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Abstract
Human acute myeloid leukemia (AML) originates from rare leukemia stem cells (LSCs). Because
these chemotherapy-resistant LSCs are thought to underlie disease relapse, effective therapeutic
strategies specifically targeting these cells may be beneficial. Here, we report identification of a
primary human LSC gene signature and functional characterization of human LSC-specific
molecules in vivo in a mouse xenotransplantation model. In 32 of 61 (53%) patients with AML,
either CD32 or CD25 or both were highly expressed in LSCs. CD32- or CD25-positive LSCs
could initiate AML and were cell cycle–quiescent and chemotherapy-resistant in vivo. Normal
human hematopoietic stem cells depleted of CD32- and CD25-positive cells maintained long-term
multilineage hematopoietic reconstitution capacity in vivo, indicating the potential safety of
treatments targeting these molecules. In addition to CD32 and CD25, quiescent LSCs within the
bone marrow niche also expressed the transcription factor WT1 and the kinase HCK. These
molecules are also promising targets for LSC-specific therapy.

INTRODUCTION
Despite advances in cancer therapeutics and supportive care, long-term outcomes of patients
with acute myeloid leukemia (AML) remain dismal (1). Even after complete remission in
which the whole-body leukemia burden is reduced to nearly undetectable levels, most
patients eventually succumb to disease relapse (2–4). There has been much interest,
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therefore, in the detection and elimination of minimal residual disease (MRD) to prevent
relapse or for early treatment of relapse.

The concept of leukemia stem cells (LSCs) in human AML was proposed by Lapidot et al.
(5), who reported that CD34+CD38− cells selectively engraft in CB17-SCID and nonobese
diabetic–severe combined immunodeficient (NOD-SCID) mice. More recently,
CD34+CD38− AML cells were shown to fulfill the criteria for cancer stem cells in vivo; that
is, they have the capacity to generate AML, give rise to heterogeneous nonstem leukemic
cells, and self-renew (6,7). Moreover, human primary CD34+CD38− LSCs preferentially
reside in the bone marrow (BM) endosteal region and are cell cycle–quiescent and
chemotherapy-resistant in vivo (7). Together, these observations suggest that MRD can be
attributed to rare quiescent CD34+CD38− LSCs remaining after therapy. Therefore,
therapeutic strategies designed to eradicate LSCs may improve long-term outcomes in
AML. Identification of LSC-specific molecules that could serve as drug targets would
facilitate the development of therapeutic antibodies, inhibitors of LSC-specific kinases and
transcription factors, or LSC-specific immunotherapy. To find possible targets for these
therapeutic agents, which could possibly prevent AML relapse by eliminating LSCs, we
performed global transcriptome analysis to compare human AML LSCs and human
hematopoietic stem cells (HSCs) isolated from healthy individuals. These molecules were
then screened for expression in primary human AML LSCs, and their functional significance
was determined in vivo with a NOD-SCID-IL2rgnull primary human AML
xenotransplantation model.

RESULTS
Functional definition of LSCs and HSCs

Ideally, a therapeutic strategy that targets LSCs must spare self-renewing normal HSCs to
protect normal long-term hematopoiesis in the patient. Therefore, the comparison of
functionally well-defined LSCs and HSCs is crucial to identify target molecules specific to
LSCs. In humans, both AML stem cells and normal HSCs are enriched in CD34+CD38−
blood cells (5–7). The transplantation of primary human AML BM or peripheral blood (PB)
CD34+CD38− cells into newborn NOD-SCID-IL2rgnull mice results in BM repopulation by
hCD45+CD33+ cells with no detectable T, B, and dendritic cells (DCs) and uniformly blast-
like PB hCD45+CD33+ cells (Fig. 1, A and B). In addition, the transplantation of
CD34+CD38− AML BM cells recapitulates the cellular heterogeneity in the original AML
by repopulating CD34+CD38− LSCs and CD34+CD38+/CD34− nonstem AML cells (Fig.
1C). CD34+CD38− BM cells from AML-engrafted recipients can self-renew, as shown by
their capacity for secondary engraftment (Fig. 1C). Finally, we have previously reported that
AML patient BM CD34+CD38− cells and AML-engrafted recipient BM CD34+CD38− cells
share a similar transcriptional profile (7). Therefore, we chose AML patient and AML-
engrafted recipient CD34+CD38− cells as the LSC population for global expression
profiling.

In contrast, the transplantation of normal human CD34+CD38− cells results in the
repopulation of T cells, B cells, and DCs in the BM and morphologically heterogeneous
hematopoietic cells in the PB (Fig. 1, D and E). Furthermore, transplanted normal
hCD34+CD38− cells give rise to hCD34+CD38−, hCD34+CD38+, and hCD34− cells in
recipient BM, and serial transplantation of purified BM hCD34+CD38− cells from normal
HSC-engrafted recipients results in the reconstitution of hCD45+CD33+ myeloid and
hCD45+CD33− lymphoid lineages in the secondary recipients (Fig. 1F). We therefore
selected healthy human cord blood (CB) and BM CD34+CD38− cells for gene expression
profiling.
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Identification of human AML LSC-specific targets
To increase the accuracy of candidate identification, we performed gene expression analyses
with two independent array platforms: (i) the Human Genome U133 Plus 2.0 GeneChips
with probes close to 3′ end for each gene and (ii) the Human Gene 1.0ST GeneChips with
probes across the full length of each gene (Fig. 2A). We analyzed LSC populations from 21
AML specimens [AML: M1, n = 3; M2, n = 7; M4, n = 4; myelodysplastic syndrome
(MDS)/AML: n = 7] and HSC populations from 2 normal BM and 4 CB specimens with the
U133 Plus 2.0 platform, and LSC populations from 6 AML specimens (AML: M1, n = 1;
M2, n = 3; M4, n = 2) and HSC populations from 4 normal BM and 1 CB specimens with
the Gene 1.0ST platform (table S1).

Two independent strategies that we used to integrate the gene expression data obtained with
the two platforms are summarized in Fig. 2B. First, the RankProd method was performed to
extract genes with expression levels significantly higher in LSCs than in HSCs [P < 0.01;
percentage of false positive (pfp) < 0.05] in both platforms (strategy 1, group 1, 217 genes;
table S2) (8–10). Second, we identified genes that met the following criteria in all HSC
samples tested in either array platform: (i) a pfp of <0.005 and (ii) expression lower than the
median levels. Thereby, we extracted genes that were highly expressed in LSCs but showed
minimal expression in HSCs (strategy 2, group 2, 75 genes; table S2).

Validation of putative LSC-specific targets
Among the 217 genes in group 1, 126 genes encoding molecules in the following categories
were chosen for further evaluation as candidates for drug targeting: (i) proteins that localize
in the plasma membrane or extracellular space; (ii) cytokines, growth factors,
transmembrane receptors, protein kinases, phosphatases, transcriptional modulators, and/or
other signaling molecules; and (iii) regulators of immunity, cell cycle, apoptosis, and/or cell
adhesion. Of these, LSC-specific expression was validated by quantitative reverse
transcription polymerase chain reaction (qRT-PCR) for 58 genes by using LSCs from five
AML-engrafted recipient BM and four healthy BM HSCs (fig. S1 and table S1). Among the
75 genes in group 2, 34 fit the categories listed above. Of these, 20 genes were common to
group 1 and had already undergone validation by qRT-PCR, leaving 14 genes for further
analysis. Of the 72 candidate genes thus identified, cellular expression of 16 molecules
could be adequately evaluated by flow cytometry (FCGR2A/CD32, ITGB2/CD18, CD93,
CD97, CD33, IL2RG/CD132, LY86/MD1, TNFRSF4/CD134, TNFSF13B/CD257, IL2RA/
CD25, CD127, BDCA-1, CD86, CD24, CD66c, and CD180) and 9 molecules by
immunofluorescence imaging (WT1, SUCNR1, PDE9A, HCK, AK5, DOK2, LRG1, BIK,
and CTSC). Therefore, overall, 25 genes were identified as possible LSC-specific target
genes (Fig. 2C).

We next analyzed the expression of 25 LSC-specific target genes in 20 AML LSC samples
(AML: M0, n = 1; M1, n = 5; M2, n = 3; M5, n = 1; MDS/AML: n = 10) and 6 normal BM
HSC samples that were previously unexamined (table S1). By hierarchical clustering based
on the expression patterns of the 25-gene signature, LSCs were successfully segregated from
healthy HSCs (Fig. 2C).

LSC-specific targets in cell cycle–quiescent LSCs in situ
As we have previously reported that human AML LSCs residing in the BM endosteal region
are cell cycle–quiescent and chemotherapy-resistant, we examined the expression of the nine
candidate molecules evaluable by immunofluorescence labeling (WT1, SUCNR1, PDE9A,
HCK, AK5, DOK2, LRG1, BIK, and CTSC) in situ in the BM endosteal region (7). Among
them, WT1 and HCK were the most promising LSC targets, with genes encoding these
molecules overrepresented in the greatest proportions of LSC samples by microarray
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analysis (fig. S2). These two molecules were expressed in the Ki67-negative cells lining the
endosteum, indicating that cell cycle–quiescent LSCs express these molecules in situ (Fig.
3). SUCNR1, PDE9A, AK5, DOK2, LRG1, BIK, and CTSC were also detected in the
endosteal region at varying levels of expression (fig. S3). Each bone section was prepared
from recipients that exhibited >98.0% hCD45+hCD33+ cells in BM when they were killed,
indicating that nearly all the cells in the BM were human AML cells. These findings confirm
that these molecules, specifically WT1 and HCK, are promising targets for immunotherapy
and kinase inhibition against chemotherapy-resistant LSCs within the BM endosteal niche.

Expression of LSC-specific targets in primary human AML
Among the 16 candidate molecules adequately evaluable by flow cytometry, CD32, CD93,
CD18, CD97, CD33, CD132, and CD25 were highly expressed in LSCs in at least two of
eight patients chosen as pilot cases (AML: M1, n = 1; M2, n = 3; M4, n = 2; MDS/AML: n =
2; table S1). However, CD97, CD33, CD132, and CD24 were also expressed in normal BM
HSCs. Therefore, we proceeded to evaluate CD32, CD25, CD18, and CD93 as candidate
human LSC-specific targets.

We first examined the expression of these markers in normal HSCs by flow cytometry. The
mean fluorescence intensity (MFI) ± SD of CD32, CD25, CD18, and CD93 on normal
human BM HSCs was 103.6 ± 34.4, 162.8 ± 32.6, 127.8 ± 14.3, and 98.6 ± 17.2,
respectively (n = 5). A MFI of 800 was chosen as the threshold value for determining
positive expression of these molecules because the value of mean MFI + 10 × SD for the
four molecules in normal BM HSCs was below 800.

Then, we examined the expression of CD32, CD25, CD18, and CD93 on the surface of
LSCs in 53 additional AML patient samples, for a total of 61 cases (AML: M0, n = 2; M1, n
= 8; M2, n = 15; M4, n = 4; M5, n = 1; M7, n = 1; subtype undetermined, n = 1; MDS/AML:
n = 29; table S1). In general, 52 of 61 (85.2%) of the cases were poor-risk (advanced age,
induction failure, relapse, and/or unfavorable cytogenetics). Among the 61 patients, 39
(63.9%) showed high expression (defined by MFI > 800) of at least one of the four
molecules in LSCs. The MFI for each molecule in LSCs is listed in table S1, and the
frequency of marker positivity is summarized in Fig. 4 and Table 1. CD32 and CD25 were
the most frequently expressed molecules in LSCs at 34.4% and 24.6%, respectively. In 32 of
61 (52.5%) patients, CD32, CD25, or both molecules were highly expressed in LSCs.

Because CD32 and CD25 were the most frequently expressed molecules, we examined their
functional significance in primary AML. CD25-positive cells (CD25+CD34+CD38−) from
AML patients were able to initiate AML when transplanted into mice [103 to 104 sorted
cells transplanted, four of four recipients engrafted, PB hCD45+ = 18.1 ± 4.7% (SEM) at 13
to 14 weeks after transplantation]. Immunofluorescence labeling of CD25-positive AML-
engrafted recipient BM demonstrated the preferential and extensive expression of hCD25 in
the endosteal region of the BM (fig. S4). The CD25+ cells in the endosteal region were in
the G0 phase of the cell cycle as shown by their negative Ki67 staining. Nearly all cells in
the bone sections were human AML cells because the recipient BM contained 98.4% and
99.6% hCD45+CD33+ cells when the animals were killed.

We saw three patterns of CD32 expression in the LSCs of the 61 patients with AML (Fig.
5A): CD32-positive cells with a single positive peak (category CD32-a); CD32-negative
cells (MFI < 800) with a bimodal expression, showing a minor but separable CD32-positive
population (category CD32-b); and CD32-negative cells with a single negative peak
(category CD32-c). To determine the functional significance of these CD32 expression
patterns, we performed xenotransplantation with CD32-a and CD32-b CD32+CD34+CD38−
AML cells. The CD32+CD34+CD38− cells from the CD32-a AML patients initiated AML
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when transplanted to mice [7 × 102 to 1 × 104 sorted cells transplanted, 13 of 13 recipients
engrafted, BM hCD45+ = 90.0 ± 4.2% (SEM) at 9 to 15 weeks after transplantation]. We
could not test whether CD32− CD34+CD38− cells initiated AML because we could not
isolate a sufficient number of viable cells; nearly all CD34+CD38− cells are CD32+ in
CD32-a AML patients. In contrast, in CD32-b AML, CD32-negative CD34+CD38− but not
CD32-positive CD34+CD38minus; cells initiated AML [1 × 104 sorted cells transplanted, n =
3 each, BM hCD45+ = 78.5 ± 9.7% (SEM) and 0.0 ± 0.0% (SEM) for recipients of CD32-
negative and CD32-positive cells, respectively, at 15 to 21 weeks after transplantation].
Immunofluorescence labeling of recipient femurs engrafted with CD32-a AML
demonstrated that hCD32 and hCD45 were coexpressed in AML cells lining the endosteum
(Fig. 5B, left), whereas CD32-b–engrafted recipient femur shows scattered CD32 expression
in the central region of the BM (Fig. 5B, right). At the time of killing, 98.2% and 98.5% of
the BM in the femurs shown in Fig. 5 were positive for hCD45 and hCD33, indicating that
nearly all the cells in the sections were human AML cells. In addition, the
CD32highCD34+CD38minus; population of cells was significantly enriched for quiescent cells
in cells from CD32-a AML patients [representative flow cytometry plots are shown in Fig.
5C; %G0 = 75.5 ± 3.3 (SEM) and 45.2 ± 4.6 (SEM), respectively, n = 5 each, P = 0.0007 by
two-tailed t test, Fig. 5D]. In contrast, in CD32-b AML, the CD32-negative
CD34+CD38minus; population was significantly enriched for quiescent cells [%G0 = 79.8 ±
3.6 (SEM) and 37.6 ± 6.8 (SEM), respectively, n = 5 each, P = 0.0006 by two-tailed t test;
Fig. 5D]. These findings demonstrate that CD32+CD34+CD38minus; cells are the cell cycle–
quiescent, AML-initiating cells residing in the BM endosteal region in CD32-a CD32-
positive AML.

Because LSC-targeting therapeutic agents will likely be used in conjunction with
conventional chemotherapy, an LSC marker molecule must show stable expression even
after chemotherapy. To test this, we examined the expression of CD32 and CD25 in BM of
AML-engrafted recipients after in vivo treatment with cytarabine (Ara-C). In CD32-b AML
patients in whom CD32-negative CD34+CD38minus; cells are the LSCs, nearly all CD32-
positive CD34+CD38minus; cells were eliminated by Ara-C, resulting in decreased overall
CD32 expression [CD32+CD34+CD38minus; = 19.2 ± 1.6% (SEM) and 0.5 ± 0.1 (SEM),
respectively, for control and Ara-C–treated recipients, n = 5 for each group, P < 0.0001 by
two-tailed t test; MFI = 600.1 ± 49.0 to 259.9 ± 34.3 (SD), n = 10 each, P < 0.0001 by two-
tailed t test; Fig. 5E]. In contrast, CD32 expression was augmented in CD32-a LSCs after in
vivo treatment with Ara-C with the elimination of cell cycle–active, CD32-negative
CD34+CD38minus; AML cells [MFI = 1180.3 ± 63.3 to 1871.5 ± 244.4 (SD), n = 6 each, P =
0.0121 by two-tailed t test; Fig. 5E]. Serial transplantation of purified CD34+CD38minus;

CD32+ cells from Ara-C–treated, CD32-positive AML recipient mice resulted in in vivo
AML initiation, as evidenced by the engraftment of hCD45+ cells, all of which were CD33+

AML blasts, with no development of normal human immunohematopoietic subsets (11 of 11
secondary recipients from Ara-C–treated recipients of two independent CD32-positive AML
cases engrafted; representative flow cytometry plots shown in Fig. 5F). This finding
functionally demonstrates that CD32-positive CD34+CD38minus; AML cells retain LSC
function with no contaminating normal HSCs after in vivo Ara-C treatment. The stable
expression of CD32 after treatment with a chemotherapeutic agent in LSCs would allow the
targeting of CD32-positive LSCs concurrently or after chemotherapy. Similarly, in the
recipients engrafted with CD25-positive AML, CD25 expression in BM was maintained
after in vivo treatment with Ara-C (MFI = 1664.8 ± 250.8 to 2137.6 ± 336.5, n = 5 each, P =
not significant by two-tailed t test).
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Effect of CD32 and CD25 inhibition on normal hematopoiesis
For CD32 and CD25 to serve as therapeutic targets against LSCs, the elimination of CD32-
or CD25-positive cells from normal human BM must not disrupt normal hematopoiesis. In
normal human BM, CD32 is expressed in B cells, T cells, and monocytes, and CD25 is
expressed in a portion of T cells (Fig. 6A). However, neither antigen was expressed in
CD34+CD38minus; CD133+ HSCs (Fig. 6B).

We directly examined the capacity of CD32- and CD25-negative healthy human HSCs to
repopulate BM by xenotransplantation. The transplantation of 4 × 103 to 2 × 104 CD32-
negative human CB CD34+CD38− cells resulted in long-term engraftment of human CD45+

cells with multilineage differentiation demonstrated by the presence of both CD32-positive
and CD32-negative human T, B, and myeloid cells in the BM [hCD45 = 31.7 ± 4.4% (SEM)
at 17 to 22 weeks after transplantation, n = 7]. Similarly, recipients of 104 CD25minus;

normal HSCs resulted in multilineage repopulation with human T, B, and myeloid cells,
including CD25+ T cells in the BM [hCD45 = 10.2 ± 3.5% (SEM) at 18 weeks, n = 5].
Representative sets of flow cytometry plots are shown in Fig. 6C. Moreover, neither CD32
nor CD25 mRNA was expressed at significant levels in human nonhematopoietic organs
(fig. S5). These findings suggest that normal HSCs would be functionally preserved and that
the potential for nonhematopoietic adverse effects is relatively low with anti-LSC
therapeutic strategies targeting CD32 and/or CD25.

DISCUSSION
Although most of younger and 40 to 60% of elderly patients with AML achieve complete
remission at the time of initial diagnosis, overall survival for AML patients remains low, at
~20% at 5 years (1,3,4,11–14). This discrepancy between successful remission induction
and poor long-term outcome is due to the difficulty of preventing and overcoming disease
relapse (2–4). Rare cell cycle–quiescent, chemotherapy-resistant LSCs that survive
chemotherapy are likely responsible for relapse (7).

To begin to develop anti-LSC therapies, we identified human primary AML LSC-specific
molecules by comparing global mRNA expression patterns in LSC and HSC populations
functionally defined by in vivo serial engraftment and long-term multilineage repopulation.
The analysis of global gene expression profiles in bulk AML blasts by Valk et al. and others
have linked expression profiles with prognosis of AML (15–18). Similarly, gene expression
signatures associated with prognosis have been identified in breast cancer (19). In a
comparison of human AML LSCs and HSCs, 3005 differentially expressed genes were
analyzed by correspondence with pathway information from publicly accessible databases,
generating candidate pathways dysregulated in LSCs (20). Our approach is distinct from
these previous studies in four aspects. First, the gene expression comparisons were restricted
to specifically identify genes that are overrepresented in LSCs and underrepresented in
HSCs. Previous studies [except that by Majeti et al. (20)] compared larger populations
containing bulk AML blasts and more differentiated normal hematopoietic progenitors.
Second, we validated the mRNA expression of candidate LSC targets by qRT-PCR and the
presence of protein by flow cytometry and/or immunofluorescence imaging. This step was
crucial, as expression (or lack thereof) of RNA did not necessarily correspond with protein
abundance. Third, we demonstrated the functional significance of candidate LSC target
molecules by linking their expression with cell cycle quiescence, in situ localization, and in
vivo AML initiation capacity. Last, we confirmed that the candidate LSC target molecules
are not required for normal HSC function by showing that normal HSCs that lack these
molecules can repopulate the hematopoietic system in vivo.
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Although both AML LSCs and normal HSCs show the Linminus; CD34+CD38− phenotype,
we identified 259 genes overrepresented in LSCs by analyzing global gene expression
patterns using two independent array platforms. Of these, 25 candidate molecules with
favorable characteristics for potential drug development were chosen for detailed analyses.
Although molecules such as CD33, CD97, and CD132 are present at higher concentrations
in LSCs than HSCs, we did not include them in our candidate list because a therapeutic
antibody administered in vivo might bind normal HSCs, even if they have relatively low
amounts of antigen, leading to clearance of normal HSCs as well as LSCs. The functional
properties of CD34+CD38− primary human LSCs are maintained in the xenogeneic BM
microenvironment of the NOD-SCID-IL2rgnull mouse recipients, allowing the analysis of
candidate LSC-specific molecules in situ, a procedure difficult to perform directly in AML
patients (7). By dual labeling of the candidate marker and Ki67 (which marks actively
cycling cells), we determined the cell cycle status of marker-positive AML cells in the BM.
In particular, WT1 and HCK were highly expressed in quiescent AML cells at the BM
endosteum.

Overexpression of WT1 in acute leukemia has been well described, with expression in 73 to
100% and 32% of myeloblasts in newly diagnosed and relapsed adult AML patients,
respectively (21). The expression of WT1 has been linked to poor prognosis in newly
diagnosed patients and relapse in patients that achieve complete remission, and it has been
suggested as a target molecule for immunotherapy of AML (22–27). Here, we found that
WT1 gene is expressed in cell cycle–quiescent primary AML LSCs at the endosteal region,
suggesting that the association of high WT1 expression with poor prognosis and relapse may
be related to its expression in LSCs.

A member of the Src family of tyrosine kinases (SFKs), HCK was also identified as a
potential target molecule in cell cycle–quiescent, chemotherapy-resistant LSCs in the BM
endosteal region. HCK is expressed in myeloid cells, particularly in granulocytes and
monocytes (28,29). HCK and other SFKs interfere with the maturation of Flt3 in a kinase-
dependent manner (30). The overexpression of HCK in LSCs may therefore be linked to
abnormal Flt3 signaling. Expression of WT1 and HCK in quiescent AML cells within the
BM endosteal niche suggests that immunotherapeutic approaches targeting these molecules
may be effective in eliminating LSCs.

Among the surface markers identified as differentially expressed in LSCs, 14 molecules,
including CD33, CD97, and CD132, showed expression in normal HSCs by flow cytometry,
albeit at lower values than in LSCs. Although these molecules may be helpful in segregating
HSCs from LSCs (for instance, in the setting of graft purging in autologous HSC
transplantation), they are probably not ideal as targets for LSC-specific therapy.

The remaining four surface markers, confirmed to be absent from normal human BM HSCs,
were screened in 61 primary AML patient samples by flow cytometry. Most of these were
from poor-risk patients with a high likelihood for relapse after standard treatment protocols.
In these patients, LSC-specific therapy may be particularly effective in improving long-term
outcomes. Of these, CD32 and CD25 were most frequently expressed on AML LSCs
(52.5% expressing CD32, CD25, or both). Of note, CD25 expression on bulk AML blasts in
patients has recently been reported to be associated with poor prognosis and MRD, but its
expression on primary AML LSCs is yet unexamined (31). Both molecules were
functionally confirmed as markers for human AML LSCs by their expression on quiescent
LSCs within the BM endosteal niche and by the capacity of CD32+CD34+CD38− and
CD25+CD34+CD38− AML cells to initiate AML in vivo in mice.
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CD32 and CD25 are receptors known to be expressed in subsets of mature immune cells in
mammals. As expected, CD32- and CD25-null mice showed deficiencies in myeloid and
lymphoid development (32–35). In humans, allelic variants of FCGR2A have been
associated with susceptibility to systemic lupus erythematosus and to bacterial infections in
certain populations (36–38). These findings are attributed to differential function of
phagocytes bearing the particular polymorphisms. However, the association between
aberrant hematopoiesis and CD32 expression in human has not been reported to date.

A truncated mutation of human CD25 results in a primary immunodeficiency syndrome
(39). In addition, the IL2RA locus and its polymorphisms have been associated with
autoimmune disorders, including type 1 diabetes mellitus, autoimmune vasculitides,
multiple sclerosis, and Graves’ disease (40–44). Although these reports raise concerns for
the development of autoimmune diseases when CD25 is inhibited, clinical experiences with
monoclonal antibody to Tac directed toward CD25 for the prevention of organ allograft
rejection is reassuring (45,46). In this patient population, there have been no hematopoietic
or nonhematopoietic adverse effects other than those related to the expected
immunosuppression.

We have demonstrated that neither CD32 nor CD25 is expressed on normal human BM and
CB HSCs. Nevertheless, the lack of detectable expression is insufficient to ensure that
normal hematopoiesis is completely unaffected by therapeutic strategies targeting these
molecules. The transplantation of CD32- or CD25-negative normal human HSCs resulted in
long-term multilineage hematopoietic reconstitution, including the development of CD32+

or CD25+ myeloid and lymphoid progeny, giving some reassurance that anti-LSC therapies
targeting CD32 and CD25 will not significantly affect normal hematopoiesis.

In remission induction, the goal is a rapid clearance of total body AML burden, mainly
highly proliferative mature AML blasts. Because LSCs are a rare population of quiescent
cells, specific anti-LSC therapy may be best used in postremission therapy to eliminate the
MRD that eventually leads to disease relapse. This suggestion is consistent with a study
showing that the timing of in vivo administration of a neutralizing antibody to CD123
influences its efficacy (47). Therefore, anti-LSC therapy may prove most effective during
consolidation therapy or in pre-transplantation conditioning. In any case, anti-LSC therapy
would most likely be instituted in patients subsequently and/or concurrently with
chemotherapy. Our data show that both CD32 and CD25 expression on LSCs is maintained
after chemotherapy in vivo.

In summary, we identified human AML LSC-specific molecules by comparing human LSC
and HSC transcriptomes followed by the demonstration of the functional significance of the
differentially expressed genes with a multifaceted analysis including xenogeneic
transplantation—the current gold standard for the demonstration of LSC function. Two of
the identified molecules, CD32 and CD25, are particularly promising as targets of anti-LSC
therapy because (i) they are expressed in a large fraction of primary human AML LSCs, (ii)
they are stably located on the LSC cell surface after chemotherapy, (iii) they are present on
the cell cycle–quiescent, AML-initiating cells residing within the endosteal niche that may
be responsible for AML relapse, and (iv) elimination of normal human HSCs expressing
these molecules does not compromise normal hematopoietic development. Therapeutic
strategies targeting these molecules may be effective because they were frequently
expressed in an AML patient population in which 85% were poor-risk and in need of
effective treatments to improve outcomes. The identification of other target molecules with
similar approaches will facilitate the development of drugs and therapeutic strategies in
other malignancies in which patient outcomes are now poor.
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MATERIALS AND METHODS
Human samples

All experiments were performed with authorization from the Institutional Review Board for
Human Research at RIKEN Research Center for Allergy and Immunology. Samples were
collected with written informed consent from AML patients with French-American-British
(FAB) classification subtypes M0 (n = 2), M1 (n = 8), M2 (n = 16), M4 (n = 4), M5 (n = 1),
M7 (n = 1), and undetermined (n = 1) and from patients with MDS/AML (n = 29). CB
samples were collected by the Tokyo Cord Blood Bank with written informed consent. BM
mononuclear cells (MNCs) from healthy donors were obtained from Cambrex. AML BM
MNCs and CB MNCs were isolated with density gradient centrifugation.

Animals
NOD.Cg-PrkdcscidIl2rgtmlWjl/Sz (NOD-SCID-IL2rgnull) mice were developed at The
Jackson Laboratory by backcrossing a complete null mutation at the Il2rg locus onto the
NOD.Cg-Prkdcscid (NOD-SCID) strain (48). Mice were bred and maintained under defined
flora at the animal facility of RIKEN and at The Jackson Laboratory according to guidelines
established by the Institutional Animal Committees at each institution.

Xenogeneic transplantation
Newborn NOD-SCID-IL2rgnull recipients received 150 cGy of total body irradiation
followed by intravenous injection of sorted cells. To generate AML-engrafted recipients, we
injected 103 to 105 sorted 7-aminoactinomycin D (7AAD)− lineage (hCD3/hCD4/hCD8)−
hCD34+ hCD38− AML patient BM cells into each recipient as described (7). To generate
normal human HSC-engrafted recipients, we injected 104 sorted 7AAD− lineage (hCD3/
hCD4/hCD8)− hCD34+hCD38− CB cells per recipient as described (49). PB human cell
engraftment was assessed by retro-orbital phlebotomy. When PB hCD45 chimerism reached
50 to 90% (15 to 20 weeks after transplantation), the recipients were killed for analysis.

Flow cytometry and fluorescence-activated cell sorting
To determine human cell engraftment and marker expression, we labeled cells with
fluorochrome-conjugated rat monoclonal antibody to mCD45 and mouse monoclonal
antibodies to hCD45, hCD33, hCD34, hCD38, hCD32, hCD25, hCD18, hCD93, hCD33,
hCD132, hCD97, hCD86, hCD150 (BD Biosciences), hCD66c (R&D Systems), hCD180
(eBioscience), hCD24 (BioLegend), hCD127 (Beckman Coulter), hCD133, and hCD1c
(Miltenyi Biotec). For cell cycle analysis, cells were labeled with mouse monoclonal
antibodies to hKi67 (BD Biosciences), hCD45, hCD34, hCD38, and hCD32 (where
indicated). Analyses were performed with FACSAria and FACSCanto II (BD Biosciences).
To obtain cells for microarray analyses and xenogeneic transplantation, we labeled human
MNCs with fluorochrome-conjugated mouse monoclonal antibodies to hCD3, hCD4, hCD8,
hCD34, hCD38, hCD32, or hCD25 (where indicated), and recipient BM MNCs were labeled
with mouse monoclonal antibodies to hCD45, hCD34, hCD38, hCD32, and hCD25 (where
indicated) followed by cell sorting with FACSAria. The purity of sorted cells was >98%.

Cytospin preparations
Thin-layer preparations were made with Shandon Cytospin 4 cytocentrifuge (Thermo
Electric). May-Grunwald-Giemsa staining was performed with standard procedures. Light
microscopy was performed with Zeiss Axiovert 200 (Carl Zeiss).
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Microarray analyses
Twenty-one LSC samples (see table S1) and 6 HSC samples (BM, n = 2; CB, n = 4) were
evaluated with Human Genome U133 Plus 2.0 GeneChips (Affymetrix). Hierarchical
clustering by 25-gene LSC signature was performed on 20 additional LSC samples (see
table S1) and 6 additional BM HSC samples. The U133 Plus 2.0 GeneChips expression data
for these additional samples were newly obtained and were not included when generating
the 25-gene LSC signature. Six LSC samples (see table S1) and five HSC samples (BM, n =
4; CB, n = 1) were evaluated with Human Gene 1.0ST GeneChips (Affymetrix). From total
RNA extracted with TRIzol (Invitrogen) from >104 sorted cells, biotinylated complementary
RNA was synthesized with Two-Cycle Target Labeling kit (Affymetrix) for Human
Genome U133 Plus 2.0 GeneChips and with MessageAmp Premier RNA Amplification kit
(Applied Biosystems) and WT cDNA Synthesis and Terminal Labeling kits (Affymetrix) for
Human Gene 1.0ST GeneChips. Microarray data were analyzed with the Bioconductor
package (10). The signal intensities of the probe sets were normalized with the GC-RMA
program (10). RankProd program was used to select differentially expressed genes with a
cutoff P value of 0.01 and an estimated false-positive rate of 0.05 (8). Gene annotation was
obtained from Ingenuity Pathway Analysis and Gene Ontology Annotation databases
(50,51).

Quantitative RT-PCR analyses
Quantitative RT-PCR was performed on complementary DNA amplified from total RNA
with the WT-Ovation RNA Amplification System (Nugen) with Platinum Quantitative PCR
SuperMix (Invitrogen) on LightCycler 480 (Roche). Sequences of dual-labeled fluorogenic
probes and gene-specific primers (Sigma-Aldrich) are listed in table S3. Abundance of each
transcript was calculated by the standard curve method (52). The difference in expression
levels was considered significant if P < 0.05 using either Kruskal-Wallis, Wilcoxon-Mann-
Whitney, or Student’s t test in KaleidaGraph (Synergy Software). For the analysis of
nonhematopoietic tissues, total RNA samples from normal human tissues (Clontech and
Ambion), small airway epithelial cells (Lonza), and alveolar epithelial cells (ScienCell) were
amplified with WT-Ovation RNA Amplification kit for qRT-PCR analysis.

Immunofluorescence labeling and imaging
Paraformaldehyde-fixed, decalcified, paraffin-embedded femoral sections were labeled with
mouse monoclonal antibodies to hCD45 (DAKO), hCD32 (Abcam), and hCD25 (Imgenex);
rabbit monoclonal antibody for hWT1 (Abcam); rabbit polyclonal antibodies to hKi67
(Spring Bioscience), hPDE9A (Atlas Antibodies), hHCK (Novus Biologicals), hAK5
(Abgent), hDOK2 (Spring Bioscience), hLRG1 (Atlas Antibodies), and hBIK (Abcam); and
goat polyclonal antibodies to hSUCNR1 (Santa Cruz Biotechnology) and hCTSC (Santa
Cruz Biotechnology). Laser-scanning confocal imaging was obtained with Zeiss LSM 710
(Carl Zeiss).

In vivo chemotherapy treatment
AML-engrafted recipients at 16 to 20 weeks after transplantation and at 40 to 50% PB
hCD45 engraftment received Ara-C (Biogenesis) (1 g/kg, intraperitoneally, daily for 2 days)
and were killed 16 hours after the second injection for analysis. For serial transplantation
after Ara-C treatment, CD34+CD38− CD32+ cells were purified from the BM or spleen of
AML-engrafted recipients treated with Ara-C and transplanted into 11 recipients at 9 × 103

to 1.2 × 105 cells per recipient.
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Statistical analysis
Statistical methods used in the microarray analyses are described in the microarray analysis
section of the Materials and Methods. MFI data are presented as means ± SD. Other data are
presented as means ± SEM. The differences in %G0 cells, CD32 MFI, and %CD32 cells
were examined with two-tailed t test (GraphPad Prism, GraphPad). A P value of <0.05 was
deemed significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
CD34+CD38− phenotype functionally defines primary human AML LSCs and human
normal HSCs in vivo. (A to C) Xenotransplantation of CD34+CD38− primary human AML
cells results in initiation of AML. pDC, plasmacytoid DC; cDC, conventional DC. In AML-
engrafted recipients, (A) BM is entirely replaced with hCD45+CD33+ cells with the
complete absence of the normal immune subsets such as DCs, T cells and B cells and (B)
PB hCD45+CD33+ cells show uniform-appearing blast-like morphology by May-Grunwald-
Giemsa staining. (C) BM of recipients of CD34+CD38− AML cells was reconstituted with
CD34+CD38−, CD34+CD38+, and CD34− cells. Serial transplantation of CD34+CD38−
cells results in complete replacement of the secondary recipient BM with hCD45+CD33+

cells. (D to F) Normal human CB CD34+CD38− cells are HSCs capable of long-term
multilineage reconstitution of human hematopoiesis. In recipients of normal CB
CD34+CD38− cells, (D) BM contains heterogeneous human hematopoietic cell types,
including T cells, B cells, and DC subsets, by phenotype and (E) PB hCD45+CD33+ cells
contain morphologically heterogeneous hematopoietic cells. (F) Transplantation of normal
human CB CD34+CD38− cells results in the reconstitution of recipient BM with

Saito et al. Page 15

Sci Transl Med. Author manuscript; available in PMC 2010 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD34+CD38−, CD34+CD38+, and CD34− cells (left). BM of secondary CD34+CD38− cell
recipient contains both hCD33+CD45+ human myeloid and hCD33− CD45+ human
lymphoid cells (right).
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Fig. 2.
LSC-specific gene candidates were derived from genes overrepresented in LSCs relative to
HSCs. (A) Hierarchical clustering of genes overrepresented in AML LSCs relative to normal
human HSCs identified by global expression pattern analyses with two microarray
platforms. (B) Schematic representation of the analysis strategies integrating expression
profiles obtained from two independent array platforms. (C) The expression of 25 candidate
LSC-specific genes discriminate LSCs from HSCs. Patient ID and sample source (P, patient;
R, recipient engrafted with the patient LSCs) are indicated below each column. The heat
maps represent microarray signal intensity on a log2 scale.
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Fig. 3.
LSC target molecules are expressed on cell cycle–quiescent cells in BM endosteal region.
(A and C) WT1 (red)–positive hCD45 (green)–positive (A) and HCK (red)–positive hCD45
(green)–positive (C) AML cells are adjacent to the endosteum (*). (B and D) The cells
adjacent to the endosteum (*) are also Ki67 (red)–negative. Nuclei are labeled with 4′,6-
diamidino-2-phenylindole (DAPI) (blue). The BM contained >98% hCD45+CD33+ cells in
each recipient. Scale bar, 20 μm.
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Fig. 4.
Target molecules are present on the cell surface of primary AML LSCs. MFI of expression
for CD32, CD25, CD18, and CD93 in 61 primary AML patient BM LSCs with normal
human BM HSCs as controls. Cutoff MFI = 800 (indicated as a horizontal line). Red, black,
and blue circles represent marker-positive AML LSCs, marker-negative AML LSCs, and
normal BM HSCs, respectively. AML: M0, n = 2; M1, n = 8; M2, n = 15; M4, n = 4; other
AML (M5, M7, and undetermined), n = 1 each; MDS/AML: n = 29; normal human BM: n =
5.
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Fig. 5.
CD32 expression is associated with cell cycle quiescence and chemotherapy resistance of
LSCs. (A) In CD32-positive AML, a single peak of CD32+ expression is present in LSCs
(CD32-a, left panel). CD32-negative AML LSCs show two patterns of CD32 expression
(CD32-b and CD32-c, middle and right panels). (B) In CD32-a AML-engrafted recipient
(left), CD32 (red) is co-expressed with hCD45 (green) on AML cells abutting the BM
endosteum (*). In CD32-b AML-engrafted recipient (right), there is scattered CD32
expression in the central region of the BM but no CD32 expression in the endosteal region.
Nuclei are labeled with DAPI (blue). Scale bar, 20 μm. (C) Representative flow cytometry
plots demonstrating enrichment of quiescent cells in CD32highCD34+CD38− population in
CD32-positive AML. (D) In CD32-a LSCs, CD32-high LSCs are cell cycle–quiescent,
whereas CD32-negative LSCs are cell cycle–quiescent in CD32-b LSCs (n = 5 for each
group). *P = 0.0034, **P = 0.0006 by two-tailed t test. (E) CD32 expression in LSCs after
in vivo Ara-C treatment. In vivo Ara-C treatment increases CD32 expression in CD32-
positive (CD32-a) BM LSCs, indicating that CD32-low LSCs are preferentially eliminated
by Ara-C (n = 6 each for control and Ara-C–treated group). *P = 0.0121. In contrast, CD32
expression decreases in CD32-negative (CD32-b) BM LSCs with Ara-C treatment (n = 10
each). **P < 0.0001 by two-tailed t test. (F) CD32+CD34+CD38− cells retain in vivo AML-
initiating capacity after in vivo Ara-C treatment. Flow cytometry plots showing engraftment
of hCD45+ cells in the BM of a representative recipient of purified CD34+CD38− CD32+

cells from an Ara-C–treated recipient. All hCD45+ human hematopoietic cells are also
hCD33+ and there are no CD3+ T or CD19+ B cells present.
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Fig. 6.
Depletion of LSC marker-positive cells does not affect normal human multilineage
hematopoietic reconstitution in vivo. (A) CD32 and CD25 expression in normal human BM
T, B, and myeloid cells with their corresponding isotypes. (B) In normal human CB, CD32+

and CD25+CD34+CD38− cells do not express CD133, a positive marker for normal HSCs.
(C) Recipients of human normal CB depleted of CD32-positive cells are repopulated with
both CD32-positive and CD32-negative human T, B, and myeloid cells. Similarly, human
CB depleted of CD25-positive cells repopulated both CD25-positive and CD25-negative
human T, B, and myeloid cells.
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