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Abstract

Recent technological advances led to an appreciation of the genetic complexity of human acute

myeloid leukemia (AML) but underlying progenitor cells remain poorly understood because their

rarity precludes direct study. We developed a co-culture method integrating hypoxia, aryl

hydrocarbon receptor inhibition, and micro-environmental support via human endothelial cells to

isolate these cells. X-chromosome inactivation studies of the least mature precursors derived

following prolonged culture of CD34+/CD33− cells revealed polyclonal growth in highly curable

AMLs, suggesting mutations necessary for clonal expansion were acquired in more mature

progenitors. Consistently, in core-binding factor (CBF) leukemias with known complementing

mutations, immature precursors derived following prolonged culture of CD34+/CD33− cells

harbored neither mutation or the CBF mutation alone, whereas more mature precursors often

carried both mutations. These results were in contrast to those with leukemias with poor prognosis

that showed clonal dominance in the least mature precursors. These data indicate heterogeneity

among progenitors in human AML that may have prognostic and therapeutic implications.
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INTRODUCTION

Recent technological advances led to an appreciation of the genetic complexity of human

acute myeloid leukemias (AMLs).1 Still, their cellular origin remains unclear, with ongoing

controversy as to whether these leukemias arise from transformed hematopoietic stem cells

or emerge as a result of genetic events occurring in more mature CD33+ myeloid progenitor

cells.2–7 Heterogeneity among AML stem/progenitor cells was suggested several decades

ago in studies on X chromosome inactivation patterns. Studying a small cohort of women

with AML and heterozygosity for glucose-6-phosphate dehydrogenase (G6PD) isoenzymes,

Fialkow et al. found the clonal process to be dominant in multiple cell lineages in some

cases, suggesting AML origination and disease expansion at the level of pluripotent stem/

progenitor cells.8 In others, clonal dominance was limited to granulocytes and monocytes,8

suggesting that expansion of the malignant clone could occur at the level of committed

myeloid precursors. Indeed, in some of the latter cases, removal of CD33+ cells in vitro via

CD33-directed complement-mediated lysis or fluorescence-activated cell sorting (FACS)

followed by placement of the remaining CD33− cells in long-term culture together with

irradiated allogeneic stroma yielded colony-forming cells (CFCs) with X chromosome

inactivation patterns consistent with predominantly or completely non-clonal

hematopoiesis.9, 10 While it is conceivable that the nature of the cells giving rise to AML

may have important implications, the clinical significance of the apparent stem cell

heterogeneity was not studied in these classic investigations.

Next-generation sequencing now allows the genetic mapping of distinct human AML clones

and can even identify relatively minor disease subclones.11–14 However, the estimated

frequency of leukemia-initiating cells in unsorted human AML specimens15, 16 is several

orders of magnitude lower than the current resolution of 1–2% achieved with genomic

techniques. Thus, these cells escape study without prior enrichment. Yet, enrichment

strategies for AML stem/progenitor cells are challenging because of their antigenic

heterogeneity,15, 17–19 and because stem cells share phenotypes with cells that have more

limited functional capabilities, as suggested by the observation that phenotypically enriched

“leukemic stem cell populations” engraft immunodeficient mice only at low

frequency.15, 19–22 Therefore, it is generally accepted that indirect strategies based on

functional stem/progenitor cell characteristics are required to study these key cells, with

prominent examples being xenotransplantation assays and prolonged in vitro culture on

feeder layers.

Xenotransplantation assays are nowadays widely used to interrogate AML stem/progenitor

cells,23 although their success rate in unselected patient specimens can be relatively low, and

the testing of patient cohorts large enough to provide clinically relevant analyses is costly

and time consuming. However, engraftment in immunodeficient mice may be a non-random,
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inherent AML cell property indicative of poor outcome,24–30 offering the possibility that

xenotransplantation models underestimate AML stem cell diversity and provide a skewed,

incomplete assessment of these cells.7 Furthermore, some observations have raised the

concern that cells without bona fide human-relevant stem cell properties may be

transplantable in such model systems.7 This possibility was suggested by the finding that

CD33+ cord blood cells could engraft with multilineage hematopoiesis.31 This was

unexpected because in vitro studies on normal bone marrow indicated that CD33 was not

expressed on pluripotent hematopoietic stem cells32–35 and because clinical studies

demonstrated delayed but durable multilineage engraftment after transplantation of CD33-

depleted autografts in patients with AML.36, 37

As an alternative to xenotransplantation assays, prolonged in vitro culture methodologies

have been established that enable the study of highly immature hematopoietic cells on a

functional rather than phenotypic level;38 yet, their utility for human AML was so far

limited because of the infrequent in vitro growth of patient specimens. To overcome this

hurdle and functionally assess progenitor cells involved in the leukemogenic process, we

have developed a novel long-term culture method to isolate highly immature normal,

preleukemic, and leukemic precursors contained in specimens from patients with AML.

Through their increased proliferative potential after extended in vitro culture, such rare

precursors and immediate CFC progeny can be separated from the large number of blasts,

and then become amenable to clonal and molecular analysis. Using this approach, we are

able to demonstrate distinct clinical outcomes associated with clonal expansion among the

least mature progenitor cells. To further assess the precursor populations with respect to

acquisition of mutations, we also molecularly studied phenotypically less and more mature

progenitors of selected leukemias, focusing on core-binding factor (CBF) leukemias with

known complementing mutations. We show distinct molecular profiles of precursors at

distinct developmental stages, indicative of a multistep, maturation-linked mutation

acquisition, including cells with a profile consistent with that of preleukemic progenitor cells

in the least mature cell population in some cases.

MATERIALS AND METHODS

Primary AML specimens

For our studies, frozen aliquots of Ficoll-isolated mononuclear cells (containing normal,

preleukemic, and leukemic progenitor cells) from pretreatment bone marrow or peripheral

blood specimens from AML patients were used from the Children’s Oncology Group (COG)

AML Reference Laboratory, the SWOG Tumor Bank, and a Fred Hutchinson Cancer

Research Center (FHCRC) sample repository. The FHCRC Institutional Review Board, the

COG Myeloid Disease Biology Committee, and the SWOG Leukemia Committee approved

the research.

Fluorescence-activated cell sorting (FACS) of primary AML specimens

After thawing and staining with directly labeled antibodies, CD34+/CD33− and CD34+/

CD33+ cells were separated using a FACSAria flow cytometer (BD Biosciences, San Jose,

CA). CD34+/CD33− cells were defined as CD34+ cells that included the bottom 5% of
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CD33-stained cells as long as staining did not exceed 85% of the isotype control staining,

whereas CD34+/CD33+ cells were defined as the top 50% of CD33+ cells that were also

CD34+.

In vitro culture of primary hematopoietic cells

For liquid cultures, unsorted and FACS-isolated cells were cultured in Iscoves modified

Dulbecco medium (IMDM; Invitrogen, Carlsbad, CA) with 20% fetal bovine serum (FBS;

HyClone, Thermo Scientific, Logan, UT) containing the recombinant human cytokines SCF,

IL-6, FLT3 ligand, and TPO (all from Invitrogen), StemRegenin-1 (SR1, Cellagen

Technology, San Diego, CA), and penicillin-streptomycin. For co-cultures of primary

normal and abnormal hematopoietic cells, human umbilical cord endothelial cells (ECs)

transduced with a lentiviral construct encoding the open reading from 1 of the early region 4

of adenovirus (E4ORF1) were plated in 48-well plates at 30,000 cells per well in growth

medium (Medium199 with Earle’s balanced salt solution, L-glutamine, HEPES, NaHCO3;

BioWhittaker, Lonza, Walkersville, MD) supplemented with 20% FBS, ECGS endothelial

mitogen (Biomedical Technologies, Stoughton, MA), heparin, HEPES, L-glutamine,

penicillin-streptomycin, and Fungizone. 18–24 hours later, medium was removed and

aliquots of unsorted cells and FACS-isolated immature myeloid cell populations were added

in StemSpan (Stemcell Technologies, Vancouver, Canada) containing human recombinant

SCF, SR1, and penicillin-streptomycin. Cultures were replenished with fresh medium

weekly and kept at 37°C in 3% O2 and 5% CO2 for up to 8 weeks. Defined fractions of the

cultures were removed biweekly and subjected to CFC assays.

CFC assays

Aliquots of uncultured and cultured hematopoietic cells were subjected to CFC assays using

standard semi-solid methylcellulose-based media.39, 40 After 10–14 days at 37°C in 3% O2

and 5% CO2, colony forming units-granulocyte and/or monocyte (CFU-GM) of at least 30–

50 cells were harvested.40

Determination of X chromosome inactivation

Clonality analyses of unsorted AML cells and individual CFU-GMs were performed using a

methylation-specific polymerase chain reaction (PCR), which identifies the patterns of

methylated and unmethylated alleles of the polymorphic CAG repeat in the human androgen

receptor alpha (HUMARA) gene by bisulfite modification, essentially as described

previously.41 A representative example of this assessment for clonality is depicted in

Supplemental Figure 1. Specimen growth was considered sufficient if it yielded ≥5 CFU-

GMs. A clonal growth pattern was assumed if the specimen yielded >75% disease-specific

CFU-GMs.

Molecular analyses of patient-specific somatic mutations

Unsorted and sorted cell subpopulations as well as resulting individual CFU-GMs were

analyzed for the presence of the patient-specific somatic abnormalities using PCR- or

reverse transcriptase (RT)-PCR-based assays.
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Statistical analyses

The Kaplan-Meier method was used to estimate overall survival (defined as time from study

entry to death) and relapse-free survival (defined as time from remission entry to relapse or

death), and compared between patient groups with the log-rank statistic. Cox proportional

hazards models were used to estimate the hazard ratio (HR) for defined groups of patients in

univariate analyses.

RESULTS

Characterization of co-culture assay to study human hematopoietic progenitor cells

To address the limitation of infrequent in vitro growth of primary AML patient samples, we

developed an optimized culture method to support normal, preleukemic, and leukemic

progenitor cells contained in such specimens. Modeled after the classic long-term culture

initiating cell assay, this assay detects primitive cells capable of giving rise to CFCs after

prolonged culture on competent feeder layers.38 We integrated 3 novel components –

hypoxia, inhibition of aryl hydrocarbon receptors (AHRs),42 and micro-environmental

support via primary human endothelial cells (ECs) transduced with the adenoviral E4ORF1

gene43 – each uniquely supporting AML-associated human progenitor cells. Specifically, as

detailed in the Data Supplement, we found that hypoxia better supported growth of

transformed CFCs derived from uncultured CD34+/CD33− cells than normoxia.

Furthermore, the AHR antagonist, SR1, supported CD34+/CD33− cells contained in human

AML specimens and maintained their immature phenotype when cultured over 8 weeks in

cytokine-containing liquid medium in the presence of serum, and enhanced growth of

derived CFU-GMs (Supplemental Figure 2). Finally, E4ORF1+ EC co-cultures, unlike

cytokine-containing liquid medium cultures, expanded progenitor cells with CD34+/CD33−

phenotype over 8 weeks (Supplemental Figure 3). Importantly, the supporting effects of SR1

and E4ORF1+ ECs on leukemic or preleukemic hematopoietic progenitor cells were

complimentary, with the combined use providing superior support of progenitor cells

harboring AML-associated somatic mutations compared to either component alone

(Supplemental Figure 4), and only in SR1 containing EC co-cultures did we typically

observe leukemic or preleukemic CFU-GMs after long-term culture. Taken together, the

combined use of hypoxia, SR1, and E4ORF1+ ECs appeared most effective and was utilized

in subsequent studies. Among 51 AML specimens (38 pediatric, 13 adult) across the entire

cytogenetic/molecular spectrum, 39 (76%) and 31 (61%) yielded CFC growth after short-

term (2 weeks) and long-term (4–8 weeks) co-culture, respectively, when starting from

50,000–300,000 unsorted cells and/or FACS-isolated CD34+/CD33− and CD34+/CD33+

cells from 1 frozen cell aliquot. Of note, during the 8 weeks of co-cultures, CD34+/CD33−

cells displayed greater proliferative potential consistent with their immaturity by yielding a

higher number of cells and CFU-GMs than CD34+/CD33+ cells (Supplemental Figure 5).

Furthermore, while E4ORF1+ EC co-cultures with SR1 in hypoxia supported phenotypically

immature CD34+/CD33− cells after long-term culture of CD34+/CD33− cells, no CD34+/

CD33− cells were found after long-term culture of CD34+/CD33+ cells (Supplemental

Figure 6). Together, these data were consistent with the more limited proliferative potential

of the more mature CD34+/CD33+ (relative to the CD34+/CD33−) cell population,

supporting the notion of stable CD33 expression in the appropriate context of hematopoietic
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cell maturation, and arguing against the inappropriate “loss” of expression of this antigen in

culture. Relevant to the studies presented herein, paired analyses of different culture

methodologies in a set of 25 core-binding factor (CBF) AMLs revealed that E4ORF1+ EC/

SR1-based co-cultures most successfully supported long-term growth, with 16/25 specimens

(64%) resulting in CFC growth and 10 out of these 16 specimens (63%) yielding CFU-GMs

harboring the CBF translocation (Table 1). In contrast, following cytokine-containing liquid

medium cultures kept under normoxic conditions, only 8/25 (32%) yielded some but limited

CFU-GM growth after short- or long-term culture in cytokine-containing liquid medium,

and CFU-GMs from only 1/8 specimens (13%) carried the CBF translocation in some

colonies after long-term culture, indicating that E4ORF1+ EC/SR1-based co-cultures are

significantly superior in supporting leukemic or preleukemic progenitor cells in vitro long-

term.

Heterogeneous clonal expansion of human AML amongst CD34+/CD33− cells

Utilizing this co-culture assay, we studied the stage of progenitor cell maturation at which

clonal expansion occurred in human AML. To accomplish this, we isolated phenotypically

less mature CD34+/CD33− and more mature CD34+/CD33+ cells from AML specimens and

subjected these cell aliquots to direct CFC assays (i.e. without prior culture) or CFC assays

after short-term (2 weeks) or long-term (4, 6, and 8 weeks) co-culture; the experimental

strategy pursued is depicted in Figure 1A, and 3 representative examples of CD34+/CD33−

and CD34+/CD33+ cell isolation from primary human AML specimens are shown in Figure

1B. Individual CFU-GMs derived from uncultured cells as well as cells that were cultured

short- and long-term were then individually analyzed for their X chromosome inactivation

pattern; results from 18 informative bone marrow specimens are summarized in Table 2.

After long-term co-culture, CFU-GMs derived from CD34+/CD33− cells yielded colonies

consistent with a polyclonal growth pattern in 5 specimens, whereas such CFU-GMs yielded

colonies consistent with a clonal growth pattern in the other 13 specimens. These data

indicated heterogeneity amongst the immature progenitor cells, with existence of a subset of

leukemias that did not predominantly involve CD34+/CD33− progenitors. Importantly, we

found examples of AMLs with similar cytogenetic abnormalities (e.g. t(8;21), see Table 2)

that showed polyclonal growth in long-term cultures of CD34+/CD33− cells in specimens

from some patients but clonal growth in samples from other patients, indicating progenitor

cell heterogeneity even within cytogenetically well-defined AML subsets.

Clinical significance of AML progenitor cell heterogeneity

To determine the prognostic significance of this AML progenitor cell heterogeneity, we

studied pre-treatment specimens from 50 women with newly diagnosed AML who received

standard induction therapies without the CD33-targeting immunoconjugate, gemtuzumab

ozogamicin (GO), on recent SWOG trials. To avoid any potential bias introduced by the

source of hematopoietic progenitor cells, only bone marrow specimens were used for this

analysis. Forty-five of the 50 specimens (90%) were informative with regard to HUMARA

length polymorphism (i.e. allowed clonal assessment of isolated cell progeny), and 16 of

these (36%) yielded CFU-GMs derived from CD34+/CD33− cells after long-term (≥4

weeks) co-culture sufficient for clonal analyses. In 10 of the 16 specimens (including 1 CBF

AML), such CFU-GMs yielded a growth pattern consistent with clonal growth, while a
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growth pattern consistent with polyclonal growth was found in such CFU-GMs in 6

specimens. Of note, among the 10 specimens with clonal growth, there were 2 cases of CBF

AML, 1 normal karyotype AML with NPM1 mutation but without FLT3/ITD, 2 normal

karyotype AMLs without NPM1 or FLT3 mutation, 4 other intermediate-risk AMLs, and 1

adverse-risk AML; in contrast, the 6 specimens with polyclonal growth were cytogenetically

classified as favorable-risk (n=3) or intermediate-risk (n=3, including 2 cases with normal

karyotype and NPM1 mutation but without FLT3/ITD). The complete remission rate was

similar among patients whose specimens yielded polyclonal CFU-GMs derived from

CD34+/CD33− cells relative to those with clonal progenitor growth (4/6 [67%] vs. 7/10

[70%]). However, the overall survival of the 6 patients whose specimens yielded polyclonal

CFU-GMs derived from CD34+/CD33− or unsorted cells was significantly longer than that

for the 10 patients whose specimens yielded a clonal progenitor growth pattern after long-

term culture of CD34+/CD33− cells (P=0.045; Figure 2A). Likewise, among the 11 patients

who achieved a complete remission, the relapse-free survival of the 4 patients whose

specimens yielded polyclonal CFU-GMs derived from CD34+/CD33− or unsorted cells was

significantly longer than that for the 7 patients whose specimens yielded a clonal progenitor

growth pattern after long-term culture of CD34+/CD33− cells (P=0.03; Figure 2B).

Hierarchical maturation-linked mutation acquisition in hematopoietic progenitor cells

The data presented thus far suggested that mutations necessary for clonal expansion of either

normal or preleukemic progenitors that fail to achieve clonal dominance may only be

acquired in some patients in more mature progenitor cells, and that these progenitors may

have more limited proliferative potential. Our analyses further suggested that this pattern of

mutation acquisition could be found in at least a subset of leukemias with CBF

translocations. To study mutation acquisition in CBF leukemias in more detail, we

investigated 57 specimens from 44 pediatric and 13 adult patients with newly diagnosed

CBF AML (t(8;21) [n=22] or inv(16)/t(16;16) [n=35]); in 41 patients, at least 1 additional

mutation was clinically recognized as follows: KIT (n=29), FLT3/ITD (n=10), FLT3/ALM

(n=1), and NRAS (n=1).

We first analyzed CD34+/CD33− and CD34+/CD33+ cells from CBF AML specimens with

known 2nd mutations. Thirty-six of 41 tested specimens (88%) had paired molecular data

available for analysis: in CD34+/CD33− cells of 25 specimens, both mutations were

detected, while either the CBF translocation only or neither mutation were found in 9

specimens and 2 specimens, respectively. In contrast, within CD34+/CD33+ progenitors,

both CBF and complementing alterations were found in all but 1 specimen, in which only

the CBF aberration was detected (Table 3; data on individual specimens are summarized in

Supplemental Table 2). We also subjected uncultured CD34+/CD33− and CD34+/CD33+

cells to CFC assays and obtained informative data from 20 specimens. As summarized in

Table 4, we found heterogeneity among the CFU-GMs derived from CD34+/CD33− cells

across these specimens with regard to mutation patterns. In 11 specimens, CD34+/CD33−

cells yielded CFU-GMs that carried only CBF translocations but not complementing

mutations. In contrast, in 7 specimens, CFU-GMs were derived from CD34+/CD33− cells

that carried both mutations. In the remaining 2 specimens, only presumably normal CFU-

GMs were derived from CD34+/CD33− cells whereas corresponding CFU-GMs derived
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from CD34+/CD33+ cells carried either both mutations or the CBF translocations alone; the

latter suggested origination from a preleukemic cell that had not yet acquired the requisite

complementing mutation necessary for frank leukemic transformation. Importantly, in no

instance did we identify the complementing mutation but not the CBF aberration.

These initial studies therefore provide the first evidence of sequential acquisition of

complementing mutations in development of clonal dominance and frank leukemia, with

CBF translocations being the earlier mutation. Further assessment of the stage-specific

acquisition of mutations in 16 patients with CBF leukemias and complementing second

mutation was therefore carried out using the same experimental strategy as depicted in

Figure 1A. Informative data are summarized in Table 5. After short-term culture of CD34+/

CD33− progenitor cells, 5 out of 6 specimens that gave rise to CFU-GMs harbored the CBF

mutation, but only 3 of these 5 specimens also carried the second mutation. However, after

4–8 weeks of culture, of 5 specimens that gave rise to CFU-GMs, 2 harbored the CBF

mutation and none harbored the second mutation, suggesting the least mature cells in these

leukemias were predominantly normal or preleukemic. Consistent with this notion, CFU-

GMs derived from the more mature CD34+/CD33+ progenitor cells harbored both mutations

in 4/5 cases after short-term and 2/4 after long-term culture, and in all 3 cases where the

least mature cells lacked CBF and known complementing mutations, more mature

precursors derived following long-term culture of CD34+/CD33+ progenitors or unsorted

cells harbored either the CBF translocation alone or both mutations. Overall, these studies

indicated heterogeneity among progenitor cells in CBF leukemias, with the least mature

cells being predominantly or completely preleukemic or normal, and expansion of frankly

leukemic cells as a result of the acquisition of additional mutations present in more mature

precursors, consistent with hierarchical mutation acquisition in this AML subset.

DISCUSSION

Because of the technical limitations of studying very rare cells, the hurdle of identifying the

molecular characteristics of the stem cells driving leukemic growth has remained.15, 16 As a

result, the nature of the stem/progenitor cells involved in human leukemogenesis remains

controversial,2–4, 6, 7 and the temporal sequence of mutation acquisition at the stem/

progenitor cell level is unclear. As evidenced by our data, the combined use of E4ORF1+-

transduced ECs, SR1, and hypoxia offers a novel tool to decipher early and late mutational

events during leukemogenesis and to examine clonal evolution in individual leukemias on a

functional level in progenitor cells, thus providing a significant advancement for the study of

AML transformation. To our knowledge, the investigations presented herein are the first to

assess acquisition of somatic mutations during human leukemogenesis based on functional

characterization of the cells in which these lesions occur. Overall, our studies identify

significant diversity among the progenitor cells across individual AML patients, with a

subset of leukemias that is characterized by apparently normal cells in the least mature

precursors and expansion of leukemic cells and mutation acquisition in more mature

precursors with limited differential potential. Our findings indicate that this progenitor cell

diversity has important clinical implications, as the treatment outcome of the patients with

these leukemias was very favorable. Thus, our data suggest that the nature of progenitor

cells involved in the leukemogenic process is directly related to prognosis and therapeutic
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response in general and may be pivotal for the success of treatments that target

differentiation antigens such as CD33.

Unlike with the use of G6PD isoenzymes, as utilized in the initial clonal analyses of human

AML,8 the use of the DNA methylation status of a highly polymorphic CAG tandem repeat

sequence in the HUMARA gene allows clonal studies in most women,44 permitting a

generalizable assessment of clonality. Our data are consistent with the classic G6PD-based

observations, supporting further the notion of progenitor cell heterogeneity in human AML

and indicating that complementing mutations may be acquired by the malignant clone (or, at

a minimum, the clone expands) only within more mature, committed myeloid progenitors in

some leukemias; in these, highly immature precursors thus show a predominantly polyclonal

growth, as evidenced by a polyclonal growth pattern of CFU-GMs that are derived after

long-term culture of CD34+/CD33− cells in our assay. In other leukemias, as evidenced by a

clonal growth pattern of CFU-GMs derived after long-term culture of CD34+/CD33− cells in

our assay, mutations that lead to clonal disease expansion are acquired among highly

immature precursors. However, our findings extend previous results by providing first

evidence of an intricate relationship between the nature of involved AML progenitor cell

and clinical characteristics. Specifically, the investigations presented herein are the first to

indicate that the leukemias in which clonal expansion of leukemic cells and mutation

acquisition only occurs in more mature precursors intrinsically have a better prognosis than

those in which AML expansion occurs in the least mature precursors. This favorable

leukemia subset may thus resemble APL, a highly curable leukemia for which small studies

have indicated predominant involvement of committed CD33+ myeloid progenitors.45

Further support for the notion that mutations occurring in committed myeloid progenitors

may result in less resistant disease and better response to conventional chemotherapy than

those occurring in pluripotent stem/progenitor cells comes from correlative studies that

found that leukemias in which somatic abnormalities (such as FLT3/ITD or loss of

chromosome 7) could already be detected in CD34+/CD33− progenitors or derived CFCs

were more likely resistant to chemotherapy and had a higher relapse risk and worse outcome

than leukemias in which these lesions were not detectable at this progenitor maturation

stage.39, 40 Possibly unlike known somatic mutations, however, which may have been

acquired as a secondary event in the leukemogenic process and mark a disease subclone, X

chromosome inactivation patterns allow for the determination of the maturation stage of the

earliest clonally involved cell. And finally, this notion is supported by recent data from

murine AML models indicating that the cell of origin influences the biology of the resulting

leukemia and, importantly, responsiveness to chemotherapeutics.46

Of note, this favorable subset of non-APL leukemias was heterogeneous with regards to

known cytogenetic and molecular abnormalities, including some but not all cases of normal

karyotype AML with NPM1 mutation and CBF leukemias studied; the latter is consistent

with observations by Fialkow et al. who found 3 of the 4 CBF leukemia among those with

clonal dominance limited to granulocytes and monocytes.8 These observations immediately

suggested heterogeneity in the maturation-linked acquisition of somatic mutations in this

cytogenetically well-defined subtype of AML. Using CBF leukemias with complementing

RTK or NRAS mutations as a paradigm, our comparison of CFU-GMs derived from
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uncultured as well as cultured cells indeed points towards significant heterogeneity of the

transformation process in this AML subset. Specifically, while isolated CD34+/CD33− cells

from some specimens yielded CFU-GMs with both mutations either upon direct analysis or

after short-term culture, others produced colonies harboring only the CBF mutation and/or

lacked both mutations. Moreover, after long-term culture, isolated CD34+/CD33− cells

yielded CFU-GMs carrying the CBF translocation alone or neither the CBF nor

complementing mutation. In contrast, isolated CD34+/CD33+ cells yielded colonies

harboring both mutations after short- and long-term culture in many cases. Thus, although

either the CBF translocation and/or the complementing mutation may arise in CD34+/

CD33− cells as suggested by our short-term culture assays, frankly leukemic cells carrying

both mutations may primarily expand in more mature precursors. Together, these findings

indicate a predominance of preleukemic or presumably normal cells in the least mature

precursors after prolonged culture in many cases. Such highly immature progenitor cells

carrying the initial somatic clonal aberration alone may be long-lived and could underlie the

phenomenon of clonal hematopoiesis in remission and the persistence of small populations

of cells harboring CBF translocations in seemingly cured patients with CBF AML.47–49 The

absence of the complementing mutation within such highly immature hematopoietic

progenitors with great self-renewal potential may also explain why such mutations (e.g.

FLT3/ITD) are absent upon disease recurrence in some but not all patients.

Therapeutically, the concept of AML progenitor cell heterogeneity may be essential for the

design and success of stem cell-directed therapies as the cellular origin of the cells involved

in the transformation process likely defines the display of antigens that could serve as drug

targets. In fact, early recognition that some AMLs may predominantly or entirely involve

committed CD33+ myeloid progenitors led to efforts targeting underlying malignant stem

cells with antibodies recognizing CD33, as exemplified by the development of the

immunoconjugate, GO.7 Recent randomized trials have demonstrated that GO improves

survival in some patients with AML, in particular those with CBF translocations.50, 51 Our

data indicating that, in many CBF AMLs, at least the complementing mutation may expand

only within a more mature, committed CD33+ myeloid progenitor may now allow to

reconcile the clinical efficacy of GO in this disease subset with origin of the progenitor cells

involved in the malignant transformation process. Specifically, successful depletion of

CD33+ cells would eradicate the fully transformed, proliferative clone and leave the CD33−

preleukemic progenitor cells behind, i.e. re-set the clock to a pre-malignant stage. For a cure,

such preleukemic cells may need to be controlled or eliminated by other means, e.g. other

chemotherapeutic agents or immunological mechanisms.

Together, our findings indicate that clonal involvement of the least mature precursors may

bode for poor prognosis. Diversity in the progenitor cells involved in leukemic

transformation may offer an explanation for the differences in chemotherapy responsiveness

and outcome of individual patients with AML, even within cytogenetically well-defined

disease subsets. Further, in studies of the hierarchical, maturation-linked mutation

acquisition in human CBF AML, we found the CBF translocation present in highly

immature precursors, possibly resulting in a preleukemic state that then evolved into frank

AML with acquisition of the complementing mutation or expansion in more mature
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precursors. In other cases, expansion of both mutations may occur only at the level of a

more mature precursor. Ultimately, knowledge of this progenitor cell heterogeneity may

provide the rationale for a stem cell-based AML classification that would facilitate

prognostication and utilization of cell surface antigen-targeted therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental Strategy
(A) Diagram depicting the experimental strategy pursued with primary human AML

specimens to assess bulk AML cells for the disease-associated X chromosome inactivation

pattern and presence of somatic mutations, to isolate phenotypically immature cell

populations based on expression of CD34 and CD33 with subsequent direct clonal/

molecular analysis, and to subject these isolated cell populations to short- and long-term in

vitro E4ORF1+ EC co-culture with SR1 in the presence of hypoxia, with subsequent CFC

assays and clonal/molecular analyses of individual CFU-GMs. (B) Scatter and histogram
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plots from 3 representative primary AML specimens illustrating the sorting strategy pursued

to isolate CD34+/CD33− and CD34+/CD33+ cells. Fluorescence intensity of CD34 and

CD33 is shown in black/bold, whereas staining with isotype control antibodies is shown in

grey/dashed. FSC, forward scatter; SSC, side scatter.
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Figure 2. Clinical Significance of AML Progenitor Cell Heterogeneity
(A) Overall survival and (B) relapse-free survival of adult patients with newly diagnosed

non-APL AML undergoing standard induction chemotherapy, stratified based on polyclonal

vs. clonal growth of CFU-GMs derived from FACS-isolated CD34+/CD33− cells after long-

term (≥4 weeks) in vitro co-culture.
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TABLE 1

Growth and molecular analysis of CFU-GMs derived from various culture methods of primary hematopoietic

cells from 25 patients with CBF leukemias

Culture Condition Growth after 2
weeks

Specimens with
mutation+ CFU-GMs

after growth for 2
weeks

Growth after ≥4
weeks

Specimens with
mutation+ CFU-GMs
after growth for ≥4

weeks

Cytokine-containing liquid medium,
normoxia

8/25 (32%) 3/8 (37.5%) 8/25 (32%) 1/8 (25%)

Cytokine-containing liquid medium,
hypoxia

12/25 (48%) 6/12 (50.0%) 6/25 (24%) 2/6 (33%)

Cytokine-containing liquid medium,
hypoxia+SR1

20/25 (80%) 12/20 (60.0%) 18/25 (72%) 5/18 (28%)

E4ORF1+ ECs, Hypoxia+SR1 16/25 (64%) 13/16 (81.3%) 16/25 (64%) 10/16 (63%)
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TABLE 4

Growth and molecular analysis of CFU-GMs derived from uncultured CD34+/CD33− and CD34+/CD33+

progenitor cells from patients with CBF leukemias and complementing second mutation

Sample Mutation CD34+/CD33− Cells CD34+/CD33+ Cells

1. RO50397 t(8;21) + KIT No mutation CBF+ only as well as both mutations

2. 792590 t(8;21) + KIT No mutation CBF+ only as well as both mutations

3. 71494 t(8;21) + FLT3/ITD CBF+ only ---

4. 600685 t(8;21) + FLT3/ITD CBF+ only ---

5. 715096 t(8;21) + FLT3/ITD CBF+ only ---

6. RO50077 t(8;21) + FLT3/ITD CBF+ only CBF+ only as well as both mutations

7. 719733 t(8;21) + KIT CBF+ only ---

8. 765326 inv(16) + KIT CBF+ only ---

9. 766940 inv(16) + KIT CBF+ only

10. 66830 inv(16) + KIT CBF+ only ---

11. 764821 inv(16) + KIT CBF+ only CBF+ only

12. 775184 inv(16) + KIT CBF+ only CBF+ only as well as both mutations

13. 26450 inv(16) + NRAS CBF+ only CBF+ only

14. 66980 t(8;21) + KIT CBF+ only as well as both mutations CBF+ only as well as both mutations

15. 715381 t(8;21) + KIT CBF+ only as well as both mutations ---

16. 750501 t(8;21) + KIT CBF+ only as well as both mutations

17. 58340 t(8;21) + FLT3/ITD CBF+ only as well as both mutations ---

18. 71863 inv(16) + FLT3/ITD CBF+ only as well as both mutations No mutation

19. 706269 inv(16) + KIT CBF+ only as well as both mutations CBF+ only as well as both mutations

20. 774353 t(8;21) + KIT Both mutations CBF+ only as well as both mutations
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TABLE 5

Growth and molecular analysis of CFU-GMs derived from short-term (2 weeks) or long-term (4–8 weeks)

culture of primary hematopoietic cells from patients with CBF leukemias and complementing second mutation

Sample Mutation CD34+/CD33− Cells CD34+/CD33+ Cells

Short-term culture (2 weeks)

1. 798451 (BM) inv(16) + KIT No mutation ---*

2. 781469 (BM) t(8;21) + KIT --- CBF+ only

3. 26450 (PB) inv(16) + NRAS CBF+ only ---*

4. 001-001-012 (PB) inv(16) + FLT3/ITD CBF+ only CBF+ only as well as both mutations

5. 791406 (BM) t(8;21) + FLT3/ITD Both mutations Both mutations

6. 792590 (BM) t(8;21) + KIT Both mutations Both mutations

7. 774353 (BM) t(8;21) + KIT Both mutations Both mutations

Long-term culture (4–8 weeks)

1. RO50397 (BM) t(8;21) + KIT No mutation No mutation**

2. 766411 (BM) inv(16) + KIT --- CBF+ only

3. 774353 (BM) t(8;21) + KIT No mutation Both mutations

4. 792590 (BM) t(8;21) + KIT No mutation CBF+ only as well as both mutations

5. 26450 (PB) inv(16) + NRAS CBF+ only ---

6. 775184 (BM) inv(16) + KIT CBF+ only ---

*
CBF+ only CFC-GMs were isolated from short-term cultured unsorted cells.

**
CBF+ only CFC-GMs were isolated from long-term cultured unsorted cells.

Abbreviations: “---“ denotes no CFU-GM growth; BM, bone marrow; PB, peripheral blood.
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