were cultured for at 37°C. On day 1 and 3 of the incubation the percentage of
apoptotic cells was determined. (A) Induction of apoptosis in Kasumi-1 SIRPα-WT cells after 1 day incubation
with anti-SIRPα mAb and quantified by Annexin V-PE/7-AAD flow cytometric staining. (B) On day 1 and 3 the
percentage of early apoptotic cells (defined as Annexin V positive and 7-AAD negative) was significantly
higher in the Kasumi-1 SIRPα-WT cells that were treated with ED mAb, compared to untreated control. No
induction of apoptosis was seen in Kasumi-1 empty vector cells. Data are means ± SD calculated from 3
independent experiments.

the treatment of AML. Kasumi-1 SIRPα-WT and empty vector cells were exposed to
cytarabine (ara-C), daunorubicin (DNR), and etoposide (VP16) in combination with ED9
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mAb. In addition, since the Kasumi-1 cell line has been described to harbour an
29
activating c-kit mutation , we tested ED9 mAb in combination with the tyrosine kinase
inhibitor imatinib mesylate. This was tested using a 4-day survival assay using a range
of drug concentrations, which had shown appropriate dose response curves in pilot
experiments, and a fixed concentration of ED9 mAb (10 µg/ml), which inhibits growth
and promotes apoptosis in Kasumi-1 SIRPα-WT cells (Figures 8 and 9). The leukemic
cell survival of Kasumi-1 empty vector and SIRPα-WT cells after incubation with ED9
mAb alone were 98±2.4% and 87±4.4%, respectively. Co-incubation of Kasumi-1
SIRPα-WT cells with each of the four chemotherapeutics and ED9 mAb resulted in
CIDNR=0.74±0.06,
synergism
(combination
indexes
(CI):
CIara-C=0.46±0.32;
CIVP16=0.55±0.066 and CIImatinib=0.75±0.11) (Figure 10). Taken together, these results
show that reconstitution and ligation of SIRPα provide growth inhibitory effects in
t(8;21) AML cells and this can synergize with established antileukemic drugs.

Figure 10. ED9 mAb synergizes with
different chemotherapeutic drugs in
human myeloid Kasumi-1 WT-SIRPα
cells. (A) Ara-C + ED9 mAb; (B) DNR
+ ED9 mAb; (C) VP16 + ED9 mAb and
(D) Imatinib + ED9 mAb. Results
represent 1 representative experiment
of 3.

Discussion
In the present study we have investigated the role of SIRPα in AML. Firstly, we have,
by evaluating SIRPα mRNA levels in a large cohort of AML patients (n=511),
demonstrated a strong association between SIRPα expression and AML subtype. Of
interest, a low expression of SIRPα was observed in FAB M0-M3 AML, and this was
significantly reduced in comparison to normal CD34+ HSC, indicating a downregulation
of SIRPα during leukemic transformation. These findings confirm and extend results
from a previous study that provided indirect and preliminary evidence for a reduced
7;16
expression of SIRPα on AML blasts . As a consequence of this SIRPα
downregulation the relevant patient AML blasts may be refractory to the appropriate
SIRPα-dependent growth control, which may otherwise be provided via CD47-SIRPα
interactions in e.g. the bone marrow in vivo, and this may contribute to the proliferative
advantage of these cells. Indeed, restoration of SIRPα expression in t(8;21) AML cells,
which have low endogenous SIRPα expression, and ligation using agonistic
monoclonal antibodies in vitro inhibits the growth of these cells and promotes their
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apoptosis. It is worth noting that the SIRPα-mediated growth-inhibitory effects do not
appear limited to Kasumi-1 cells, as was shown by similar experiments in other AML
cell lines (unpublished results).
Among the AML subtypes with a low SIRPα expression were the t(8;21) CBF
AML and the APL (FAB M3; with a t(15;17) translocation). In both of these cases a
26;30
. We
differentiation block is caused by the recruitment of co-repressors to the DNA
investigated in the t(8;21) Kasumi-1 AML cell line, which expressed only low levels of
SIRPα, whether SIRPα expression was silenced by epigenetic mechanisms. Our
results with inhibitors of DNA-methylation and histone deacetylases are indeed
consistent with an epigenetic mechanism in the regulation of the SIRPα gene
(PTPNS1). However, we did not demonstrate considerable levels of DNA methylation
within at least one candidate CpG-rich region of the SIRPα gene promoter in t(8;21)
Kasumi-1 cells and primary t(8;21) AML samples. One explanation might be that the
epigenetic regulation occurs in other regions of the PTPNS1 gene or it involves indirect
effects on genes acting upstream of SIRPα. Clearly, more work is necessary to
understand SIRPα gene regulation and the mechanisms that contribute to the reduced
SIRPα expression in various types of AML. It should be noted that a decreased
expression of SIRPα has also been reported in breast cancer and hepatocellular
31;32
, suggesting that a silencing of SIRPα expression may not only be limited
carcinoma
to AML.
Although our results demonstrate for the first time that SIRPα ligation can
generate growth inhibitory and pro-apoptotic signals in AML, the nature of the
intracellular signals remains to be established. Clearly, one obvious candidate to
mediate growth inhibitory signals, particularly in myeloid cells, is the cytosolic PTPase
SHP-1. This hematopoietic SHP-1 can be recruited and activated upon triggering of
SIRPα by its natural ligand CD47, as well as by the agonistic antibody ED9 used
33
herein . Furthermore, motheaten mice, which specifically lack SHP-1, display a
34
hyperproliferation of myeloid cells . We are currently investigating the role of SHP-1
and other potential signaling molecules downstream of SIRPα in the regulation of
growth and apoptosis in AML. Another relevant question in this context is whether such
SIRPα-derived growth-regulatory signals are also important during normal myeloid
development.
Our current findings provide a rationale for exploiting SIRPα as a potential
treatment target in AML. With respect to the treatment of AML there is a need for novel
therapeutics that can be used in combination with chemotherapy, both enhancing
efficacy and/or restricting the severe side effects of conventional chemotherapy. Our
preliminary data in this respect (Figure 10) suggest that SIRPα-derived signals can
synergize with clinically employed chemotherapeutics in the inhibition of AML cell
growth. While it is obvious from the present study that the low expression of SIRPα
may form a limitation in this respect, we envision that this could perhaps be overcome,
at least in part, by applying inhibitors of epigenetic gene silencing such as the ones that
we have employed here. Many of these inhibitors are presently in phase III clinical
trials, and it is anticipated that these may, in combination with the appropriate SIRPα
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agonists and conventional chemotherapeutic regimens, result in an improved treatment
of AML.
Collectively, our findings provide evidence for a growth regulatory role of SIRPα
in AML, Moreover, they suggest a downregulation of SIRPα during the leukemic
transformation in at least some subsets of AML. It will be of interest to further explore
SIRPα as a potential therapeutic target in AML.
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