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Abstract
Leukemia stem cells (LSCs) are responsible for sustaining and propagating malignant disease, and,
as such, are promising targets for therapy. Studies of human LSCs have served an important role in
defining the major tenets of the cancer stem cell model, which center on the frequencies of cancer
stem cells, their potential hierarchical organization, and their degree of maturation. LSCs in acute
myeloid leukemia (AML) have recently been studied using mouse syngeneic models of leukemia
induced by MLL oncogenes. These studies have revealed that LSCs are more analogous to progenitor
cells and employ embryonic stem cell-like genetic programs for their maintenance, prompting a
refinement of the original cancer stem cell model with important implications for design of therapies
to selectively target LSCs.
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INTRODUCTION
Given their prospects as potential targets for efficacious therapy, there is considerable interest
in defining and characterizing leukemia stem cells (LSCs), which are responsible for sustaining
and propagating malignant disease. Much of our knowledge regarding LSCs in human acute
myeloid leukemias (AML) is based on studies employing xenotransplantation techniques for
their functional characterization. These studies suggest that leukemic hematopoiesis is a
caricature of normal hematopoiesis, wherein the leukemic clone appears to be hierarchically
organized with a rare population of LSCs at the apex.1 Estimates of LSC frequencies have
ranged from 1:10,000 leukemia cells to less than 1:10,000,000. LSCs may also share other
properties with normal hematopoietic stem cells (HSCs) in addition to their rarity, including
the expression of similar cell surface antigens (CD34+, CD38−) as well as being predominantly
quiescent cells. Thus, studies of human LSCs have served an important role in defining the
major, albeit controversial, tenets of the cancer stem cell model, which center on the frequencies
of cancer stem cells, their potential hierarchical organization, and their degree of maturation.
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AML LEUKEMIA STEM CELLS: LESSONS FROM STUDIES IN A MOUSE
MODEL

Given the technical complexities of xenotransplantation techniques for studying human LSCs,
we addressed these issues in a mouse model that has been historically useful in elucidating the
molecular pathogenesis of AML induced by MLL oncogenes.2 Mutations of MLL are associated
with de novo and secondary leukemias of adults and children, representing approximately 6%–
10% of acute leukemias (myeloid and lymphoblastic).3 Remarkably, MLL is fused with over
50 different partner proteins as a consequence of chromosomal translocations in acute
leukemias, however the MLL-AF9 fusion protein is most commonly encountered in AML and
was utilized for the studies described here. The molecular pathogenesis of MLL leukemias,
regardless of the fusion protein involved, reflects excessive HOXA gene expression and
inappropriate self-renewal of stem/progenitor cells.4

LSCs can be more frequent and mature than predicted from xenotransplantation studies
In earlier studies using a retroviral transduction/transplantation model of MLL leukemia, we
demonstrated that AML can arise from transduction of normal HSCs as well as committed
progenitors that otherwise lack unlimited self-renewal potential.5 This was the first
demonstration that cells without an inherent ability for unlimited self-renewal are capable of
giving rise to AML. However, these studies, which identified the potential leukemia initiating
cells, did not necessarily define the cell responsible for sustaining and propagating disease,
which by definition is the LSC.

The identification and characterization of LSCs, was facilitated by our discovery that they are
synonymous with colony forming cells (CFCs) in this model of AML. 6 This provided an
alternative method for measuring LSC activity independent of transplantation, thus
circumventing many of the limitations associated with the latter technique. Using CFC
enumeration as a readout, LSCs were observed to constitute as much as 25% of total leukemia
cells in AML induced by the MLL-AF9 oncogene. By comparison, limit dilution analysis, the
conventional method for quantifying LSCs, underestimated LSC frequencies by at least 30-
fold. These studies indicated that AML stem cells do not necessarily engraft with high
efficiency, even in a syngeneic setting. Our studies, which suggest that LSCs engraft with ~3%
efficiency (compared with ~30% for HSCs), have profound cautionary implications for
previous estimates of LSC frequencies in human AMLs based on xenotransplantation, which
would be expected to be even less efficient than syngeneic transplantation.

Unexpectedly, greater than 99.8% of LSCs expressed the myeloid lineage antigen MAC1 (in
variable combinations with other myeloid antigens), which provided compelling evidence that
they were committed myeloid cells, as opposed to HSCs, based on phenotype. Nevertheless,
despite their high frequencies and relative maturation, MLL LSCs are organized into a
hierarchy based on morphologic and phenotypic criteria.6

Revision of the cancer stem cell model
Taken together, our observations provide strong support that the cancer stem cell model as
originally proposed needs to be refined but not entirely discarded (Figure 1). The observation
that LSC frequencies are much higher in a syngeneic model of AML than predicted from
xenotransplantation studies is consistent with recent observations in other mouse models of
AML and lymphoma,7 some of which have shown transplantation of disease following single
cell transfers. In contrast to historic assumptions that cancer stem cells (CSCs) represent
corrupted tissue stem cells, LSCs in this model display features of aberrantly self-renewing
myeloid precursors, not tissue stem cells. Despite these significant variations from the
originally proposed CSC model, AMLs can display a hierarchical organization. However, in

Cleary Page 2

Best Pract Res Clin Haematol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the case of MLL leukemias, the cellular hierarchy appears to be separate from the normal
progenitor compartment.

LEUKEMIA STEM CELLS SHARE FEATURES WITH EMBRYONIC STEM
CELLS

The foregoing studies demonstrate that LSCs in a mouse model of AML are more frequent and
more mature than would be predicted from the original CSC model. Nevertheless, LSCs appear
to result at least in part from the corrupted expression of an HSC-specific genetic subprogram.
Most notably, the MLL oncoprotein results in the inappropriate expression of HOXA genes,
which normally are highly expressed in HSCs and progressively downregulated with myeloid
maturation.8 When compared to their likely normal cellular counterparts, ie, myeloblasts and/
or granulocyte macrophage progenitors, the levels of HOXA gene expression in MLL LSCs
are markedly upregulated to levels similar to those in HSCs. Despite the expression of this
HSC-specific subprogram, it is unclear on a broader scale whether an adult stem cell program
maintains the downstream precursor-like LSCs in the self-renewing compartment of the
leukemia clone.

The LSC maintenance program is more akin to embryonic rather than adult stem cells
To address this issue, gene expression profiling was employed to identify the genes
differentially expressed in populations enriched or depleted of self-renewing LSCs.9 This
approach was uniquely facilitated by our ability to highly enrich for LSCs based on their
expression of the c-KIT antigen. In excess of 5000 differentially expressed genes were
identified. The data set of differentially expressed genes was then compared using gene set
enrichment analysis 10 with gene sets in cyberspace previously reported to be associated with
various biological phenomena, including different stem cell subsets as well as clinical
prognostic features. Unexpectedly, gene sets previously shown to be characteristic of
embryonic stem cells (ESC), as opposed to adult tissue stem cells, were highly expressed in
the MLL LSC-enriched cell fraction.

These ESC-like gene sets were previously identified by module map analyses of gene
expression signatures that distinguish embryonic stem cells and adult tissue stem cells,11 as
well as studies identifying ESC-associated transcriptional regulators that are highly expressed
in poorly differentiated human tumors. 12 Contrary to original suggestions, there does not
appear to be a universal “stemness” signature for all classes of stem cells. Rather, these recent
studies define adult tissue stem versus embryonic stem cell programs. Of note, the ESC-like
signature was reported to be a feature of poorly differentiated human tumors. Our studies extend
these observations, by demonstrating that the gene expression program associated with
maintenance of LSCs in the self-renewing compartment is also highly similar to an ESC-like
program.

The ESC-like LSC maintenance program correlates with poor prognosis in human cancers
Gene set enrichment analysis also demonstrated that genes that predict for poor prognosis in
various cancers are enriched in the high LSC data set. Notably, this included genes that predict
for poor prognosis in pediatric AML,13 in addition to gene sets associated with poor outcome
in breast cancer and hepatocellular carcinoma. These bioinformatic results, which reach the
level of strong statistical significance, suggest that there are shared programs between different
lineage cancers and different species. Previous studies have indicated a link between the ESC-
like signature and prognosis in various human cancers.11,12 Our data critically extend these
observations by establishing additional functional and biological interrelationships with the
frequency of self-renewing progenitor-like cancer stem cells (Figure 2).
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Leukemia stem cells in human versus mouse AML
How can these results in a mouse model of AML be reconciled with the original CSC model
as proposed based on xenograft studies of human AML? It is likely that the technical
complexity of xenotransplantation may account for some of the differences. Xenograft
potential may be selective for a specific subgroup of AMLs. Many (~30%–50%) human AMLs
do not engraft NOD/SCID mice, and those that do engraft tend to be associated with adverse
prognosis,14 suggesting that xenotransplantation may selectively readout a particularly poor
prognosis subset of AMLs. Nevertheless, there are rare reports of t(9;11) AML, the human
equivalent of MLL- AF9, in which the CD34− fraction of leukemia, which would correspond
to downstream progenitors, engraft NOD/SCID mice.15 Finally, recent studies suggest that
human progenitors may be more prevalent LSCs than previously suspected due to technical
limitations of the xenotransplantation technique as originally employed to define the CSC
model.16 Going forward, the challenge will be to firmly establish which human AML cells
serve to sustain and propagate the disease in comparable detail to recent studies of mouse AML.

CONCLUSIONS
Our studies demonstrate that LSCs in mouse models of AML can be more frequent and mature
than predicted by original studies of human AML using xenotransplantation techniques. LSCs
have features of aberrantly self-renewing committed progenitors or precursors, as opposed to
adult tissue stem cells. Their maintenance in the self-renewing compartment of AML employs
a global transcriptional program more akin to embryonic rather than adult stem cells.
Expression of LSC maintenance program genes is enriched in poor prognosis human
malignancies, suggesting that the frequency of aberrantly self-renewing progenitor-like cancer
stem cells may be linked to prognosis in human cancer (Figure 2). The fact that LSCs are more
analogous toprogenitors and employ ESC-like genetic programs for their maintenance, may
allow for selective therapeutic targeting of LSCs that spares the normal stem cell population
required for hematopoiesis.
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Figure 1.
Schematic illustration of the nature and frequency of leukemia stem cells as deduced from
xenotransplant versus syngeneic models of AML.
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Figure 2.
The link between ESC-like transcriptional signature, prognosis, and cancer stem cell
frequency.9,11,12
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