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A hematopoietic stem cell (HSC) transformed by a genetic mutation or mutations 

is responsible for the establishment of a leukemic hierarchy. These genetic mutations 

frequently include chromosomal translocations that have been specifically associated 

with particular acute myelogenous leukemia (AML) and acute lymphoblastic leukemia 

(ALL) subtypes. The t(8;21Xq22;q22) translocation, which fuses the eight-twenty-one 

(ETOj gene on human chromosome 8 with the acute myelogenous leukemia-1 (AML1) 

gene on chromosome 21 (AML 1-ETO), is one of the most frequent cytogenetic abnor­

malities associated with AML. This translocation is seen in approximately 12 to 15% of 

AML cases and is present in about 40% of AML cases with a French-American-British 

classified M2 phenotype. We have generated a murine model of the t(8;21) translocation 

by retroviral expression of AML 1-ETO in purified HSC. Animals reconstituted with 

AMLl-ETO-expressing cells recapitulate the hematopoietic developmental abnormali­

ties seen in the bone marrow of human patients with the t(8;21) translocation. Primitive 

myeloblasts were increased to approximately 10% ofbone marrow by 10 months post­

transplant. Consistent with this observation was a 50-fold increase in myeloid colony- 

forming cells in vitro. Accumulation of late-stage metamyelocytes was also observed in
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bone marrow along with an increase in immature eosinophilic myelocytes that showed 

abnormal basophilic granulation. HSC numbers in the bone marrow of 10-month-post- 

transplant animals were 29-fold greater than in transplant-matched control mice, suggest­

ing that AML 1-ETO expression overrides the normal genetic control of HSC pool size. 

In summary, AMLI-ETO-expressing animals recapitulate many (and perhaps all) of the 

developmental abnormalities seen in human patients with the t(8;21) translocation, al­

though the animals do not develop leukemia or disseminated disease in peripheral tissues 

like the liver or spleen. This finding suggests that the principal contribution of AML1- 

ETO to AML is the inhibition of multiple developmental pathways. Our model has 

brought new insights into the understanding of the existence and unique properties of the 

leukemic stem cell that could be exploited for therapeutic interventions. We hope that 

the methods used to generate this mouse model by retroviral transduction of HSC will be

applied to studies of other chromosomal translocations, as well.
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INTRODUCTION

Hematopoietic Steal Crib (HSC). Stem cells are unique and distinct entities 

within a highly ordered and multilineage cell system capable o f self-renewing and/or 

giving rise to multipotent progenitors (MPP) that differentiate into more mature ceils 

that define particular organs (reviewed in 147). The most well-studied stem cell is the 

hematopoietic (blood-forming) stem cell. HSC distinguish themselves from other types 

of blood cells in that they self-renew and function as precursors to their more differenti­

ated erythroid, myeloid, and lymphoid progeny, including red blood cells; platelets; 

granulocytes; monocytes; and natural killer, B, and T cells.

The discovery of HSC emerged with the studies of Becker et al., Siminovitch et 

al., Till and McCulloch, Weissman, and Wu et al. in the 1960s where a certain population 

of bone marrow cells gave rise to myeloid-erythroid colonies in the spleens of lethally ir­

radiated mice (9,126,136,147,156). These colonies were serially transplanted into sec­

ondary mice and gave rise to all hematopoietic lineages. Hematopoietic stem cells were 

isolated by fluorescence-activated cell sorting (FACS) and monoclonal antibodies and 

dye-staining that distinguished HSC from other hematopoietic cells (37,89,103,129, 

141) and were tested for clonogenicity (28,127,139,151). Two subsets o f HSC can be 

further delineated into long term and short term (86). Long-term hematopoietic stem 

cells (LT-HSC, Thy-1.ltoSca-l,,iLin-M ac-rCD4" o f C57/BL/Ka-Thyl.l mice) can in­

definitely self-renew for the lifetime of an individual, whereas short-term HSC (Thy 1.110

1
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Sca-lhl LnfMac-l loCD4*) are more limited in their self-renewal and can only reconstitute 

lethally irradiated animals up to 8 weeks. FACS analysis and clonal in vitro assays con­

firmed a hematopoietic hierarchy: LT-HSC -► ST-HSC —► MPP -> oligopotent progeni­

tors —► differentiated progeny (reviewed in 147). MPP give rise to oligopotent progeni­

tors (85) such as the common lymphoid progenitor that only gives rise to natural killer, T, 

and B cells (59) and the common myeloid progenitor that gives rise to the megakaryo- 

cyte-erythroid progenitor and the granulocyte-monocyte progenitor (1). These cells are 

limited in their self-renewal and are incapable of reversing their differentiative program 

under normal circumstances (147).

Stem cells that give rise to blood originate from the ventral mesoderm in verte­

brates (165). Embryonic or “primitive” hematopoiesis emerges from the extra-embry­

onic regions of the yolk sac blood islands at embryonic day (e) 7.25 and continues 

through e l2. HSC that are responsible for definitive or “adult” hematopoiesis in the 

mouse arise from the yolk sac at extremely low frequencies (35, 137) but primarily 

from the intraembryonic dorsal aorta, genital ridge/gonads, and pro/mesonephros re­

gion at 10 (days postcoitum) (72). Recent evidence has indicated that HSC that emerge 

from the AGM region are of endothelial origin (23). Definitive HSC undergo two suc­

cessive and distinct waves o f migration before birth. The first migration travels from 

the AGM to the fetal liver at 11 dpc (72). At 16.5 dpc, LT-HSC migrate from the fetal 

liver to the bone marrow and spleen prior to birth (83), where the bone marrow even­

tually becomes the primary site for adult hematopoiesis. Cell surface adhesion mole­

cules play an important role in these processes (47).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Extreme fluctuations in HSC frequency within the bone marrow of young, 

wild-type mice are unusual and suggest that steady-state numbers of HSC are tightly 

controlled (43,44). However, the frequencies and numbers of HSC vary across mouse 

species (88). Two candidate loci that map to mouse chromosome 1 have been found to 

associate with a quantitative variation in stem cell frequency, suggesting a multigenic 

control of stem cell frequency. Maintenance of steady-state levels requires instructive 

mechanisms to dictate whether an HSC will self-renew symmetrically (self-renew 

HSC) or asymmetrically in order to give rise to more differentiated progeny (self- 

renew and differentiate HSC) (147). This process involves a delicate balance among 

entry into cell cycle (14), programmed cell death (apoptosis), and circumvention of a 

finite replicative potential (Hayflick limit).

Studies of mice treated with bromo-deoxyuridine and analysis of the kinetics 

of bromo-deoxyuridine incorporation into the cells’ DNA have indicated that a major­

ity of HSC are primarily quiescent (Go) whereby only 8 to 10% of HSC undergo cell 

cycle per day (14). This finding supports the idea that extrinisic and/or intrinisic 

mechanisms tightly control the number of HSC in the bone marrow by regulating the 

number of HSC that actively undergo cell cycle (147). However, by 1 to 3 months, 

over 99% of HSC have undergone cell cycle (21).

Analysis of mice transgenic for the Bcl-2 (anti-apoptotic gene) driven by the H2K 

promoter further provides evidence that apoptotic mechanisms play a role in regulating 

HSC numbers, as well (27). HSC numbers from Bcl-2 transgenic mice were increased 

2.4-fold over that of wild-type mice. Interestingly, the number of HSC in S/G2/M  phase 

in Bcl-2 transgenic mice was decreased by 0.6-fold and had a greater advantage in  re-
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populating the bone marrow when compared to controls, suggesting that cell-autono­

mous apoptotic mechanisms function to control the number of HSC.

Every cell has a finite replicative potential (reviewed in 41,45), which can be 

attributed to the fact that every cell division shortens the telomeres (chromosomal ends) 

by 50 to 100 bp, eventually leading to the vulnerability of unprotected chromosomes to 

interchrr u'osomal fusions and, ultimately, cell crisis (22). Self-renewing and cancer 

cells evade this crisis by upregulating telomerase activity, which catalyzes the addition 

of hexanucleotide repeats onto the chromosomal ends (18,84). LT-HSC exhibit high 

telomerase activity like cancer cells, which suggests a mechanism by which HSC evade 

finite replicative potential (84).

HSC also possess the unique property of indefinite self-renewal in order to give 

rise to all hematopoietic cells for the lifetime of the adult (112). However, a longer 

half-life renders an HSC more vulnerable to acquiring additional mutations that could 

transform the HSC (112). More differentiated cells would have to acquire this gain-of- 

function activity, an event that seems less likely to occur given the odds of acquiring 

additional events for a transformation in addition to self-renewal. Recent studies have 

posited the hypothesis that HSC serve as the target cell in leukemia for reasons de­

scribed above (13). We will discuss the initial studies that support the hypothesis of a 

leukemic stem cell (LSC; 8,29-31,38,54,140). Before doing so, it is necessary to re­

view acute myeloid leukemia (AML).

AML. AML is seen in approximately 85% of acute leukemia cases in adults 

and 20% in children and accounts for 1.2% of cancer-related deaths, with an incidence
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of 2.2 per 100,000 in the United States every year (107). This incidence increases to 

12.6 per 100,000 for patients age 65 and older (65). AML is characterized by the ac­

cumulation of large numbers of abnormal hematopoietic cells that fail to differentiate 

into functional granulocytes or monocytes (32) and is categorized according to the dif- 

ferentiative state of the blast population based on the French-American-British (FAB) 

classification system. Patients are symptomatically fatigued due to decreased red 

blood cells and can generally present with hemorrhaging and with fevers and infections 

that are attributed to decreased platelets and white blood cells, respectively (65). 

Hepatomegaly, splenomegaly, leukemia cutis, lymphadenopathy, bone pain, and gingi­

val and central nervous system involvement result from leukemic infiltration into any 

of these tissues. Patients also typically present with granulocytic sarcomas and can 

also have leukostasis, including ocular and cerebrovascular dysfunction or bleeding 

from hyperleukocytosis (more than 100,000 white cells/mm3), and rarely present with 

hyperuricemia and hypocalcemia.

AML cases are diagnosed based on morphological Wright-Giemsa stains of 

bone marrow and peripheral blood cells to distinguish the differentiative state of the 

blast (65). Blasts containing a large nuclear-to-cytoplasmic ratio, round-to-irregular 

nuclei, distinct nucleoli, and a presence of Auer rods (azurophilic granules within ly- 

sosomes) and fine azurophilic granules in the cytoplasm and accounting for greater 

than 20% in the bone marrow are diagnostic of AML (42,65). AML can be distin­

guished from acute lymphoblastic leukemia (ALL) and myelodysplastic syndrome 

(MDS) based on immunohistochenical and immunological staining for myeloid differ­

entiation and the presence of greater than 20% of myeloblasts. Cytogenetic analysis of
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specific chromosomal translocations and myeloperoxidase, nonspecific esterase, and 

Sudan Black histochemical staining further differentiates specific AML subtypes (FAB 

M0-M7). The role of specific chromosomal translocations and their associations with 

certain AML FAB subtypes will be discussed later.

The heterogeneity o f AML cases reflected in the various AML subtypes can be 

explained in two ways (13). First, the leukemogenic event can occur in many cell 

types in the stem/progenitor hierarchy, thereby altering the normal developmental pro­

grams and causing the arrest o f a cell at a particular stage. This explanation would 

predict great variability in LSC/progenitors across all FAB subtypes. The second 

model proposes that transformational mutations occur in primitive HSC that are only 

realized at different cell developmental stages depending on the type of transformation. 

Therefore, variation across LSC from this model would not be seen.

Emergence of the LSC. Griffin and Lowenberg determined that leukemic 

blasts have a limited proliferative capacity (39). Initial studies in the 1960s to investi­

gate this issue found that in clonal in vitro colony assays on mouse myeloma cells iso­

lated from the ascites, only 1/100 to 1/1,000 cancer cells were capable of forming colo­

nies and that 1 to 4% of these cells could form spleen colony-forming cells in vivo (12, 

16,106,154). Thus, it was postulated that a primitive stem cell that self-renews and 

proliferates must be responsible for manifestation of the disease. In other words, an 

HSC that undergoes a transforming event would seed a leukemic event. Clonal assays 

on leukemic cells by X-linked polymorphisms and fluorescence in situ hybridization 

studies have supported the idea of an LSC but have failed to provide solid evidence
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dence that these progenitors could proliferate and self-renew in vivo (8,29-31,38,54, 

140). The ground-breaking experiments o f Bonnet and Dick demonstrated that 

CD34*CD38“ cells from leukemic patients, when transplanted into xenogeneic nono- 

bese diabetic mice with severe combined immunodeficiency were able to proliferate 

and differentiate into leukemic cells similar to those of patients and to self-renew and 

expand based on serial transplants (13). This finding supported the model that the leu­

kemic clone is organized as a hierarchy where the transformation occurs at the HSC 

that self-renews and gives rise to leukemia.

Transforming Events in HSC. Transforming events in cancer cells are de­

fined as defects in a normal cell’s regulatory circuitry that renders the cell cancerous 

(41). If a transforming event via a genetic mutation occurs in an HSC, what type of 

transforming event or events must occur to give rise to full-blown leukemia? Hanahan 

and Weinberg propose six essential hallmarks of most if not all cancer cells that are 

defined as physiological alterations that collectively act through different mechanistic 

strategies: self-sufficiency in growth signals, insensitivity to growth-inhibitory sig­

nals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, and 

tissue invasion and metastasis (41). HSC already possess a limitless replicative po­

tential, as mentioned previously, a property that is easier to maintain versus a de novo 

activation (112). This function provides a window for HSC to accumulate other po­

tential transforming events/mutations that can manifest themselves in the HSC if  not 

at the stem cell progeny level.
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Chromosomal abnormalities in cancer cells in the 1950s provided the first clues 

to potential transforming events, although the abnormalities were originally viewed as 

artifacts rather than factors in the progression of cancer (114). In the 1970s, this idea 

was challenged with the development of chromosomal banding that specifically identi­

fied each chromosome based on its unique banding pattern. Cytogenetic analysis o f 

banded chromosomes detected nonrandom and specific chromosomal breakpoints in 

different patients with the same disease. This phenomenon suggested a role of chromo­

somal translocations in cancer progression. Cloning of these translocations led to the 

discovery of genes that were frequently determined to be transcription factors involved 

in the regulation of their target genes (114). What were even more interesting were the 

facts that most of these transcription factors are highly conserved and that many o f them 

recur in various translocations (117).

t(8;21) and Clinical Presentation. The first chromosomal translocation to be 

identified was t(8;21) (96,115), fusing the 5' part of the acute myeloid leukemia-1 

(AML I) gene on chromosome 21 to nearly the entire eight-twenty-one (ETO) gene on 

chromosome 8 and creating an in-frame fusion protein, AML1-ETO (80,82). The fu­

sion protein fuses the first 177 amino acids of AML1 to 574 amino acids of ETO (80). 

The critical junction of the translocation is conserved on the derivative chromosome 8 

(95). Genomic breakpoints usually occur in intron 5 of AML1 (157) and in introns 

lb-2 in ETO and cluster within topoisomerase IIDNA cleavage and DNase I hyper­

sensitive sites, suggesting a mechanism by which this de novo translocation occurs 

(163). This translocation is associated with 40% of patients with FABM2 subtype of
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AML and accounts for 12 to 15% o f all AML cases (65). Some t(8;21) cases have 

been reported in 6% of FABM1 and rarely in FABM4 and other myeloproliferative 

syndromes (40). Interestingly, the presence o f the AML 1-ETO transcript by reverse 

transcriptase-polymerase chain reaction analysis has been detected even without cyto­

genetic evidence of the t(8;21) (95). Patients with the t(8;21) translocation in FABM2 

typically present at a younger age (<35 years), have frequent splenomegaly, and re­

spond well to chemotherapy with high remission rate and long median survival except 

for those with loss of the sex chromosome (3,116,119,132). A del(9q) is also asso­

ciated with the t(8;21) (95).

Characteristic cytology of the blasts can predict the existence of the t(8;21) that 

is usually confirmed by fluorescence in situ hybridization and cytogenetic and/or RT- 

PCR analysis (3,11). Leukemic blasts from t(8;21) patients are generally large and are 

characterized by the existence of prominent Auer rods, strong myeloperoxidase stain­

ing, cytoplasmic vacuoles, occasional pseudo-Chedriak granules, and various glass 

pink inclusions that persist in the maturing leukemic cells (11,95,132, 138). Granulo­

cytic dysplasia is also observed with failure o f the nucleus to condense and segment at 

the metamyelocyte stage and myelocyte stage, respectively, that coincides with a rim of 

basophilia and the presence of the cytoplasm’s inability to form granules (salmon- 

colored) (132). The nucleocytoplasmic maturation in the leukemic cells is asynchro­

nous where the cytoplasm is more differentiated (myeloperoxidase-positive azurophilic 

granules and peroxidase-negative specific granules) compared to the nucleus, which 

remains primarily euchromatic and contains a distinct nucleolus (138). Frequent mar­

row eosinophilia (>5%) is also noted, with poor nuclear maturation and tightly packed
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granules that stain dark-blue or deeply purple (characteristic of basophilic granules) in 

the cytoplasm (64,132). Other cell lineages are also affected where no monocytic dif­

ferentiation was observed, as well as a decrease, if  not absence, o f megakaryocytic ele­

ments (11,132). Minor abnormalities in maturation of erythrocytic precursors were 

also noted that included mild megablastic change, nuclear fragmentation, and binuclear- 

ity (132). The immunological analysis of the t(8;21) cells indicates that these cells ex­

press CD19, CD56, and CD34 and are almost negative for CD2 and CD7 (50,55, 105, 

135). The t(8;21) has been associated with a good prognosis and a good response to 

cytosine arabinoside treatment (131). However, children with t(8;21) respond less fa­

vorably (71).

Discovery of AML1 and Runt Family Members. AML1 (also known in the 

mouse as core-binding factor-A2\ polyoma-enhancer-binding protein 2aB and, more re­

cently, Runxl ; 97, 98,144) was discovered as a result of cloning the AML 1-ETO translo­

cation (82). This gene maps to chromosome 21q22 in the human, and its murine homo- 

logue (CBFA1) maps to chromosome 16 in the mouse (98). AML 1/core-binding factor 

(CBFP) is expressed in the bone marrow, thymus, and peripheral blood (81,121).

AML1 encodes a 453-amino-acid protein (83 KDa) and contains, at its N-terminus, a 

DNA-binding domain known as the Runt domain (128 amino acids) because of its ho­

mology to the Drosophila melanogaster pair-rule gene Runt (148). The DNA-binding 

domain of AML1 mediates the association of AML1 to its heterodimeric partner CBFP, 

a non-DNA-binding protein (97). CBFP enhances the binding affinity o f AML1 to the 

cognate DNA-binding sequence, TGT-cGGT, by approximately 10-fold. The DNA core
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within the promoters and enhancers of hematopoietic genes such as T-cell receptor 

(TCR)-a, -y, -S, and *P; neutrophil elastase; myeloperoxidase; granzyme B; NP3 defen- 

sin; granulocyte-macrophage colony-stimulating factor (GM-CSF); interleukin-3 (IL-3); 

colony-stimulating factor-1 receptor, and CD1 la  integrin. This m otif may therefore play 

a role in the expression of these genes (48,94, 109-111,123,133,144, 145, 150, 164).

A proline-enriched serine threonine domain, nuclear matrix targeting signal, and transac­

tivation domain are located downstream from the runt domain (5,149). Three-dimen­

sional structures have been published on the runt domain (10,91), the heterodimerization 

domain (37,49), and the interaction between AML1 and CBFP (146). The structure of 

the Runt domain resembles that of an S-type immunoglobulin fold found on the DNA- 

binding domains o f p53, NF-tcB, and STAT proteins (91) and classifies core-binding fac­

tor A2 as a member of the p53 family. More recently, the AML1 Runt domain-CBFP- 

DNA ternary complex has been described in a 2.6-A resolution in efforts to elucidate the 

sequence-specific recognition of the consensus sequence, as well as the effects o f genetic 

mutations on the binding of this protein to DNA (15). These molecular structures have 

provided much information regarding the specificity of certain residues that are impli­

cated in various hematological diseases that will be discussed later.

Low-stringency hybridization oiAM Ll to mouse cDNA libraries has led to the 

isolation of two other AML (Runx) members, AML2 (CBFA3, Runx3, PEBP2aC) and 

AML 3 {CBFA1, PEBP2aA, Runx2), which share more than 90% of amino acid se­

quence homology with respect to their Runt domains (6 , 148, 153). Like AML1, the 

other members of the Runt family, AML2 and AM U, are capable o f heterodimerizing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with CBFP and transactivate through the same consensus site. All Runt family mem­

bers play pivotal roles in development and disease (6 6 ).

AM U is expressed in myeloid and T cells (76,94) and activated by transform­

ing growth factor P for immunoglobulin A class switching (122). Targeted disruption of 

the AML2 locus in mice led to an increased proliferation and hyperplasia of gastric 

epithelial cells (62). Primary cell culture o f AML2-I- cells demonstrated an insensitiv­

ity to TGFP growth inhibition and decreased apoptosis, thus suggesting a role of AM U 

in human gastric cancer. Analysis of human gastric cancer cell specimens confirmed a 

role of AM U as a candidate tumor suppressor in gastric cancer development in 30% of 

the cases (62).

AML3 was initially found in gel-mobility shift assays from the nuclear extracts 

of Jurkat T cells incubated with the “core” motif from the y3 site of the TCRy enhancer 

(48). The core motifs are critical cis-acting elements in the transcription of TCRyaad 

-S  genes as demonstrated by lack of transcriptional activity when mutations of the core 

motif were introduced (111). These data suggest the importance of the AML3 in the 

transcription of genes in T-cell development. Surprisingly, knockout studies o f AML3 

defined its role as a transcription factor necessary for osteoblast differentiation and bone 

formation (58). AM L3-/- mice died just after birth and showed a complete lack o f in- 

tramembranous and endochondrial ossification due to the maturational arrest of os­

teoblasts. Heterozygote AML3+/- mice exhibited the same skeletal defects seen in pa­

tients with human cleidocranial dysplasia (CCD), an autosomal-dominant condition 

characterized by hypoplasia/aplasia o f clavicles, patent fontanelles, supernumery teeth, 

short stature, and other skeletal changes in growth and patterning, and confirmed the ef-
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feet o f a mutated AML3 in CCD (90). Excessive extramedullary hematopoiesis in 

.4A4Z3-defi-cient mice was also noted and could be explained by the complete lack of 

bone marrow formation, thereby forcing the hematopoietic progenitors to seed the liver 

and spleen (25).

Role of AML1 as a Transcriptional Activator and Repressor. The role of 

AML1 as a transcriptional activator was ascertained in preliminary in vitro experiments 

using transient transfection experiments and promoter reporter assays that demonstrated 

upregulation of the TCRa, -y, -8 , and -(3; neutrophil elastase; myeloperoxidase; gran- 

zyme B; NP3 defensin; GM-CSF; IL-3; colony-stimulating factor-1 receptor; and 

CD1 la  integrin transcriptional activity as mentioned previously (48,94,109-111,123,

133,144, 145,150,164). Biochemical analysis in myeloid cell lines further revealed 

that this activating function is synergistically enhanced by the association of AML1 to 

other hematopoietic-specific, DNA-binding proteins such as the Ets family members,

PU. 1 and myeloid elf-1-like factor, and CCAAT enhancer-binding protein alpha 

(C/EBPa) through various interactions between specific domains (70, 108, 150). This 

finding was further confirmed by the proximity of the DNA-binding motifs of the asso­

ciated proteins to AML1 regulatory elements (67). Other associating proteins include 

p300/CREB-binding protein (56) and Yes-associated protein coactivator protein (130,

158), which serve as a cofactor for Ets members and as a link to Src family kinase- 

signaling pathways, respectively.

Synergism and cooperation o f AML1 is a common theme in B and T cells, as 

well. Association of AML1 is also demonstrated in developing B cells, where AML1 in-
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teracts with the transcription factor, gene for B-cell-specific activator protein (PAX5), 

through its Runt domain in upregulating blk transcription (63). Activation of TCRa in T 

cells is also mediated by AML1 association with alymphoplasia and lymphoid enhancer 

factor to form a higher-order nucleomultiprotein complex (17).

Conversely, AML1 is also known to act as a transcriptional repressor. AML1- 

dependent transactivation of the TCRa and -/? enhancers was inhibited by the transducin- 

like enhancer of split, a mammalian homologue of the Drosophila corepressor Groucho 

(51,61,68). Inhibition by TLE1 was facilitated by the VWRPY motif in the activation 

domain of AML1, suggesting a mechanism of AML1 in TCR regulation (51,61). Re­

pression of p21WAF1 expression in NIH3T3 and HEL cells is also mediated by AML1 

domains that associate with mSin3 A and mSin3B independently of the Groucho interac­

tion motif (6 8 ). The mechanism by which AML1 switches from an activator to a repres­

sor is currently being investigated (67). It appears that the function of either one occurs 

in a context-dependent manner and requires specific interactions between the various 

domains of AML I to its associated protein in a cell-specific and promoter-spe-cific 

manner (67).

AML 1-Gene Dosage on Hematopoiesis and Clinical Implications. Knock­

out studies in mice for AML I have determined the critical role of this factor in defini­

tive hematopoiesis. Embryos with homozygous mutations in AML J died at el2.5 due to 

a complete lack o f definitive hematopoiesis and intracranial hemorrhaging but had 

normal primitive yolk-sac-derived erythrocytes (101,142). It was determined that this 

hematopoietic defect was intrinsic to the stem cells because AML1 embryonic stem
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cells failed to give rise to hematopoiesis in chimeric animals (101). Knock-out studies 

of CBFfi resulted in the same phenotype, establishing the necessity for CBFP in AML1 

function (120,143). These experiments suggest a requirement for AML1 in the normal 

function o f HSC or in their development from mesenchymal precursors (92). Attempts 

to rescue definitive hematopoiesis in AML1 embryonic stem cells were successful 

with the activation domain of AML1 under the endogenous AML1 regulatory sequences 

but not with the VWRPY domain known to interact with the Groucho repressor (100). 

By marking AML1 expression with the bacterial lacZ marker in the AML I locus, North 

et al. reported the localization of AML1 to definitive hematopoietic progenitor cells and 

endothelial cells whence HSC are thought to emerge (92). Expression of AML1 was 

restricted to the endothelial cells present in the yolk sac, the vitelline and umbilical ar­

teries, and the ventral aspect but not the dorsal aspect o f the dorsal aorta o f the AGM. 

Thus, it was speculated that AML1 plays a role in the emergence of the HSC from the 

endothelial cells based on AML1 expression patterns in specific sites from which hema­

topoiesis occurs (92,134,161). This possibility was confirmed in adoptive transfer ex­

periments that demonstrated that all HSC derived from these sites were AML1* (24, 72, 

87,93).

Efforts to study the role of AML1 in adult hematopoiesis suffer from the embry­

onic lethality o f AML1 - / -  animals. AML1 mutations in patients have provided clues to 

the function o f AML1 in the adult hematopoietic system. Screening of various types of 

leukemia cases documented mutations of the AML1 gene in 8  of 160 cases (3%) based 

on RT-PCR and nonisotopic RNase cleavage assays (102). All mutations (silent, het­

erozygous missense, biallelic nonsense, and frameshift) clustered within the Runt do­
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main o f AML1. Missense mutations (R80C, K83N, and R177Q) in AML 1 allowed 

AML1 to heterodimerize with CBFP but failed to bind to DNA in electromobility shift 

assays or to transactivate in luciferase reporter assays, respectively. Interestingly, bial- 

lelic nonsense mutations abolished all AML1 activity and were correlated with the 

FABMO phenotype.

Mutations of AML1 were also seen in patients with the autosomal-dominant 

familial platelet disorder (thrombocytopenia) with a predisposition to acute myeloid 

leukemia (77,128). Linkage analysis identified an 880-kb interval containing the dis­

ease gene that cosegregated in six families with FPD/AML. Mutational analysis o f 

candidate genes in this region identified heterozygous AML1 nonsense mutation and 

intragenic deletion in four families and two missense mutations in the other two fami­

lies. Bone marrow cells isolated from two patients from two independent pedigrees 

exhibited a decrease in megakaryocyte colony formation, granulocyte-macrophage col­

ony-forming units (CFU-GM), and erythroid burst-forming units compared to controls.

The authors report a novel finding of haploinsufficiency of AML 1 in tumor progres­

sion. AML1 haploinsufficiency predisposes patients to acquire AML (77, 128).

Mutations in the Runt domain of AML I were further identified in blood samples 

of patients with MDS (2 of 37 cases) (51). The V105ter nonsense mutation failed to 

heterdimerize with CBFp, and the R139G missense mutation had a dominant-negative 

effect on wild-type AML1 in interacting with CBFP, suggesting that AML1 mutations 

may also play a role in progression o f MDS to AML. In addition, patients with Down's 

syndrome experience hematopoietic abnormalities, including increased platelet counts, 

that could be attributed to increased expression of AML1, which is located in the criti­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

cal trisomic 21 region of Down’s syndrome patients (7). AML1 amplification has also 

been noted in patients diagnosed with B ALL with the t(4;l 1), t(l;19), and t(12;21) (7).

ETO. Protein sequence of the ETO gene (or MTG8) has deduced two putative 

zinc fingers, three proline-rich regions, a pro line-enriched serine threonine domain, and 

several phosphorylation sites in ETO (154). It is homologous to the Drosophila ho- 

meotic gene, nervy, which is expressed in the nervous system (118). The ETO gene 

contains 13 exons and spans 87 kb (155). High mRNA levels o f ETO have been de­

tected in the nervous system and heart (155). ETO has recently been demonstrated to 

interact with mSin3 corepressors, the nuclear receptor corepressor (N-CoR), and histone 

deacetylase (HDAC) (34,69). Association with either mSin3A or N-CoR by ETO oc­

curs independently, and single point mutations in the ETO region that interacts with N- 

CoR abrogate transcriptional repression by AML 1-ETO. ETO and its associated corep­

ressors are unable to bind DNA but are recruited to chromatin through DNA-binding 

proteins (2, 73). Promyelocytic leukemia zinc finger, a DNA-binding corepressor dis­

rupted in the t(l 1;17), in acute promyelocytic leukemia, binds to ETO and potentiates 

repression by promyelocytic leukemia zinc finger (73). Class I HDAC, including 

HDAC-1, HDAC-2, and HDAC-3, are the only HDAC capable o f binding through spe­

cific domains in ETO (2). Recently, the function of the ETO gene was found to be es­

sential for the gastrointestinal system (20). Homozygous mutants survived until 2 

weeks after birth due to growth impairment and massive defects in the gastrointestinal 

tract.
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AMLl-ETO-Dominant-Negative Inhibitor of AML1. In vitro studies have 

determined the dominant-negative effect of AML 1-ETO on normal AML1 activity by 

virtue of its Runt domain and ETO (33,70,75,150). The Runt domain retains its abil­

ity to bind to DNA and heterodimerizes with CBFP and therefore competes with wild- 

type AML1 (74). ETO is responsible for the repression activity by recruiting N-CoR, 

mSin3 corepressors, and HDAC to AML 1-ETO at promoter sites (69). Furthermore, the 

runt domain and transactivation domain of AML 1-ETO contribute to the transcription 

of Bcl-2, an inhibitor o f apoptosis, a function not seen in wild-type AML1, and could 

therefore increase cell survival (57).

Knock-in studies of AML 1-ETO proved the dominant-negative effect of the 

translocation on AML 1 function. Embryos heterozygous for the AML 1-ETO allele died 

at el3.5 due to a lack of fetal liver definitive hematopoiesis similar to the AML1 homo­

zygous knock-out mice (99,160). Fetal livers isolated from AML 1-ETO + / - embryos 

contained dysplastic multipotent hematopoietic progenitors with high self-renewal ca­

pacity in vitro, unlike the AML1 embryos, where there was a complete absence of 

HSC activity (101,142). This phenomenon was confirmed with bone marrow cells 

transduced with a retrovirus containing AML1-ETO, which exhibited increased self- 

renewal that resembles an immortalized cell line in vitro (99). Transient expression of 

AML1-ETO in zebrafish embryos also resulted in disruption of normal hematopoiesis, 

aberrant circulation, internal hemorrhaging, and cellular dysplasia and established the 

zebrafish as another advantageous tool in dissecting the pathophysiology of AML 1-ETO 

(53).
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In order to avoid embryonic lethality, an inducible transgene of AML1-ETO 

under the control of tetrocycline-responsive element was activated in the adult mouse 

by withdrawal of tetracycline from the drinking water (113). In this model, activation 

of AML I-ETO did not result in leukemia over a 24-month period. However, Wright- 

Giemsa-stained cytospins from serial platings from the bone marrow of activated tet- 

AML1-ETO transgenic mice exhibited more early hematopoietic progenitors and early 

myeloid cells, with few macrophages in these colonies. Northern blot analysis con­

firmed the activation of AML 1-ETO in bone marrow upon tetracycline withdrawal. 

Another AML 1-ETO transgenic mouse under the control of the myeloid-specific MRP8 

promoter failed to promote leukemia during the lifespan of the animal, as well (162). 

However treatment with a strong DNA-alkylating agent, A-ethyl-A-nitrosourea, in­

duced AML in 55% of mice and acute T lymphoblastic leukemia in 45%. Both models 

suggest a requirement for secondary mutations to progress to AML. Generation of an 

interchromosomal translocation between the chrosomomes containing AM Ll and ETO 

genes through Cre-ZoxP-mediated recombination has proved successful, but no find­

ings of hematopoietic effects have been reported (19).

More recently, a mouse strain was developed that contained a conditional AML1- 

ETO knock-in allele with a /oxP-bracketed transcriptional stop cassette 5 ' o f AMLl-ETO 

(AMLl-ETO stop/+) (46). AMLl-ETO stop/+ mice were crossed against mice contain­

ing a transgenic interferon (IFN)-a/p-inducible-Afjc-1 promoter-driven Cre recombinase 

(IFN-a/p-inducible-Afx/-Cre). Induction of Cre expression was accomplished by en­

dogenous IFNa/p or by intraperitonal injection of a synthetic double-stranded RNA 

(polyinosinic-polycytidylic acid [pI-pC]) that activates endogenous IFN. AMLl-ETO
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stop/+/IFN-a/p-inducible-Mc/ -Cre double transgenic mice treated with pI-pC over a 6 - 

day period had deletion o f the stop cassette, resulting in 85% of the bone marrow cells 

expressing AMLl-ETO, even after 2 weeks. Higuchi et al. reported that these bone mar­

row cells, when plated in methocellulose, primarily gave rise to cytokine-dependent 

granulocyte-macrophage colonies and rarely to erythoid and mixed lineage colonies 

compared to controls. Serial platings further assessed the ability of AML1-ETO- 

expressing cells to bypass culture-induced senescence and establish these cells as per­

manent cell lines. AMLl-ETO stop!+/IFN-a/p-inducible-Mr7-Cre double transgenic 

mice treated with pI-pC failed to give rise to leukemia like other previously described 

AMLl-ETO mouse models, even though they had a slight increase in colony-fonning- 

spleen units at day 12, total colony-forming units, and in CFU-GM. Treatment o f 

AML 1 -ETO stop/+/ IFN-a/p-inducible-Mc/-Cre double transgenic mice withpI-pC and 

A -ethyl-.V-nitro-sourea led to development of either granulocytic sarcomas or thymic- 

derived T-cell lymphoblastic lymphomas in 47% (17/36) of these mice. DNA sequenc­

ing screening for mutations in genes commonly mutated in cancers 

p l6 mK4A, N-ras, K-ras, and H-ras) and AMLl found no genetic abnormalities as cooper­

ating mutations in pl-pC-treated AMLl-ETO sfo/?/+/IFN-a/p-inducible-A£r7-Cre double 

transgenic mice. The “secondary” mutation appears to render the AML1-ETO- 

expressing tumor cells growth-factor-independent because no cytokines were required 

for growth other than fetal bovine serum compared to controls.

Limitations to the Current AML1-ETO Models. To date, all murine AML1- 

ETO models previously described have advanced our understanding of the effect of
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AMLl-ETO expression in the hematopoietic system. The dominant-negative activity 

of AMLl-ETO is well documented. The acquisition o f additional mutations for full­

blown leukemia in AMLl-ETO-expressing cells is the most logical explanation for the 

lack of leukemic onset in these models; however, these models present limitations in 

addressing the current hypothesis that somatic mutations or, in this case, chromosomal 

translocations implicated in AML, occur in the HSC. First, the AML I-ETO+/- knock- 

in models have precluded studies in the adult hematopoietic system as a result of em­

bryonic lethality. Second, expression of the AMLl-ETO in the inducible models was 

not clearly and specifically identified in HSC. Activation of the AMLl-ETO transgene 

by withdrawal of tetracycline was confirmed by Northern blot analysis on bone mar­

row cells and not on purified hematopoietic populations such as the HSC. In Western 

and Northern blot analysis, the AMLl-ETO stop!+/IFN-a/p-inducible-Mr/-Cre double 

transgenic mice also demonstrated the activation of the AMLl-ETO transgene upon 

Cre activation by pI-pC. Only cells expressing the IFNa/p receptor would be respon­

sive to Cre deletion of the stop cassette and activation of AMLl-ETO. To date, it has 

not been established whether any if not all HSC express the IFNa/p receptor. Third, 

the lack of selectable markers coexpressed with AMLl-ETO does not allow one to 

properly track the development of an AMLl-ETO+ cell in vivo.

Could it be possible that development of leukemia requires the expression of 

AMLl-ETO in a specific target cell such as the HSC? This possibility would explain 

why current models have concluded the lack of a leukemic onset if AMLl-ETO was 

not expressed at the HSC level. Clinical research studies on t(8;21)+ patients in remis­

sion support this notion (78, 79). Miyamoto et al. reported persistence of AMLl-ETO
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transcripts in the peripheral blood and bone marrow of patients previously diagnosed 

with t(8 ;2 1 )-associated AML and treated with chemotherapy and peripheral blood stem 

cell transplantation by RT-PCR analysis (78). In another study, FACS-sorted isolation 

of HSC purified from patients with the t(8;21) in remission also expressed the AMLl- 

ETO transcript, which further supports the notion that the somatic mutation must occur 

in a stem cell but requires additional transforming events that would ultimately lead to 

AML (79). Bonnet and Dick’s model (mentioned previously) also supports the model 

that a leukemic stem cell serves as the foundation for the establishment of leukemia in 

animals (13).

Rationale. We hypothesize that the event of a t(8;21) translocation occurs in an 

HSC, which ultimately leads to development of AML. In order to address this, HSC 

(Sca-l+c-kif Lin-) derived from a congenic C57B/6-Ly-5.2 mouse strain were trans­

duced with a retrovirus that coexpresses AMLl-ETO and the green fluorescent protein 

(GFP) from an internal ribosomal entry site. AMLl-ETO-positive stem cells were re­

sorted and transplanted into lethally irradiated congenic Ly-5.1 mice. AML1-ETO/GFP 

and control GFP animals were monitored for up to 10 months and analyzed for the con­

tribution of AMLl-ETO'1' cells in the peripheral blood and bone marrow by FACS 

analysis. Methylcellulose assays for myeloid-progenitor activity and Wright-Giemsa 

cytospins were performed to characterize the myeloid compartment further. These ex­

periments will enable us to determine whether AMLl-ETO causes leukemia and pro­

vide answers to the function of AMLl in the hematopoietic system.
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ABSTRACT

The t(8;21Xq22;q22) translocation, which fuses the eight-twenty-one (ETO) gene 

on human chromosome 8 with the acute myeloid leukemia-1 (AMLl) gene on chromo­

some 21 (AMLl-ETO), is one of the most frequent cytogenetic abnormalities associated 

with acute myelogenous leukemia (AML). It is seen in approximately 12 to 15% of 

AML cases and is present in about 40% of AML cases with a French-American-British 

classified M2 phenotype. We have generated a murine model of the t(8;21) translocation 

by retroviral expression of AMLl-ETO in purified hematopoietic stem cells (HSC). 

Animals reconstituted with AML 1 -ETO-expressing cells recapitulate the hematopoietic 

developmental abnormalities seen in the bone marrow of human patients with the t(8 ;2 1 ) 

translocation. Primitive myeloblasts were increased to approximately 10% of bone mar­

row by 10 months posttransplant. Consistent with this observation was a 50-fold in­

crease in myeloid colony-forming cells in vitro. Accumulation of late-stage metamyelo­

cytes was also observed in bone marrow along with an increase in immature eosinophilic 

myelocytes that showed abnormal basophilic granulation. HSC numbers in the bone mar­

row of 10-month-posttransplant animals were 29-fold greater than in transplant-matched 

control mice, suggesting that AML1-ETO expression overrides the normal genetic con­

trol of HSC pool size. In summary, AMLI-ETO-expressing animals recapitulate many 

(and perhaps all) of the developmental abnormalities seen in human patients with the 

t(8 ;2 1 ) translocation, although the animals do not develop leukemia or disseminated dis­

ease in peripheral tissues like the liver or spleen. This suggests that the principal contri­

bution of AMLl-ETO to acute myeloid leukemia is the inhibition of multiple develop­

mental pathways.
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INTRODUCTION

The t(8;21Xq22;q22) translocation, which fuses the eight-twenty-one {ETO) gene 

on human chromosome 8  with the acute myeloid leukemia-1 {AMLl) gene on chromo­

some 21, is seen in approximately 12 to 15% of acute myelogenous leukemia (AML) 

cases and in about 40% of AML cases with a French-American-British classified M2 

phenotype (10,27). AMLl also known as Runxl is a transcription factor with signifi­

cant homology to the product of the Drosophila segmentation gene Runt (11,23). It 

binds the enhancer core target sequence, TGT/cGGT, in association with a non-DNA- 

binding subunit, core-binding factor p (CBFP) (5,20,28,40). Both proteins (together 

referred to as core-binding factor) interact through the DNA-binding, Runt homology 

domain of AMLl. The inversion (16) disrupts the CBFp gene and is found in an addi­

tional 12% of AML cases (18). Null mutations in either core-binding factor subunit in 

mice resulted in embryonic lethality that was associated with intracranial hemorrhaging 

and a complete absence of definitive hematopoiesis (30,36,38,39).

The t(8;21) translocation fuses the N-terminal 177 amino acids of AMLl, which 

includes the Runt homology domain that binds DNA and interacts with CBFB, in frame 

with amino acids 30 to 604 of ETO. The fusion protein deletes the C-terminal activa­

tion domain of AMLl. The ETO gene is homologous to the Drosophila gene nervy and 

can associate with transcriptional corepressor complexes that include mSin3, histone 

deacetylases, and nuclear hormone corepressors, which are involved in transcriptional 

repression (19). Gene knock-in experiments in mice have shown that acute myeloid 

leukemia-1-eight-twenty-one (AMLl-ETO) acts in a dominant-repressive manner to 

block AMLl-dependent transcription (29,42). Animals heterozygous for an AML1-
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ETO knock-in allele displayed a phenotype similar to that o f AMLl or CBFfi knock-out 

mice in that they died early in embryonic life (embryonic day 13.5) and exhibited intrac­

ranial bleeding and a block in definitive hematopoiesis. One important difference be­

tween the knock-out and knock-in phenotypes was the presence of dysplastic hemato­

poietic progenitor cells within the fetal livers of the knock-in mice that could be readily 

established as immortalized cell lines in vitro (29).

The consequence of AMLl-ETO expression on myeloid lineage development 

has been explored by using transformed myeloid cell lines that retain some capacity to 

terminally differentiate. Expression o f AML1-ETO in the myeloid cell line 32D.3 in­

hibits CCAAT-enhancer-binding protein alpha (C/EBPa)-dependent transcription that 

correlates with a block in granulocytic differentiation in vitro (41). Inhibition of 

C/EBPa function in these experiments was related to the direct association of AML1- 

ETO with C/EBPa. Mice that develop in the absence of C/EBPa lack neutrophils and 

are blocked in granulocytic development at the myeloblast stage (44). Significant 

downregulation of C/EBPa has also been seen in patient samples bearing the t(8;21) 

translocation, thus establishing C/EBPa as a potentially critical target gene in AML1- 

ETO-associated leukemia (31,32).

Recent efforts to establish animal models for the t(8;21) translocation have in­

volved both transgenic and Cre-Lox-mediated interchromosomal trans location ap­

proaches. One study used the tetracycline-OFF system to conditionally activate ex­

pression of an AMLl-ETO transgene in vivo (35). No abnormal hematopoiesis in pe­

ripheral blood or bone marrow was observed over a 2-year time period in AML1-ETO- 

expressing animals. In vitro colony-forming cell assays showed no difference in the
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number or type of colonies that were generated from AMLl-ETO or control bone mar­

row potential during serial passage in methylcellulose. Cells isolated from these plat­

ings exhibited an immature myeloid morphology.

A second transgenic approach used a myeloid-specific promoter, MRP8, to 

drive expression of AMLl-ETO specifically in the myeloid lineage (43). Again, no 

abnormal hematopoiesis was seen in the animals in the absence of additional mutations 

generated by W-ethyl-A-nitrosourea treatment of newborn mice. Finally, Buchholz et 

al. used the Cre recombinase system to conditionally activate an interchromosomal 

AMLl-ETO translocation after the onset of definitive hematopoiesis (6 ). No charac­

terization of hematopoiesis was made in this study.

Morphological and phenotypic analysis of bone marrow from t(8;21) AML pa­

tients has revealed a number of characteristic abnormalities in myeloid lineage cells.

Large basophilic blasts with a prominent Golgi zone, abnormal granulation, cytoplas­

mic vacuoles, and a single Auer rod are common (1,26, 37). Nuclear maturation in 

granulocytes is generally characterized by abnormal nuclear condensation at the meta­

myelocyte stage and a failure to segment properly (37). Some patient samples exhibit 

a marked marrow eosinophilia (>5%) with distinct basophilic granulation (37). In leu­

kemic samples, it is not clear which of these abnormalities are attributable to the 

activity of AMLl -ETO.

In our experiments, we transduced a purified population of hematopoietic stem 

cells (HSC) with an AML 1 -ETO-expressing retrovirus that coexpresses the green fluo­

rescent protein (GFP) from an internal ribosome entry site (IRES). HSC that were trans­

duced with the AMLl-ETO retrovirus were resorted and then transplanted into lethally
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irradiated, congenic animals that differed at the Ly-5 locus. Our results showed a strik­

ing phenotype in both the stem cell compartment and the myeloid cell lineages of all re­

constituted AMLl-ETO animals. We observed a progressive increase in both the fre­

quency and absolute number of HSC in the bone marrow of AML 1 -ETO-expressing 

animals that was 29-fold greater than stem cell numbers in GFP control animals by 10 

months posttransplant. The expansion of AMLl -ETO-expressing HSC no longer 

seemed to be restricted by the normal genetic control o f HSC pool size (8,25) but was 

exhaustible, based on serial transplantation experiments. At 10 months posttransplant, 

myeloid colony-forming progenitors were expanded approximately 50-fold, which was 

consistent with increases in the percentage o f myeloblasts and promyelocytes to 5 to 14% 

of total bone marrow. Eosinophil development was also affected, in that we observed a 

significant increase in immature eosinophil myelocytes that exhibited abnormal baso­

philic granulation.

In summary, animals that express AMLl-ETO in HSC recapitulate many (if not 

all) of the developmental abnormalities seen in human patients with the t(8 ;2 1 ) translo­

cation but require additional secondary mutations for disease progression to acute mye­

loid leukemia.

MATERIALS AND METHODS

Generation of retrovirus. AMLl-ETO was cloned upstream of the IRES ele­

ment into the EcoRI site of the parental murine stem cell virus (MSCV) IRES GFP 

vec-tor (13). Retroviral constructs were transiently transfected into BOSC23 ecotropic
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packaging cells by calcium phosphate coprecipitation (IS, 33). Viral supernatants were 

titrated using NIH 3T3 cells. Titers ranged between 3 x 106 and 1 x 107 IU/ml.

HSC isolation and retroviral transduction. An enriched population of HSC 

of the surface phenotype Sea- l+c-Kit+ Lin- were isolated by fluorescence-activated cell 

sorting (FACS) and prestimulated in cytokines as previously described (IS). Bone mar­

row cells from S-fluorouracil-treated mice (isolated 4 days post-intraperitoneal injection 

of 150 mg o f 5-fhiorouracil/kg of body weight) were treated with ACK (0.15 M NH4CI 

and 0.01 M KHCO3) for 5 min on ice to lyse red blood cells and then stimulated for 24 

h. After stimulation, cells were cocultured on transiently transfected and irradiated (30 

Gy) BOSC23 cells in the presence of 4 pg of Polybrene/ml for 48 h prior to transplanta­

tion.

Transplantation. Congenic, C57BL/6-Ly-5.1 (Ly-S.l) mice (3 to 4 months of 

age) were used as transplant recipients. Prior to transplantation, Ly-S. 1 mice were le- 

thally irradiated with 10 Gy in a split dose separated by 3 h. Then 300 to 400 resorted 

GFP7Ly-5.2+ HSC and a radioprotective dose of 2  x 105 Ly-5.1 bone marrow cells were 

transplanted into anesthetized mice by retro-orbital injection. A total of 4 x 106 bone 

marrow cells were used in serial transplant experiments and 1 x 106 to 6  x 106 bone 

marrow cells were used in 5-fluorouracil transplants. Mice were maintained for 2 to 3 

weeks on acidified water containing neomycin sulfate (1.1 g/liter) and polymixin B sul­

fate (106 U/liter) or sulfamethoxazole (400 mg/liter).
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Histology. For cytospin preparation, 4 x 104 bone marrow cells in phosphate- 

buffered saline-12% fetal calf serum (FCS) or methylcellulose colonies in 150 fil of Is- 

cove's modified Dulbecco’s medium-12% FCS were centrifuged onto glass slides and 

stained with Wright-Giemsa. Blood and bone marrow counts were determined manually.

Myeloid colony-forming assay. A total o f 1,000 each of AML1-ETO/GFP* 

or GFP- myeloid scatter-gated cells isolated from the same mouse were sorted into Is- 

cove's modified Dulbecco’s medium supplemented with 10% heat-inactivated FCS 

and then plated into MethoCult3434 medium (StemCell Technologies) supplemented 

with granulocyte-macrophage colony-stimulating factor (GM-CSF; 0.5 ng/ml; R & D 

Systems). Colonies were typed at day 10.

Western blot Approximately 3 x 106 myeloid scatter-gated cells were sorted 

as either AMLl-ETO/GFP* or GFP- from two AMLl-ETO animals 3 months post­

transplant. Cells were lysed in Laemmli buffer and run on a 10% polyacrylamide gel. 

AML-ETO was detected with a rabbit polyclonal antibody raised against a peptide en­

coding residues 32 to 50 of the human AMLl protein (11). The primary staining was 

visualized with a goat anti-rabbit immunoglobulin-horseradish peroxidase conjugate 

se-condary antibody and enhanced chemiluminescence (Amersham Pharmacia).

Northern blot Total RNA from approximately 8  x 106 myeloid scatter-gated 

cells was isolated with RNA Stat-60 according to the manufacturer's instructions (Tel- 

test B, Inc., Friendswood, Tex.). Total RNA (7.5 fig) was run on a 1% agarose-0 .6 %

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

formaldehyde gel, transferred to a Hybond-N (Amersham) membrane, and hybridized 

according to the supplier’s protocol. A murine glyceraldehyde-3-phosphate dehydro­

genase (Ambion) and C/EBPa probe (kindly provided by Dan Tenen, Harvard Uni­

versity) were used for detection.

RESULTS

Generation of a murine model of the t(8;21) translocation. HSC of the phe­

notype c-Kit*Sca-l*Lin_ (Fig. IB) were double-sorted to a purity of >98% and then 

transduced with retroviral supernatant containing either the control or AMLl-ETO vec­

tor (Fig. 1 A). Each vector was derived from MSCV and contained an IRES to allow 

coexpression of GFP. Transduction efficiencies ranged from 20 to 28% for the AML1- 

ETO virus and 30 to 40% for the control virus (Fig. 1C). Transduced HSC isolated 

from C57BL/6-Ly-5.2 mice were resorted for GFP expression and then transplanted 

into lethally irradiated, congenic C57BL/6-Ly-5.1 animals at a dose of approximately 

300 GFP* cells per recipient. AMLl-ETO-expressinganimals were also generated by 

transplanting retrovirally transduced whole bone marrow cells isolated from 5-fluoro- 

uracil-treated animals (see Materials and Methods).

Expression of AMLl-ETO from the retroviral vector was confirmed by West­

ern blot analysis with a polyclonal anti-AMLl antibody and GFP* myeloid lineage 

cells sorted from the bone marrow of an 8 - week-postreconstitution AMLl-ETO animal 

(Fig. ID). The anti-AMLl antibody was raised against a peptide encoding residues 32 

to 50 of the human AMLl protein (11). The immunizing peptide has a three- amino- 

acid dif- ference from the murine and human sequence, so a direct comparison between
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FIG. 1. Retroviral transduction of murine hematopoietic stem cells. (A) 
Schematic diagram of MSCV retroviral constructs (control MSC V IRES GFP and 
MSCV AMLl-ETO IRES GFP). (B) Gating used for sorting the HSC phenotype c- 
Kit*Sca-l*Lin‘ (where Lin represents a cocktail of antibodies to the mature blood cell 
antigens Mac-1, Gr-1, Terl 19, B220, CD3, CD4, CD5, and CD8 ). (C) Flow 
cytometric analysis of HSC 24 h after retroviral transduction. Approximately 300 Ly- 
5.2* HSC from control or AMLl-ETO transductions were transplanted with a 
radioprotective dose of 2 x 10s Ly-5.1* whole bone marrow cells into each Ly-5.1* 
recipient animal. (D) Wes-tem blot analysis of GFP* (lane 1) or GFP" (lane 2) 
myeloid scatter-gated cells FACS-sorted from the bone marrow of an 8-week- 
posttransplant AMLl-ETO animal probed with a polyclonal anti-AMLl antibody.
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the levels of retrovirally expressed AML1-ETO and endogenous AML1 protein in 

myeloid lineage cells is not possible. Western blot analysis with lysates from 2.5 mil­

lion FACS- sorted AMLl-ETO-expressing myeloid cells and 2.5 million Kasumi-1 

cells, which represent a human AML cell line that expresses the t(8  ;21) translocation, 

showed that Kasumi-1 cells expressed AML1-ETO at twofold-higher levels than retro­

virally expressed AML1-ETO in primary cells (data not shown).

Abnormal myelopoiesls and decreased B lymphopoiesis in AML1-ETO/ 

GFP+ peripheral blood cells. The effect of the AML1-ETO fusion protein on hema- 

topoiesis was monitored in AMLl-ETO-expressing and control GFP animals by FACS 

analysis of peripheral blood. All AML1-ETO (n -  29) and control GFP (n = 26) recipi­

ents were reconstituted with up to 85% of peripheral blood cells expressing the Ly-5.2 

donor marker (Fig. 2A). Donor cells that silenced expression of the GFP marker were 

present in all reconstituted animals (15). Peripheral blood myeloid cells were analyzed 

bycostaining with Mac-1 (C D llb)andG r-l. AML l-ETO/GFP+cells showed an ab­

normal Mac-l/Gr-1 phenotype in all AML1-ETO mice compared to control GFP mice 

or to non-AML 1 -ETO-expressing cells (GFP-) within the AML1-ETO mice (Fig. 2B).

Notably absent in the AMLl-ETO/GFP+ population was a subset of Mac-1'° Gr- 

l1" cells that represents an essentially pure population of mature neutrophils (17). hi 

addition, there was an overrepresentation of a unique subset of cells that expressed high 

levels of Mac-1 and intermediate levels of Gr-1. This subset of cells was present in the 

peripheral blood of all AML1-ETO mice at all time points analyzed and did not increase 

in frequency between 2 and 10 months posttransplant (n = 3 for animals analyzed up to
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FIG. 2. Abnormal myelopoiesis and decreased B lymphopoiesis in AMLI-EIO/GFP+ peripheral blood cells. (A) Flow 
cytometric analysis of peripheral blood cells from animals at 2.5 months posttransplantation stained with an antibody to the Ly-5.2 
donor marker. Peripheral blood cells were gated as GFP or GFP* and analyzed for (B) simultaneous Mac-1 and Gr-1 or (C) B220 
expression. Note the reduction in Mac-l'°Gr-lhi cells that represent mature neutrophils and an overrepresentation of Mac-lh,Gr-I'n‘ cells 
in the AML1-ETO/GFP* population compared to the GFP* control. FACS plots are representative of all cocultured whole bone 
marrow transplants of control GFP (n = 21) and AMLl-ETO-expressing (n = 26) mice and all purified HSC transplants of control GFP 
(n = 5) and AMLl-ETO-expressing (/»= 3) mice.
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10 months and n = 26 for animals analyzed between 1 and 6 months posttransplant). In 

all analyses, the GFP~ cells within the AML1-ETO mice resembled the GFP- and 

GFP+ cell profiles from control animals.

Peripheral lymphoid cells in transplant recipients were analyzed by staining for 

B220 and CD3 expression on B and T cells, respectively. Analysis of the B220* popu­

lation in AML1-ETO and control GFP mice showed that B220 expression was sig­

nificantly lower in AML l-ETO/GFP+ cells compared to controls (Fig. 2C). At this 

point, it is not clear whether the B220io cells represent an immature B-cell population 

in the periphery or simply downregulation of B220 expression on mature B cells. The 

number of cells expressing CD3 was dramatically decreased in AML1-ETO/GFP* 

cells, al-though this observation was also seen in some of the control GFP* animals, 

making it difficult to draw definitive conclusions on the role o f AML1-ETO in T-cell 

development at this point (data not shown).

Abnormal myelopoiesls in AMLl-ETO-expressing bone marrow cells.

Given the abnormal myeloid phenotype in AML1-ETO/GFP* peripheral blood cells, 

AMLl-ETO-expressing mice were sacrificed to further investigate myeloid cell de­

velopment in the bone marrow. AML1-ETO mice were sacrificed at 10 months post­

transplant and analyzed for myeloid cell abnormalities by Mac-l/Gr-1 staining. All 

AML 1-ETO mice (n = 3) exhibited the same M ac-lh'Gr-lmt population in the majority 

of AML 1 -ETO/GFP* bone marrow cells compared to GFP- control myeloid cells ana­

lyzed from the same bone marrow (Fig. 3 A). The appearance of this abnormal popu­

lation in bone marrow was dependent on the level o f AML1-ETO expression, as dem-
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FIG. 3. Abnormal myelopoiesis in AMLl-ETO-expressing bone marrow cells. 
Flow cytometric analysis o f bone marrow from a 10-month-posttransplant AML1-ETO 
mouse. (A) Bone marrow cells were gated on (panel 1) GFP" and (panel 2) AML1- 
ETO/GFP* bone marrow cells and analyzed for expression of Mac-1 and Gr-1. The 
data are representative of all AML 1 -ETO-transplanted animals between 2 and 10 
months posttransplant. The Mac-l/Gr-1 profile in panel 1 is identical to what is seen in 
bone marrow from control GFP animals. (B) Wright-Giemsa-stained cytospin prepara­
tion of AMLl-ETO/GFP*, Mac-lbiG r-lmt cells gated as shown in panel A (xlOO mag­
nification). Arrows indicate (a) a banded neutrophil and (b) a metamyelocyte. (C) Gra­
ded levels of AML1-ETO expression show distinct Mac-l/Gr-1 phenotypes in bone 
marrow. (D) Northern blot analysis of RNA isolated from GFP- and AML1- 
ETO/GFP* bone marrow cells from a 3-month-posttransplant AML1-ETO animal. The 
blot was probed with a 3' fragment of the C/EBPol cDNA and a glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) probe. Quantitation of transcript levels was done 
on a phosphoimager. (E) Wright-Giemsa staining of an eosinophil myelocyte, showing 
abnormal basophilic granulation from the bone marrow of a 10-month-posttransplant 
AML1-ETO animal.
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onstrated by an AMLl-ETO-expressing mouse that expressed both low and high levels 

of GFP (Fig. 3C). The dose-dependent phenotype in the myeloid lineage was not unex­

pected because AML 1-ETO functions as a dominant inhibitor of normal AML1 activity 

(21,29,42).

In order to determine the morphology and function of the cells residing in the 

M ac-lhlGr-lmt population, we sorted these cells for Wright-Giemsa staining and for as­

says of myeloid colony-forming potential in methylcellulose. We observed no myeloid 

colony-forming activity in the M ac-l^Gr-l1"1 population when 2,000 of these cells were 

plated in triplicate in methylcellulose over a 10-day in vitro culture period (data not 

shown). Plating 1,000 GFP" control myeloid lineage cells gave rise to 1 to 10 myeloid 

colonies (see below). Wright-Giemsa cytospin preparations indicated that 95% of the 

M ac-lh,Gr-lmt cells were metamyelocytes and immature band-form neutrophils (Fig. 

3B), which is consistent with the lack of myeloid colony-forming activity in the popula­

tion. In addition, there were no observed myeloblasts or promyelocytes in counts of

1,000 Mac-lhI Gr-l,nt cells from 10 independent microscope fields from two animals.

In the animal shown in Fig. 3A, 38% of the total marrow was comprised o f this 

myeloid subset. The other animals analyzed had 8 and 14% Mac-lhlGr-lmt cells in the 

bone marrow at 10 months posttransplant. Interestingly, morphological characterization 

o f bone marrow from human patients with the t(8;21) translocation also showed abnor­

mal nuclear condensation at the metamyelocyte stage (37).

Recent studies have demonstrated that AML 1-ETO downregulates transcription 

o f C/EBPa, a transcription factor necessary for granulocytic differentiation, in patients 

with t(8;2 l)-associated leukemia (31). To determine whether C/EBPa expression was
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affected in AML 1-ETO/ GFP" cells, RNA was isolated from FACS-sorted myeloid 

AML 1 -ETO/GFP" and myeloid GFP” cells from the same AMLl-ETO-expressing ani­

mal. Northern analysis showed that the level o f C/EBPa. mRNA expression in AMLl- 

ETO-expressing cells was 2.5-fold lower than in GFP- myeloid lineage cells (Fig. 3D). 

These results confirm that AML 1-ETO expression causes a downregulation o f C/EBPa 

levels in myeloid lineage cells.

Increased myeloid progenitors in the presence of AML1-ETO. Changes in 

the number of myeloid progenitors in bone marrow were determined by in vitro colony- 

forming cell assays with GFP+ and GFP" cells isolated from AML 1-ETO mice at 2 and 

10 months posttransplant. One thousand myeloid scatter-gated AML 1 -ETO/GFP" or 

GFP- cells from the same animal were sorted and then cultured in methylcellulose for 

10 days (Fig. 4A). AMLl-ETO/GFP+ cells isolated from 2-month-posttransplant ani­

mals (n -  3) gave rise to large colonies with an average of 16 myeloid colonies per

1,000 cells plated in triplicate, compared to somewhat smaller colonies observed in 

GFP- cell platings, which averaged 4 myeloid colonies per 1,000 cells plated (Fig. 4B).

The fourfold increase in progenitor numbers compared to controls was statistically sig­

nificant (P < 0.001). The expansion of myeloid progenitors was further increased in the 

bone marrow of 10-month-posttransplant animals (n = 3), where 1,000 AML1- 

ETO/GFP+ cells gave rise to an average of 48 myeloid colonies, compared to an average 

of 1 myeloid colony in GFP- control cells (Fig. 4B). The percentages o f total myeloid 

cells in bone marrow (GFP+ and GFP-) were 58,41, and 72% from the three AML1-
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FIG. 4. Increase in myeloid colony-forming cells in AML 1-ETO animals. (A) 
Myeloid scatter-gated cells were sorted as GFP" or AML 1 -ETO/GFP+ from a 10-month-old 
AML1-ETO mouse, and 1,000 cells from each population were plated in triplicate into 
M3434 methylcellulose medium (10 ng of murine recombinant interleukin-3,10 ng of 
human recombinant interleukin-6, and SO ng of murine recombinant stem cell factor per 
ml) supplemented with 0.S ng of GM-CSF; R & D Systems per ml. (B) Three independent 
AML 1-ETO animals at 2 and 10 months posttransplant were used in die analysis. Colonies 
were enumerated (1 colony of >200 cells) and characterized 10 days after plating. (C) 
Representative FACS plots o f individual methylcellulose colonies stained with Mac-1 and 
Gr-1. Two representative plots are shown for each sample. (D) Cytospin preparations of 
GFP' and AMLl-ETO/GFP+ colonies stained with Wright-Giemsa. Arrows indicate 
mature, segmented neutrophils among the GFP" cells that were not seen in any AMLl- 
ETO-expressing colonies.
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ETO 10-month animals. The percentages of GFP4' myeloid cells in the same animals 

were 44,46, and 91%, respectively. This indicates that there was not preferential ex­

pansion of GFP' myeloid lineage cells in these animals (except in the latter case) even 

though the frequencies o f specific myeloid subpopulations were significantly altered in 

cells that expressed AML 1-ETO.

Wright-Giemsa-stained cytospins of colonies derived from AML1-ETO/GFP' 

cell platings showed a mixed lineage phenotype that included immature myeloid cells 

and mature macrophages (Fig. 4D). There were no segmented neutrophils present in 

AMLl-ETO-expressing colonies. In contrast, cytospin preparations o f GFP' colonies 

showed a number of mature segmented neutrophils (arrows in Fig. 4D). FACS analy­

sis of individual colonies stained with Mac-1 and Gr-1 confirmed that GFP' colonies 

were almost completely differentiated (9 of 10 colonies were Mac-1'G r-1'). In con­

trast, AML 1 -ETO/GFP' colonies remained primarily undifferentiated, with negative 

or low-level expression o f Mac-1 in only a fraction of the cells from a single colony 

(Fig. 4C).

To assess the percentages of myeloid cell types in the bone marrow of the three 

animals used for methylcellulose assays at 10 months posttransplant, myeloid-gated 

GFP* and GFP' cells were cytospun and stained with Wright-Giemsa. The three 

AML 1-ETO/GFP* fractions of marrow were highly shifted in representation toward 

primitive myeloid cell types, with 17,48, and 21% myeloblast/promyelocytes, com­

pared to 1,3, and 3%, respectively, of the same cell subsets in the GFP~ controls (Table 

1). Overall, the frequency o f myeloblast/promyelocytes in bone marrow of the three 

AML 1-ETO animals (after normalization for the total percentage of GFP* myeloid
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TABLE I. Differential counts of sorted myeloid bone marrow cells from lO-monih-posttiansplant AML1-ETO animal^

GFP expression
% of >300 cells/sample

Blasts + pro Mye Meta + band Baso Mature eosino Eosino myelo
Yes 17 12 69 <1 <1 2

48 7 44 <1 <1 1
21 6 73 <1 <1 <1

No 1 7 89 <1 3 <1
3 1 92 <1 4 <1
3 8 89 <1 <1 <1

0 Blasts -t- pro, myeloblasts and promyelocytes; Mye, myelocytes; Meta + band, metamyelocytes and band nuclear granulocytes; 
Baso, basophils; Mature eosino, mature eosinophils; Eosino myelo, eosinophilic myelocytes.
Statistical analysis (t test) showed statistically significant differences between GFP and AMLl-ETO/GFP+cells in myeloblasts 
and promyelocytes (P < 0.05), metamyelocytes and band nuclear granulocytes (P < 0.04), and mature eosinophils {P < 0.01).
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cells) was 4.6,9.5, and 14.0%. These results support the data from the in vitro colony- 

forming cell assays, indicating that a substantial increase in myeloid progenitor popula­

tions had occurred by 10 months posttransplant in the AML 1-ETO animals.

One criterion used in the characterization of AML in humans is the presence 

of greater than 20% myeloblasts in bone marrow (12). Although the percentage of 

myeloblasts/promyelocytes in the 10-month-posttransplant AML1-ETO animals was 

not 20%, the results clearly indicate that a highly abnormal condition exists in the 

myeloid lineage that becomes more pronounced over time. The lack of leukemia in 

the AML1-ETO animals was further supported by bone sections characterized at 4 

months posttransplant, which did not show evidence of granulocytic foci. This was 

also true of the spleen and liver at this stage (data not shown). Finally, there was a 

significant increase in immature eosinophil myelocytes that exhibited abnormal baso­

philic granulation in AMLl-ETO-expressing animals at both early and late times post­

transplant (one at 2 months, one at 3 months, and three at 10 months; Fig. 3E and Ta­

ble 1). A similar abnormality in eosinophil development is also seen in human pa­

tients with the t(8;21) translocation (37).

Expansion of HSC in AMLl-ETO-expressing mice. In order to characterize 

the HSC compartment in reconstituted animals, we performed five-color FACS analysis 

of bone marrow isolated from animals transplanted with cells expressing either the 

AML 1-ETO or control GFP vector (Fig. 5). HSC in reconstituted animals have the 

same cell surface phenotype (c-Kit+Sca-1 "’’Lin”) as HSC isolated from unmanipulated
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bone marrow (24). Bone marrow cells isolated from the tibias and femurs were quanti­

tatively harvested and counted prior to staining to determine absolute HSC numbers. 

FACS analysis was performed at 2 and 10 months posttransplant of purified HSC and at 

2.5 months posttransplant of transduced whole bone marrow cells isolated from 5- 

fluorouracil-treated animals (Table 2). The latter samples were analyzed to determine 

whether HSC expansion and absolute number would be influenced by the presence of 

approximately 106 bone marrow cells that were cotransduced and injected with HSC.

Figure 5 shows a representative analysis and gating of one AML1-ETO and one 

control GFP animal analyzed at 10 months posttransplant. Table 2 summarizes the re­

sults from eight AML 1-ETO and eight control animals analyzed at the indicated time 

points. There was a modest expansion (threefold) in the absolute number of pheno- 

typically defined HSC in AMLl-ETO-expressing animals a t2 months posttransplant 

and a dramatic expansion (29-fold) by 10 months. One animal at 10 months had more 

than 50 times the expected number of c-Kit+Sca-l+Lin_ cells. HSC from AML1-ETO 

animals transplanted with cocultured whole bone marrow cells were expanded 9.3-fold 

compared to control GFP animals at 2.5 months posttransplant. At every time point 

analyzed, the lowest number of HSC in an AML 1-ETO animal was higher than the 

highest HSC number in any of the control GFP animals (Table 2).

The absolute number and frequency of HSC in control GFP animals were 

highly consistent in all animals, which suggests that the genetic control of hematopoi­

etic stem cell pool size was maintained in primary transplant recipients expressing the 

control vector (8, 25). In contrast, AMLl-ETO-expressing HSC no longer seemed to 

be restricted by the regulatory mechanisms that influence homeostasis within the stem
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TABLE 2. Absolute number and frequency of hematopoietic stem cells in transplanted animals1
 AML1-ETO/GFP mice_____________ Control GFP mice

Time posttransplanl (mo) Absolute HSC no. Freq. of HSC (%) Absolute HSC no. Freq. of HSC (%) Average expansion (fold)
2 7,755 0.017 1,509 0.004

10,802 0.018 2,326 0.007 3
5,895 0.015

10 93,960 0.116 6,162 0.011
118,556 0.163 10,200 0.020 29
505,200 0.800

2.5* 52,100 0.146 10,980 0.015
16,480 0.032 10,890 0.015 9

259,980 0.619 13,530 0.022
"Hematopoietic stem cells were derived from the femurs and libias of transplanted mice. Average expansion is a multiple of 
the average number of HSC in AMLl-ETO-transplanted animals over the average number in control GFP-transplanted animals 
at a given time point.
bAnimals from whole bone marrow transduction.
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cell compartment. Consistent with this speculation was the observation that the in­

crease in HSC number in the AML 1-ETO animals was due to an expansion of AML 1- 

ETO/GFP*HSC within the HSC compartment. The percentages o f AML 1 -ETO/GFP* 

HSC in the total HSC compartment ranged from 72 to 99% in seven of eight AML1- 

ETO animals (one AML 1-ETO animal had 44% GFP* HSC), with a mean percentage 

of GFP* HSC of 82% (n = 8). This was in contrast to control GFP animals, in which 

the mean percentage of GFP* HSC was 15% (n = 8). GFP* donor (Ly-5.2*) and recipi­

ent (Ly-5.2")-type HSC were present in all animals.

Delayed differentiation in AMLl-ETO-expressing hematopoietic stem 

cells. Despite the high percentage of AML1-ETO/GFP* HSC at 2 months posttrans­

plant (75 and 81%, n = 2), the percentage o f AML 1 -ETO/GFP” cells in the bone mar­

row was only 3.5 and 3.4%, respectively (Fig. 6). In the control GFP animals, the per­

centage o f GFP” HSC more closely approximated the GFP percentage in the bone 

marrow. The delayed appearance of more differentiated GFP* cells in bone marrow 

was consistent with a delay in the appearance of GFP* peripheral blood cells in ani­

mals transplanted with AMLl-ETO-transduced HSC (n = 5 for AML 1-ETO; data not 

shown). In addition, AMLl-ETO-expressing HSC were unable to radioprotect lethally 

irradiated recipient animals at a dose o f600 cells (n = 6), whereas the same dose o f 

control HSC radioprotected and reconstituted four of five animals (data not shown).

This supports the notion that AMLl-ETO-expressing HSC show a reduced ability to 

differentiate and an enhanced tendency to undergo cell division events that favor self­

renewal. In spite of an apparent partial block in differentiation at 2 months posttrans-
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2 m o n th  
p o s t- t ra n s p la n t
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FIG. 6. Delayed differentiation in AMLl-ETO-expressing stem cells. The 
percentage of AMLl-ETO-expressing (GFP*) cells in the stem cell population and in 
whole bone marrow was contrasted at early (2 months, n = 3) and late (10 months, n = 3) 
times postreconstitution. The ratio of GFP* cells in the stem cell compartment and in the 
bone marrow of control GFP animals was similar to the ratio seen in older AML 1-ETO 
animals.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

plant, the percentage of GFP* cells in older AMLl-ETO-expressing animals increased 

to proportions seen in controls (Fig. 6), which was largely due to an accumulation of 

GFP* myeloid lineage cells.

Maintenance of abnormal mvelopoiesis is dependent on sustained expres­

sion of AML 1-ETO in HSC. The lack of leukemia in AMLl-ETO-expressing ani­

mals by 10 months posttransplant suggests that secondary mutations or additional time 

is necessary for disease progression. In an attempt to accelerate a disease phenotype,

4 x 106 bone marrow cells horn primary transplant recipients at either 2 or 10 months 

posttransplant were serially transplanted into multiple secondary recipient animals. 

Interestingly, only one of four secondary recipients were reconstituted in bone marrow 

with AML 1 -ETO/GFP* cells at 5 weeks posttransplant with marrow isolated from a 

2-month primary donor, even though the bone marrow inoculum would have con­

tained approximately 600 GFP* HSC and about 114,000 GFP* myeloid lineage cells 

(Fig. 7 and Table 3 ). Of the 600 GFP* HSC, 60 would be expected to rehome to the

TABLE 3. Serial transplantation of AML1-ETO bone marrow*
Time Primary Secondary % GFP Absolute no. % GFP

posttransplant (mo) recpt recpt HSC of GFP" HSC WBM
2 A 7 l0 3,816 3.4
1 A1 0 0 0
1 A2 0 0 0
1 A3 97.2 347,976 1.8
1 A4 0 0 0

10 E 97.3 491,559 75.4
4 El ND ND 35
4 E2 ND ND 18.1
6 E3 69.8 5,641 11.8
2 E4 86.9 21,134

X  ̂ _ . — _
37.2

*recpt, recipient. Secondary recipients each received 4x10° whole bone marrow 
cells (WBM) from the primary recipient. ND, not determined.
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AbwXuOHSC*

5,170

358,000

FIG. 7. AML 1-ETO expression in stem cells is required for maintenance of 
abnormal myelopoiesis. Bone marrow from one primary recipient AML 1-ETO animal 
was serially transplanted at a dose of 4 x 106 cells into each of four lethally irradiated 
secondary mice. Flow cytometric analysis of HSC in one of four secondary animals is 
shown at 5 weeks posttransplant. All secondary transplant animals received 114,000 
AMLl-ETO-expressing myeloid cells along with approximately 600 AML1-ETO/GFP"’ 
HSC in the bone marrow inoculum. WBM, whole bone marrow.
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bone marrow and approximately 12 would rehome to the tibias and femurs, which rep­

resent about 20% of the total marrow cellularity.

The three negative animals all showed high donor reconstitution and no GFP4 

HSC, suggesting that donor GFP~ HSC may have outcompeted GFP4' HSC during en- 

grafhnent or that GFP4 HSC homed less efficiently to marrow than GFP- HSC. The one 

animal that was donor reconstituted with AML 1 -ETO/GFP4 cells showed an enormous 

expansion of the HSC phenotype (from a predicted 12 HSC to 358,000 GFP4 HSC in 

both tibias and femurs in 5 weeks; Fig. 7). Approximately 33% of the total GFP4 cells in 

the marrow of this secondary recipient were c-K iCSca-lIjn-, supporting the observa­

tion that AMLl-ETO-expressing HSC are partially blocked in their ability to differenti­

ate. Of note was the lack of abnormal myelopoiesis in the absence of AML 1-ETO/GFP- 

HSC in the three negative secondary animals. This suggests that the 114,000 coinjected 

AML1-ETO/GFP4 myeloid lineage cells do not expand extensively and retain a rela­

tively short half-life in vivo.

Four secondary recipients derived from injection of 4 x 106bone marrow cells 

from a 10-month primary transplant animal were all highly reconstituted with AML1- 

ETO/GFP- cells in peripheral blood for up to 6 months posttransplant (Table 3). One 

animal that was sacrificed at 2 months posttransplant had 21,134 total HSC, which re­

presented a modest 33-fold expansion in HSC number over the 2-month reconstitution 

period. This was in contrast to the 30,000-fold expansion in 5 weeks seen in secon­

dary recipient A3 (Table 3). The observation that four of four animals were highly re­

constituted with AML1-ETO/GFP4 cells from a 10-month primary donor and only one 

of four secondary animals was reconstituted with the same number of bone marrow
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cells isolated from a 2-month donor may be related to the predicted number o f GFP4'

HSC in the inocula. The GFP4 HSC number from the 10-month donor was approxi­

mately 32,000 cells, which was in contrast to the 600 GFP4 HSC from the 2-month 

primary donor.

The total expansion of AML 1-ETO/GFP4 HSC in vivo also seemed to be lim­

ited by some uncharacterized mechanism. This conclusion is based on the observation 

that HSC expansion was more severely limited with bone marrow from primary ani­

mals that already displayed substantial HSC expansion (Table 3). This may indicate 

that the genetic mechanisms regulating the replicative life span of HSC are distinct 

from those that control the steady-state number of stem cells in vivo.

DISCUSSION

Myeloid developmental abnormalities associated with AML1-ETO expres­

sion. We have generated a murine model of the developmental defects observed in 

human patients with t(8;21)-associated AML by retroviral expression of the AML1- 

ETO fusion protein in HSC. The developmental abnormalities seen in AML1-ETO- 

express-ing myeloid lineage cells were evident at three levels. First, more differenti­

ated metamyelocytes and band-form neutrophils exhibiting a Mac-lhlGr-lmt phenotype 

accumulate in bone marrow and become the predominant cell population by 10 months 

posttransplant (Fig. 3). These cells are also evident in the periphery and are diagnostic 

for the presence of an 8;21 translocation in bone marrow long before the marrow be­

comes highly abnormal. However, the Mac-lhiGr-l,m cells in the periphery do not ac­

cumulate to the same extent as in bone marrow, suggesting that some developmental
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cue necessary for emigration of these cells from the marrow may be absent or that 

these cells turn over rapidly in the periphery. It remains possible that this maturational 

cue may involve a nuclear condensation abnormality in metamyelocytes, which is seen 

in t(8;21) AML.

A second developmental abnormality in the myeloid lineage was seen in bone 

marrow eosinophils. We observed a unique population of immature eosinophil myelo­

cytes in three of three AML 1-ETO animals at 10 months posttransplant that were not 

observed in non-AMLl-ETO-expressing myeloid cells (Table 1). Immature eosino­

phils that exhibited basophilic granules were also detected at early times posttransplant 

(one at 2 months and one at 3 months), which indicates that AML 1-ETO interferes 

with normal eosinophil development. Marrow eosinophilia is frequently observed in 

human AML M2 patients with the t(8;21) translocation, where the eosinophils also 

have developmental abnormalities associated with abnormal nuclear maturation and 

basophilic granulation (37).

Finally, early myeloid progenitor cells that give rise to myeloid colonies in me­

thylcellulose expand approximately 50-fold overnon-AMLl-ETO-expressing myeloid 

progenitors by 10 months posttransplant. These cells have a reduced ability to differen­

tiate, as evidenced by the immature morphology and cell surface antigen profile o f 

mye-loid colonies in vitro (Fig. 4), which may contribute to their accumulation in bone 

marrow. In AML 1-ETO mice, myeloblasts and promyelocytes increased to between 5 

and 14% of total marrow at 10 months posttransplant, which indicates that myelopoi- 

esis within the bone marrow has become highly abnormal but not leukemic at this
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stage. Consistent with this interpretation was the absence of Auer rods in the mye­

loblasts, which are typically seen inhuman leukemic blasts.

Hematopoietic stem cell expansion in AMLl-ETO-expressing animals.

The substantial increase in the absolute number and frequency of c-Kif'Sca-l+Lin- 

cells in AMLl-ETO-expressing animals (Table 2) suggests that AML1-ETO can over­

ride the normal genetic control of HSC pool size in mice (8,25). Interestingly, the ab­

solute expansion of AMLl-ETO-expressing HSC was exhaustible in vivo, based on se­

rial transplantation experiments. We observed no AML1-ETO/GFP* cells in the bone 

marrow of seven tertiary transplant mice reconstituted with bone marrow from the 

highly reconstituted secondary recipient animal shown in Fig. 7 (data not shown).

These results suggest that AML1-ETO may decrease the proliferative capacity or hom­

ing efficiency of HSC in the context of a transplant assay. Consistent with this inter­

pretation is the observation that AML1 regulates expression of certain integrin genes 

that may be inhibited by AML 1-ETO (34).

hi addition, AML 1-ETO expression in myeloid cell lines was associated with 

decreased proliferation and a block in myeloid development (7). The increase in HSC 

numbers in AML 1-ETO animals was gradual (Table 2 ,2  months) and was associated 

with an apparent partial block in their ability to differentiate (Fig. 6). This again sug­

gests that proliferation kinetics in the HSC population was not increased by AML1- 

ETO expression and that HSC accumulation may be related to an enhanced self-re­

newal potential in the presence of AMLl-ETO. It also remains possible that AML1- 

ETO may enhance HSC survival and thereby increase HSC numbers in vivo. Studies
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by Domen et al. have shown that expression ofthe antiapoptosis gene bcl-2 in HSC re­

sulted in a 2.4-fold increase in HSC numbers in vivo compared with nontransgenic 

control littermates (9). However, from this result, it would seem unlikely that blocking 

cell death would be the only mechanism responsible for the magnitude of HSC in­

crease that we observed in the AMLl-ETO-expressing animals. This issue is currently 

being explored, hi any case, the large expansion in the HSC pool size would presuma­

bly allow a much larger population of cells that could acquire additional mutations, 

leading to a more aggressive phenotype resembling AML.

Secondary mutations are required for disease progression associated with 

t(8;21). The large increase in the frequency of myeloid progenitor cells within the 

bone marrow o f AML 1-ETO animals occurred over a 10-month period (Fig. 3), which 

indicates that disease progression associated with an 8;21 translocation is rather slow. 

Se-condary mutations that have been associated with AML with an M2 phenotype and 

the t(8;21) translocation include activating mutations in the tyrosine kinase receptors c- 

KIT and FLT3 and in the RAS proto-oncogene (2,3,16). Activating mutations in 

FLT3 associated with an internal tandem duplication of the juxtamembrane domain are 

seen in about 25% of AML cases and 9% o f AML cases with an M2 phenotype and 

t(8;21) (16). Approximately 20 to 30% of AML cases have mutations in the N-ras or 

K-ras gene, which are not usually seen in association with the FLT3 mutations (14). 

Interestingly, the principal secondary mutations associated with the t(8;21) transloca­

tion would all provide a potent mitogenic stimulus that could rapidly expand the ab­

normal developmental stages that we observed in the AML 1-ETO animals.
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Animal models of the 8;21 translocation. Other animal models o f the t(8;21) 

translocation have been generated as previously described (see the introduction). Our 

results are entirely consistent with the results from other studies with the exception that 

we observed a striking phenotype in the bone marrow of AMLl-ETO-expressing ani­

mals in the absence of any secondary mutations induced by chemical mutagenesis. 

From our studies, we can make four observations that may help to resolve the apparent 

discrepancies in the animal models. First, it is clear that the level o f AML 1-ETO ex­

pression must be high enough to titrate out the activity of both wild-type AMLl alleles 

in order to see any phenotype in transgenic or retroviral models (Fig. 3C). Second, it is 

important that bone marrow characterization be done at early and late times postrecon­

stitution, given the slow nature of disease progression that we observed both in the 

HSC compartment and within the myeloid lineages (Fig. 4B and Table 2). Third,

AML 1-ETO must be expressed in the HSC compartment in order to sustain abnormal 

myelopoiesis in the bone marrow based on serial transplantation experiments (4) (Fig.

7 and Table 3). Finally, disease progression may be accelerated in the retroviral model 

due to an increased number of HSC that express the t(8;21) translocation at the begin­

ning of the experiment. If very few HSC express AML1-ETO, as might be the case in 

the inducible transgenic models, we would expect a longer incubation period before 

highly abnormal conditions exist in the bone marrow.

Currently, all models (with the exception of Cre-Lox-mediated interchromo- 

somal translocation [6]) suffer from the limitations that expression levels of AML1- 

ETO may not parallel those seen in human t(8;21) patients, and the temporal pattern of 

expression in hematopoietic cells may also differ. With respect to the latter point, we
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did observe AML1 expression in primitive HSC, suggesting that an 8;21 translocation 

in this population would be expressed (22; C. de Guzman and C. Klug, unpublished 

data). One distinct advantage of the retroviral system over other approaches has been 

the ability to identify AMLl-ETO-expressing cells with GFP as a surrogate marker for 

AML 1-ETO. This has allowed us to study the abnormalities associated with AML1- 

ETO expression in animals that exhibit very low percentages of cells that are AML1- 

ETO/GFP+.

The generation of a murine model o f the t(8;21) translocation is significant in 

that the unique contribution of AML 1-ETO to leukemia and developmental dysfunc­

tion can be studied at great depth at both the cellular and molecular levels. The ani­

mals will also be valuable as tools to explore therapies that specifically target cells that 

express AML 1-ETO and provide a means to address the secondary mutations that are 

required for disease progression.
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ABSTRACT

The t(8;21) translocation (acute myeloid leukemia-1-eight-twenty-one [AML1- 

ETO]) is one of the most frequent chromosomal translocations in acute myeloid leuke­

mia. We recently reported distinct myeloid developmental abnormalities similar to pa­

tients and a partial block and expansion of AML1-ETO+ hematopoietic stem cells (HSC) 

and myeloid progenitors in mice that were transplanted with HSC transduced with an 

AML1-ETO retrovirus. Very few AML1-ETO"7B220+ and no AML1-ETO+/CD3+ were 

observed in the peripheral blood of these mice. In order to determine whether B- and T- 

cell development was inhibited by AML1-ETO, early B- and T-cell progenitors were ex­

amined in the bone marrow and thymus, respectively, for AML1-ETO* cells in these 

populations. AMLl-ETO/green fluorescent protein (GFP)+cells failed to give rise to 

CD3+ T cells and expressed low levels of T-cell receptor P (TCR)P in the periphery but 

appeared to give rise to few SP CD4 and CD8 cells in the thymus and spleen. The de­

creased frequency of AMLl-ETO/GFP+ cells in the thymus further suggests that AML1- 

ETO may inhibit proper T-cell development, which was confirmed by an expansion of 

AML1-ETO/GFP+ cells at the TN2 (CD44~ CD25") stage. No AML1-ETO/ green fluo­

rescent protein (GFP)+ CD19+ cells were observed in all AML1-ETO mice compared to 

controls, suggesting a block in B-cell commitment. This block correlates with our ob­

servation that AML 1-ETO/GFP+B220+ cells were mostly CD43 ̂ immunoglobulin ,

which denotes an apparent block in the pre-pro-B-cell to pro-B-cell stages. These studies 

provide clues to why patients with the t(8;21) translocation fail to give rise to AMLl- 

ETO+ T cells and are immunocompromised in some cases.
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INTRODUCTION

The t(8;21) translocation, which encodes the acute myeloid leukemia-1-eight- 

twenty-one (AML1-ETO) fusion protein, is one of the most frequent chromosomal 

translocations in acute myeloid leukemia (AML), accounting for 12 to 15% of AML 

cases and up to 40% of the French-American-British (FAB)M2 AML subtype (11).

Other chromosomal translocations involving the acute myeloid leukemia-1 (AML1) 

gene include the t(3;21) (AML 1 -MDS-E VI) seen in secondary AML and therapy- 

associated leukemia (17) and the t( 11 ;21) (TEL-AML 1) found in childhood acute lym­

phoblastic leukemia, making AML I the most commonly translocated gene in human 

acute leukemia (17).

AML1, also known as core-binding factor A2, Runxl, and polyoma-enhancer- 

binding protein a2b, is a transcription factor that is homologous to the Drosophila 

melanogaster segmentation Runt gene (19,20,32) and binds to the DNA sequence 

TGT/cGGT found in the promoters and enhancers of various hematopoietic genes such 

as colony-stimulating factor-l, granulocyte-macrophage colony-stimulating factor, mye­

loperoxidase, neutrophil elastase, granzyme B, CD1 la  integrin, NP-3 defensin, and T- 

cell receptors (TCR; 8, 16,23-25,28-29,32-34,37). AML1 heterodimerizes with its 

partner core-binding factor |3 (CBFp; 20), which has also been implicated in the inv(16) 

in FABM4 AML leukemia (2). The t(8;21) translocation fuses the N-terminal portion 

of AML1 containing the runt domain to the transactivation domain of eight-twenty-one 

(ETO, also known as MTG8; 15) which has been shown to interact with various corep­

ressors, including mSin3A, histone deacetylase, and nuclear receptor corepressor(l, 12,

13).
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Knock-out studies in mice have determined the requirement for AMLJ in defini­

tive hematopoiesis, where AMLJ -/-m ice are embryonic lethal at embryonic day (e)

13.5 due to the lack of definitive hematopoiesis and intracranial hemorrhaging (22,30). 

C BFfi-/- mice also demonstrated the same phenotype, further confirming the role for 

both of these heterodimeric partners in hematopoiesis (27,31). The dominant-negative 

role of AML1-ETO on wild-type AML1 was determined in in vitro studies, where 

overexpression o f AML J-ETO in 32Dcl3 cell line abrogated terminal granulocytic dif­

ferentiation (34). This phenotype was further confirmed in AML-ETO knock-in mice, 

where heterozygous AML J-ETO+/- mice were embryonic lethal at e l3.5 due to lack of 

definitive hematopoiesis and intracranial hemorrhaging (21,35) but with an establish­

ment of dysplastic hematopoietic progenitors that could readily be established as im­

mortalized cell lines (21).

Studies on an inducible form o f AML J-ETO using the tetracycline-OFF system 

(26) and the myeloid-specific expression of AML J-ETO in mice to evade embryonic le­

thality (36) showed a requirement for a “second hit” to establish a full onset of AML.

This finding was confirmed by an inducible loxP-AML J-ETO system under the inter- 

feron-Cre, which demonstrated progression to leukemia upon Ar-ethyl-Ar-nitrosurea 

treatment to generate additional “second hit”mutations (7). T-cell development ap­

peared to be affected in these mice because no AMLl-ETO+ cells were found in the 

thymus upon activation of its expression. It is likely that AML1-ETO expression could 

affect the lymphoid compartment because reverse-transcriptase polymerase chain reac­

tion (RT-PCR) analysis of patients with the t(8;21) in remission fails to express AML1- 

ETO transcripts in T cells and in low levels in B (B220) cells (14).
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We previously reported the lack o f or downregulation of B220 cells in AML1- 

ETO-transplanted animals (3). Analysis of T cells also suggested an effect of AML1- 

ETO on T-cell development, where no AML 1 -ETO/CD3+ cell was observed in any of 

our mice. However, the lack of consistency and early posttransplant time points in our 

controls has precluded our ability to comment on whether T-cell development is actu­

ally impaired. In order to determine whether AML1-ETO affects early B- and T-cell 

development, AML1-ETO* cells were analyzed for various B- and T-cell markers that 

correspond to specific B- and T-cell stages. Our fluoresence-activated cell sorting 

(FACS) analysis suggests that AML1-ETO expression leads to few mature CD4 and 

CD8 T cells, which could be due to the accumulation of CD44+CD25+ (TN2) cells. This 

suggests a possible block in TCRP rearrangement. AML1-ET0 also blocked B-cell de­

velopment because no AML 1 -ETO/CD19+ cells were observed, a finding consistent 

with an increase in early B cell progenitors (pre-pro-B through pro-B). These results 

suggest an additional role of AML1-ETO in impairing proper B- and T-cell develop­

ment and may explain the immunosuppressive phenotype seen in patients with the 

t(8;21) translocation.

RESULTS

Absence of m ature CD3/AML1-ETO/GFP* T ceils in AML1-ETO recipi­

ent mice. AML1 -ETO recipients in our previous study suggested a block in T-cell de­

velopment because AMLl-ETO/green fluorescent protein (GFP)+ peripheral blood 

cells were CD3~ at 1 month posttransplant (3). Due to inconsistencies in CD3+ expres­

sion in control GFP mice at 1 month posttransplant, FACS analysis of AML1-ETO and
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control GFP mice were performed at least 5 months posttransplant to confirm this ob­

servation and allow for mature T cells to migrate to the periphery after transplant. At 8 

months posttransplant, AML1-ETO/GFP* hematopoietic stem cells (HSC) failed to 

give rise to CD3* peripheral blood cells compared to controls (Fig. 1 A). Cells express­

ing low levels of AML 1 -ETO/GFP had a few CD3* cells, indicating a gene dosage ef­

fect (data not shown). Low levels of TCRP were detected in AML l-ETO/GFP1" cells 

(Fig. IB). The frequencies of SP CD4 and SP CD8 were also decreased among 

AML l -ETO/GFP* cells compared to controls (Fig. 1C). These data confirmed our 

conclusion that AMLl-ETO expression at the HSC level affects mature T-cell devel­

opment.

Impaired AMLl-ETO/GFP+ thymic T-cell development in AMLl-ETO re­

cipients. Despite the fact that there were few AMLl-ETO/GFP*CD3~ peripheral blood 

cells in AMLl-ETO recipients, it is likely that the defect in T-cell development occurs 

after an AMLl-ETO stem cell commits to the T-cell lineage. In the thymi of AMLl- 

ETO HSC and 5-fluorouracil transplants, the frequency of cells expressing AMLl- 

ETO/GFP* was threefold lower than that of control GFP (Fig. 2A), indicating an im­

pairment of AMLl-ETO stem cells to populate the thymus compared to controls or a 

block in thymocyte development in AML l -ETO-expressing cells. FACS analysis of 

these thymic AMLl-ETO/GFP* cells indicated that AMLl-ETO expression can give 

rise to mature CD4 and CD8 T cells but at a lower frequency compared to controls (Fig. 

2B). It is also interesting to note an overrepresentation of SP CD8 versus SP CD4 (Fig. 

2C) in AMLl-ETO/GFP* thymic cells, which suggests that AMLl-ETO may favor de-
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FIG. 1. AML 1-ETO/GFP* peripheral blood T cells are CD3-TCRP10 and are 
decreased in the frequency o f SP CD4 and SP CD8. Representative FACS plots o f pe­
ripheral blood cells obtained from AMLl-ETO and control recipients and stained with 
(A) T cell marker, CD3 (n = 11 [AMLl-ETO]of 12 analyzed and n = 10 [control] of 11 
analyzed). AML-ETO/GFP+ and control GFP+ cells were gated and analyzed for (B) 
TCRf) expression and (C) CD4 and CD8 expression (n = 4 [AMLl-ETO] and n = 4 
[control]).
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FIG. 2. Decreased frequency of SP CD4 and SP CD8 in AML 1 -ETO/GFP+ 
cells in thymus and spleen. (A) Average of the percentage of control GFP+ and 
AML 1 -ETO/GFP+ cells in the thymi of transplanted animals (n = 9 [AMLl-ETO] and 
rt = 11 [control]). Representative FACS plots o f control and AML 1 -ETO/GFP+ gated 
cells stained with CD4 and CD8 in the (B) thymus and (C) spleen (n = 4 [AMLl-ETO] 
and n = 4 [control]).
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velopment o f an SP CD8 cytotoxic T cell over an SP CD4 helper T cell. However, 

wecannot exclude the possibility that these AML 1 -ETO/GFP+ SP CD8 cells may rep­

resent an immature CD8 cell that precedes an immature DP CD4/CD8 T cell. Analysis 

o f the spleens of AMLl-ETO recipients indicates that these AML 1 -ETO/GFP+ SP cells 

migrate to the spleen.

AMLl-ETO blocks early thymic precursors a t the CD44+/UCD25+ TN2 

stage. In order to determine whether the low frequency of mature CD4 and CD8 T cells 

in AML1 -ETO/GFP* cells was due to an improper development an the early T-cell pre­

cursor stage, AML 1 -ETO/GFP+ CD3-CD4“CD8_ (TN) cells were analyzed for CD44 

and CD25 expression to delineate maturing pro-T cells undergoing TCR0 rearrange­

ment. Flow cytometric data indicate an expansion o f the AML 1 -ETO/GFP+ TN cells at 

the CD44+/loCD25+ TN2 stage (Fig. 3), which suggests an incomplete block at this T-cell 

stage. It is interesting to speculate that this block may be due to the inability o f AML1- 

ETO/GFP+ cells to rearrange germline TCRP properly. R ag l-/- and Rag2-/- mice are 

also blocked at this stage (4).

AMLl-ETO impairs mature B-cell development We previously reported 

low levels o f B220 (CD45R isoform) expression on AML 1 -ETO/GFP+ peripheral 

blood cells compared to controls, which suggests that AMLl-ETO either downregu- 

lates the B220 marker or inhibits mature B-cell development. Interestingly, Ly-5.2 

(CD45R) is also expressed at lower levels on cells that express high levels o f AM Ll- 

ETO (3). To address whether AMLl-ETO inhibits B-cell differentiation, we analyzed
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Thymus

AMLl-ETO

FIG. 3. Accumulation of TN AML 1 -ETO/GFP* cells at the CD44+CD25+ 
(TN2) stage. Representative FACS plot of control and AML1 -ETO/GFP+ thymic cells 
gated on early T-cell precursors (TN = CD3-CD4-CD8-) and analyzed for CD44 and 
CD25 expression Note the accumulation of CD44+CD25+ in the TN AML 1 -ETO/GFP+ 
fraction compared to controls (it - 1  [AMLl-ETO] and n -  3 [control]).
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AMLl-ETO recipients for mature CD19* B cells. We were unable to detect any or 

very few AML1- ETO/GFP+CD19+ B cells compared to controls (Fig. 4A). However, 

we detected CD43* immunoglobulin M (IgM)~ (fractions A-C), CD43~IgM~ (fraction 

D), and CD43~IgM* (fraction F) in the AML 1 -ETO/GFP+B220k> population (Fig. 4B). 

The greatly expanded AML 1 -ETO/GFP+CD43+IgM~ population compared to controls 

suggests a block in B-cell development at the early pre-pro- to pro-B-cell stage.

DISCUSSION

hi summary, AMLl-ETO expression at the HSC level affects not only the stem 

cell and myeloid compartment but the lymphoid compartment, as well. AMLl-ETO/ 

GFP* cells failed to give rise to mature CD3* T cells in the periphery but appeared to 

give rise to few SP CD4 and CD8 cells in the thymus and spleen. The decreased fre­

quency of AML1-ETO/GFP* cells in the thymus further suggests that AMLl-ETO ap­

pears to inhibit proper T-cell development that was confirmed by an apparent block at 

the TN2 (CD44+CD25*) stage.

The analysis o f AMLl-ETO mice also demonstrated that AMLl-ETO affects B- 

cell development. No AML 1 -ETO/GFP* CD19* cells were observed in all AMLl-ETO 

mice compared to controls, suggesting an early block in B-cell development This 

block correlates with our observation that AMLl-ETO/GFP*B220* cells were mostly 

CD43* IgM~ CD 19",which indicates an apparent block at the pre-pro-B-cell (fraction A) 

stage.
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Bone Marrow

AMLI-ETO/GFP

FIG. 4. Impaired B-cell development in AMLl-ETO-expressing cells. Repre­
sentative FACS plots o f control and AMLI-ETO/GFP'1' bone marrow cells stained for 
(A)CD19 expression and(B)B220, CD43, andIgM (n = 3 [AMLl-ETO] andn =6 
[control]).
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A role for AMLl-ETO la mnltipotent progenitors. It is possible that the 

low frequency o f AMLl-ETO expression in the lymphoid compartment could be at­

tributed to the partial block in AMLl-ETO'1' HSC to differentiate (3). The fret that we 

observe more AMLl-ETO-expressing cells in the myeloid compartment versus the 

lymphoid compartment suggests a skewing of the AMLl-ETO* HSC toward the mye­

loid lineage. This skewing could be explained by an increase in common myeloid 

progenitor versus the common lymphoid progenitor cells. This possibility is currently 

being explored. Lymphoid progenitors that do arise from AMLl-ETO* HSC are then 

blocked in their ability to give rise to mature lymphoid cells. It appears that AMLl- 

ETO affects commitment not to the T-cell lineage but rather to the B-cell lineage be­

cause there are no AMLl-ETO*CD19* cells.

A role for AMLl-ETO in B-cell development. The absence of AMLl-ETO* 

CD19* cells suggests that AMLl-ETO may inhibit CD19 expression at the cell surface. 

The gene for B-cell-specific activator protein (PAX5; also called BSAP) is a transcrip­

tion factor required for B-cell commitment and regulates CD19 (18). AML1 is known 

to interact with PAX5 in upregulating btk expression at its promoter in Ba/F3 cells 

(10). It is possible that AMLl-ETO may function as a dominant-negative inhibitor of 

PAXS activity and thereby downregulate CD19 expression.

A role for AMLl-ETO in early thymic precursors. Analysis of enhancer 

elements of TCRa, -fi, -y, and -^reported several core-binding sites in these enhancers, 

suggesting a role for Runx family members in transcriptional activity o f these elements

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

(8,23,25,32). Enhancer activity is required for proper T-cell development in that dele­

tion of the E0 in mice led to an inhibition o f V(D)J recombination at the targeted TCRP 

locus and a block in ap  differentiation (9). We speculate that expression of a domi­

nant-negative AMLl-ETO abrogates enhancer activity, thereby inhibiting proper rear­

rangement o f the TCRP locus. However, y8 rearrangement does not appear to be af­

fected in these mice because AML 1 -ETO/GFP+ cells give rise to y8 T cells similar to 

y§ T cells of control GFP* cells (data not shown). Interestingly, conditional knock-outs 

of loxP-AMLl and cre-lck mice have reported a block at the TN3 stage immediately af­

ter the stage where we observed a block.

A role for AMLl-ETO in CD4 SP versus CD8 SP fate. It appears that a deli­

cate balance between the levels of AML1 expression must be tightly controlled in de­

termining the fates of CD4 SP versus CD8 SP cells. Thymocytes from transgenic 

AML1 mice were skewed toward CD8 SP versus CD4 SP cells, even with MHC class I 

absent, but not with both MHC class I and n  absent (5). However, heat stable antigen 

staining suggested that the CD8 SP cells were not mature. Heterozygous AML1+/- 

mice and mice expressing a dominant-negative form of AML1 also exhibited a reduc­

tion in the number of thymocytes and a skew in CD8 SP versus CD4 SP cells (6).

Consistencies with clinical data. These studies provide clues to why patients 

with the t(8;21) translocation fail to give rise to AMLl-ETO* T cells and few B cells 

and explain why these patients are immunocompromised (14). The fact that AML1-
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ETO+ cells undergo various blocks in development suggests a panhematopoietic role 

for AML1 at many stages ofhematopoieisis, including the stage for HSC.

MATERIALS AND METHODS 

Generation of AMLl-ETO-expressing mice. Mice were generated as previ­

ously described (3).

Antibodies/FACS analysis. Single cell suspensions of bone marrow were ob­

tained by flushing the four long bones of AMLl-ETO or control GFP transplanted 

mice with phosphate-buffered saline. The following monoclonal antibodies from 

PharMingen (San Diego. CA) were used in various combinations: a-IgM-CyS (331), 

a-CD43-PE (S7), a-CD-19-bio (1D3), a-B220 (CD45R)-Cy5PE (RA3-6B2), a-CD3- 

PE (145-2C11), oc-CD4-PE (L3T4), a-CD8-PE (53-6.1), a-CD44-Cy5PE (1M7), and 

a-CD25-bio (7D4). Cells were stained for 20 min at 4°C in phosphate-buffered sa­

line/2% fetal calf serum and then washed. Streptavidin-APC and avidin-TR were used 

as secondary antibodies for cells stained with biotinylated antibodies. Flow cytometric 

analysis was performed on either a FACSCalibur (Becton Dickinson) or MoFlo flow 

cytometer (Cytomation, Inc.) and excluded dead cells that stained positive for 

propidium iodide.
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CONCLUSIONS

An HSC transformed by a genetic mutation or mutations is responsible for the es­

tablishment of a leukemic hierarchy. These genetic mutations frequently include chro­

mosomal translocations that have been specifically associated with particular AML and 

ALL subtypes. Previous models have sought to determine whether the expression o f the 

AML1-ETO fusion protein that arises from a t(8;21) translocation found in the AML 

FABM2 subtype is the cause for the leukemic disease (33,46,53,70,75,99,113,150, 

160,162). Embryonic lethality in the knock-in models has precluded such studies. Other 

models, including the inducible AML1-ETO animals, have not clearly demonstrated 

whether expression o f AML1-ETO is targeted to the HSC; however, these models have 

established that AML1-ETO alone is not sufficient to AML in mice. The lack of select­

able markers that are coexpressed with AML1-ETO has also made it difficult to dissect 

the contribution o f this fusion protein in hematopoietic development Coexpression of 

the GFP with AML1-ETO and introduction of AML1-ETO into HSC (Sca-1 VKit^Lin-) 

by retroviral transduction in our model allows us to properly investigate the effects o f 

AML 1 -ETO in hematopoietic development and its contribution to a preleukemic state in 

our animals. In our approach, we have been able to bypass the embryonic lethality ob­

served in knock-in models. Our findings include the detection of specific myeloid ab­

normalities, the presence o f impaired lymphoid development, and the discovery of 

unique LSC properties (26).
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Careful analysis of the myeloid compartment in our AML1-ETO recipients has 

confirmed previous observations of an increase in the number of myeloid-colony- 

forming progenitors. The myeloid progenitor activity was increased fourfold over that of 

controls at 2 months posttransplant and reached 10-fold at 10 months posttransplant, a 

findingconsistent with an increase in myeloblasts and promyelocytes seen in 10 months 

posttransplanted animals that represents up to 10% of the bone marrow. There was also 

a significant decrease in the number of mature eosinophils that can be associated with an 

increase in eosinophilic myelocytes that exhibited basophilic staining compared to con­

trols. Northen blot analysis revealed a twofold decrease in the level of C/EBPa tran­

script in myeloid-sorted AMLl-ETO/GFP+ cells compared to controls and may explain 

the decrease in the number of mature neutrophils in the AML 1 -ETO/GFP+ population. 

Downregulation of C/EBPa has also been observed in patients with the t(8;21) (104). 

Pabst et al. determined that downregulation of C/EBPa is attributed to the inhibition of 

C/EBPa autoregulation of its promoter through the ETO domain of AML1-ETO (104).

Studies on the association of AML 1-ETO with C/EBPa have led to the specula­

tion of a potential binding of AML1 to other CC AAT-enhancer-binding protein family 

members, particularly CC AAT -enhancer-binding protein epsilon (C/EBPe), which plays 

a role in the later stages of myeloid differentiation (60). Knock-outs in C/EBPe demon­

strated the requirement of this transcription factor to produce normal neutrophils or eosi­

nophils and the expression of secondary and tertiary granule proteins (159). C/EBPe 

functions downstream and is regulated by C/EBPa. It is possible that AML 1-ETO may
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directly inhibit C/EBPe or may indirectly do so by inhibition of C/EBPa. This possibil­

ity is currently being investigated in our laboratory.

The contribution of AML 1-ETO to the lymphoid lineage in patients has not 

been thoroughly investigated because much of the attention has been devoted particu­

larly to cell lines and the role of AML1-ETO in myeloid development However, Higu- 

chi et al. reported the lack of AML1-ETO expression in the thymus of their pI-pC- 

treated AML 1-ETO stop/+/IFN-a/p-inducible-A£r/-Cre double transgenic mice upon 

activation o f the AML 1-ETO transgene. These observations have been further sup­

ported by the absence of the AML1-ETO transcript by RT-PCR analysis o f500 T cells 

from patients expressing AML 1-ETO in their HSC. These observations suggest an in­

hibitory role o f proper T-cell development from the AML-ETO-expressing cells. Our 

initial studies o f AMLl-ETO/GFP+ peripheral blood cells supported this hypothesis, 

where we observed very few AMLl-ETO/GFP+/CD3+ cells. Further investigation into 

the early T precursors suggested that the reduction in mature T cells could be attributed 

to the block and expansion of AML 1 -ETO/GFPCD3_CD4XD8XD44+CD25+ cells, 

which represent pro-T cells in the process of rearranging their TCR{5 locus. It is possi­

ble that AMLl-ETO+ cells may be inefficiently blocked at the triple negative CD44*

CD25+ stage as a result of their inability to rearrange the TCR0 locus properly. Rescue 

of these cells by a transgenic TCR0 is necessary to address whether this hypothesis 

holds true.

AML 1-ETO expression in the HSC compartment also affected B-lineage de­

velopment. No CD19+ B cells were detected in the bone marrow of all AML1-ETO re­

cipients, suggesting a block in the commitment to B-cell development This hypothesis
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was rejected upon further analysis o f B220+AML 1 -ETO/GFP* cells in the bone marrow 

and spleen that were immunoglobulin M (IgM)+. It is tempting to speculate that 

AML1-ETO may be inhibiting PAX5 activity, which is responsible for the expression 

of the CD19 marker. This speculation is consistent with the finding of an increased 

frequency o f CD43*IgM~ cells in the B220+AML1 -ETO/GFP+ population that repre­

sents the early pre-pro-B to pro-B-cell precursors.

The investigation of HSC in our AML1-ETO mouse model has led to the dis­

covery of unique properties exhibited by AML 1 -ETO-expressing HSC. The absolute 

number of HSC (Sea-1+c-Kit+Lin~) at 2 months posttransplant was increased threefold 

compared to that o f controls and 29-fold by 10 months posttransplant. Differences in 

the percentages o f AMLl-ETO/GFP+ cells in the bone marrow and HSC compartment 

at 2 months posttransplant were large and suggest an inhibitory effect by AML 1-ETO to 

HSC differentiation. Both sets of data can be explained by an alternative choice for the 

AMLl-ETO+ HSC to adopt a fate that favors self-renewal at the expense of differentia­

tion. The increased in vitro replating potential observed in primary AML 1-ETO pro­

genitors isolated from the knock-in models supports this claim. The recruitment o f 

HDAC and corepressors such as mSin3A and N-CoR to AML 1-binding sites by the 

ETO domain o f AML 1-ETO could lead to the inaccessibility o f the transcriptional com­

plex to activate genes induced in differentiating HSC. If this process is the case, it may 

very well be that the adoption of self-renewal is the default pathway for an AML 1-ETO 

HSC. Alternatively, the accumulation o f HSC and the partial block in differentiation 

observed in AML 1-ETO animals could be due to a decreased rate of cell turnover or al­

tered cell cycle status.
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We have demonstrated by serial transplantation that the presence of an AML1- 

ETO HSC is required for the maintenance o f a preleukemic phenotype that we ob­

serve in our mice. These cells are capable o f self-renewing and give rise to myeloid 

developmental abnormalities and impaired lymphoid development Cytogenetic 

analysis of fetuses in utero and of patients previously diagnosed with a t(8;21) AML 

in remission have documented the presence o f the AML1-ETO transcript and further 

support the idea that secondary hits are required for full-blown leukemia (152). Ac­

cumulation o f HSC observed in our mice provides a bigger pool o f cells for the ac­

cumulation of secondary hit mutations. Gain-of-function mutations such as constitu- 

tively active c-K.it or N-ros (mutated in 30 to 50% of AML cases) might cooperate 

with AML 1-ETO to expand the myeloid developmental blocks seen in our model and 

therefore cause leukemia. This hypothesis is currently being tested in our laboratory.

Current therapies for AML patients rely on targeting rapidly proliferating leu­

kemic cells by chemotherapeutic agents or more recently by disrupting constitutive mo­

lecular signaling pathways such as the receptor tyrosine kinase pathway that are shared 

among certain AML subtypes. Although these therapies may be successful in prolong­

ing survival, detection of the AML 1-ETO transcript by RT-PCR in patients in remission 

provides evidence that the leukemic clone still exists. With the identification of the 

LSC at the root of AML, it is important for clinicians and scientists to revisit therapeu­

tic approaches engineered to target the LSC property. Developments in immunotherapy 

provide a promising future for the specific “killing” o f LSC. Therapies could involve 

the administration of a toxic agent conjugated to an antibody specific for a unique 

marker on the target cell. The immunoconjugate drug Mylotarg, a humanized anti-
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CD33 immunoglobulin G4 antibody to the potent antitumor antibiotic calicheamicin, 

has recently been approved by the Food and Drug Administration against CD33+AML 

in older patients who are poor candidates for aggressive reinduction regimens (4,124, 

125). Other drug immunoconjugates specific for CD33, CD45 (panhematopoietic 

marker except for pla-telets and red blood cells), and CD66 (present on mature cells and 

not leukemic blasts) that have been tested contain a radionuclide that emits a  particles 

in an extremely short path length such as 213Bi. An interesting candidate for radioim- 

munoconjugate therapy is the IL-3a receptor (CD 123) expressed solelyon the LSC and

not on normal stem cells (52). Other candidate markers on LSC can be properly identi-
)

fied by cDNA microarrays.

Our model has brought new insights into the understanding o f the t(8;21) trans­

location and the existence and unique properties o f the LSC that could be exploited for 

therapeutic interventions. We hope that the methods used to generate this mouse model 

by retroviral transduction of HSC will be applied to studies of other chromosomal trans- 

locations, as well.
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