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The human t(3;21)(q26;q22) translocation is found as a secondary
mutation in some cases of chronic myelogenous leukemia during the
blast phase and in therapy-related myelodysplasia and acute myelog-
enous leukemia. One result of this translocation is a fusion between
the AML1, MDS1, and EVI1 genes, which encodes a transcription
factor of approximately 200 kDa. The role of the AML1yMDS1yEVI1
(AME) fusion gene in leukemogenesis is largely unknown. In this
study, we analyzed the effect of the AME fusion gene in vivo by
expressing it in mouse bone marrow cells via retroviral transduction.
We found that mice transplanted with AME-transduced bone marrow
cells suffered from an acute myelogenous leukemia (AML) 5–13 mo
after transplantation. The disease could be readily transferred into
secondary recipients with a much shorter latency. Morphological
analysis of peripheral blood and bone marrow smears demonstrated
the presence of myeloid blast cells and differentiated but immature
cells of both myelocytic and monocytic lineages. Cytochemical and
flow cytometric analysis confirmed that these mice had a disease
similar to the human acute myelomonocytic leukemia. This murine
model for AME-induced AML will help dissect the molecular mechanism
of AML and the molecular biology of the AML1, MDS1, and EVI1 genes.

Chromosomal abnormalities are common genetic bases of leu-
kemias. Many of these cytogenetic changes result in the cre-

ation of fusion proteins that contain transcription factors. Studying
the role of these fusion transcription factors in leukemogenesis is
important for understanding the molecular mechanism of leuke-
mias. A reciprocal translocation between chromosomes 3, band
q26, and 21, band q22, has been found in certain patients with
chronic myelogenous leukemia during blast phase (CML-BC), in
patients with therapy-related myelodysplasiayacute myelogenous
leukemia (t-MDSyt-AML), and on rare occasions in de novo acute
myelogenous leukemia (AML) (1, 2). The t(3;21) translocation can
result in fusion of the AML1 gene on chromosome 21 to several
genes on chromosome 3, namely EAP, MDS1, and MDS1yEVI1
(reviewed in refs. 3 and 4).

The AML1 gene found on chromosome 21, band q22, encodes a
transcription factor containing an N-terminal DNA-binding do-
main that is homologous to the Drosophila pair-rule gene runt.
Normal AML1 protein (also known as CBFA2) is the DNA-
binding subunit of the enhancer core-binding factor (CBF) and
functions as a heterodimer with the non-DNA-binding subunit
CBFb that enhances AML1’s DNA-binding affinity. Both AML1
and CBFb play a crucial role in definitive hematopoiesis and blood
vessel development (5, 6) and are targets of multiple chromosomal
abnormalities in human leukemias and myelodysplasia. Besides the
t(3;21) translocations mentioned above, the AML1 gene is also
found fused to the ETO gene, a zinc-finger-containing transcription
factor, in t(8;21)(q22;q22)-associated de novo AML (M2 subtype)
(7, 8), fused to the TEL gene, which encodes an ETS family
transcription factor, in t(12;21)(p13;q22)-associated de novo acute
lymphocytic leukemia (9, 10) and in several other rare transloca-
tions (3). CBFb is found fused to the smooth muscle myosin heavy
chain gene (SMMHC) in inv(16)(p13;q22)-associated AML (M4
with eosinophilia subtype) (11).

EVI1 encodes a zinc-finger-containing transcription factor on
chromosome 3 and was originally identified as a frequent site of
retroviral integration in murine myeloid tumor cells (12, 13). EVI1
is normally expressed in nonhematopoietic tissues but abnormally
expressed in hematopoietic cells in retrovirus-induced myeloid
leukemias in mice and in human MDS, AML, and CML-BC that
are associated with the t(3;3)(q21q26) and inv(3)(q21q26) (re-
viewed in ref. 4). MDS1 is a separate gene of unknown function
located upstream of EVI1 on chromosome 3, although the fusion
protein MDS1yEVI1 is also expressed normally through intergenic
splicing (14, 15). The AME fusion protein retains the DNA-binding
domains of AML1 and EVI1. The other possible AML1 partners on
chromosome 3 are EAP and the above-mentioned MDS1. The EAP
gene encodes the abundant ribosomal protein L22. The MDS1 gene
is fused to AML1 in frame, which produces the chimeric protein
AML1yMDS1, whereas fusion of AML1 to EAP is out of frame,
resulting in a protein similar to a form of AML1 without the
transactivation domain (AML1a) (2, 14).

The possible roles of the CBF subunit-containing fusion genes in
leukemogenesis have been investigated by using cultured cells. The
transforming activity of the AME and AML1yMDS1 fusion pro-
teins has been demonstrated in Rat-1 fibroblast cells (16, 17), as has
that of AML1 and AML1yETO in NIH 3T3 fibroblast cells (18, 19).
AME also blocks granulocytic differentiation of the IL-3-
dependent 32D cell line when stimulated with granulocyte colony-
stimulating factor (G-CSF) (20, 21). Similar results were observed
in previous studies with EVI-1 (22). Interestingly, MDS1yEVI1 did
not induce a differentiation blockade in the same system (21). In
addition, it has been shown that AML1yETO can block differen-
tiation of mouse bone marrow cells in vitro (18).

Although these in vitro studies revealed the oncogenic potential
of some of the CBF subunit-containing fusion genes, they do not
model the pathogenesis of AML. Development of leukemia is a
complex process that may involve both the effect of the fusion genes
in correct target cells and interactions of the target cells with the rest
of the in vivo environment. An in vivo experimental system is
required to assess the direct role of these fusion genes in leuke-
mogenesis. However, establishing that the CBF subunit-containing
fusion proteins directly induce myelogenous leukemia in vivo has
been difficult because of the essential nature of the genes involved.
Knock-in of AML1yETO or CBFbySMMHC fusion genes in mice
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resulted in embryonic lethality similar to the AML12/2 and
CBFb2/2 mice, suggesting that the fusion genes may function as
dominant negative alleles of normal AML1 (23–26). To circumvent
the embryonic lethality problem and to target the human oncogene
into hematopoietic stemyprogenitor cells, here we used a bone
marrow retroviral transductionytransplantation approach to exam-
ine the effects of the t(3;21) AML1yMDS1yEVI1 (AME) fusion
gene in leukemogenesis. We found that expression of AME in
mouse bone marrow cells induces a disease in mice similar to the
human acute myelomonocytic leukemia.

Materials and Methods
DNA Constructs. The 4.4-kB coding sequence of the human AME
(14) was transferred from the pBK-CMV expression vector (Strat-
agene) to the retroviral vector MSCV (27, 28). We used a modified
MSCV vector that contains an internal ribosomal entry site (IRES)
followed by two myc tag sequences (Fig. 1A). The 59 end of AME
was amplified by PCR, removing 154 bp of 59 untranslated sequence
and adding a 59 NotI site. This PCR fragment was digested with NotI
and AvrII and used in a three-way ligation with a fragment
containing the rest of AME cut with AvrII and NotI and the MSCV
vector digested with NotI. This results in fusion of the myc tags at
the N-terminal end of AME (Fig. 1A). The amplified DNA
fragment was sequenced to confirm that no errors had been
introduced. A second AME-containing construct was made by
adding the 0.7-kb modified GFP gene into the EcoRI site upstream
of the IRES of MSCV (Fig. 1A). The vector control for this study
is MSCV-IRES-GFP (27).

Cell Culture and Virus Preparation. BOSC-23 cells and NIH 3T3
mouse fibroblasts were grown as previously described (27, 28).

Helper-free retroviruses were generated by transiently transfecting
retroviral vectors into BOSC-23 cells as described (27, 28).

Bone Marrow Infection and Transplantation. Bone marrow cell iso-
lation, infection, and transplantation were performed as described
(27, 28). Peripheral blood counts of recipient mice were monitored
starting from 2 wk after transplantation, every 2 wk for 3 mo, then
changed to once a week for 9 mo. Secondary recipient mice received
1 3 106 bone marrow cells from the primary diseased mouse and
100,000 cells from a normal mouse of the same age.

Southern Blot Analysis. Genomic DNA from 1 3 107 cells from the
spleen or bone marrow of diseased mice was isolated by using the
Qiagen (Chatsworth, CA) blood kit. Ten micrograms of DNA were
digested with either HindIII or XbaI and subjected to Southern blot
analysis as previously described (27), by using a 32P-labeled 0.7-kB
GFP DNA fragment as probe.

Western Blot Analysis. Twenty million cells from peripheral blood,
bone marrow, and spleen of diseased mice were treated with
solution ACK (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM Na2EDTA,
pH 7.3) to lyse red blood cells, washed twice in PBS, resuspended
in Laemmli sample buffer, and boiled for 10 min. Equal volumes of
lysates were run on a 6–15% gradient polyacrylamide gel and
transferred to nitrocellulose. The membrane was incubated with
either a primary mouse anti-myc antibody (9E10, 1:100) or mouse
anti-dynamin (1:1,000, Transduction Laboratories, Lexington, KY),
followed by a secondary anti-mouse horseradish peroxidase anti-
body (1:2,000, Southern Biotechnology Associates). Signals were
detected by chemiluminescence.

Blood Cell Count and Hematocrit Measurements. Three microliters of
whole blood from each mouse, obtained by tail bleed, was diluted
in 3 ml of Isoton II (Fisher). Total blood counts were measured by
using the Coulter Counter Z1 (Coulter). White blood cells (WBCs)
were counted similarly after adding of 1 ml ZAP-O-Globin
(Coulter), which lyses red blood cells. Peripheral blood and bone
marrow smears were stained with Hema 3 (Fisher) for routine
identification of cell morphology. Percentage of blasts in the
peripheral blood was calculated by counting the number of blast
cells in a total of at least 200 cells. Hematocrit was measured by
capillary centrifugation.

Histologic Examination and Cytochemistry. Tissues were fixed with
4% paraformaldehyde in PBS and processed for paraffin-
embedded sectioning at 5 mm in thickness, followed by staining with
hematoxylin and eosin. For cytochemistry, smears and cytospin
preparations of bone marrow cells were stained for myeloperoxi-
dase (MPO), N-acetyl-chloroacetate esterase (NACE), and
a-naphthol acetate esterase (ANAE) by using appropriate detec-
tion kits from Sigma.

Flow Cytometry. Cells from peripheral blood, bone marrow, and
spleen were treated with ACK, washed in PBS, then resuspended
in FACS staining buffer (PBSy1% FBSy0.1% sodium azide). Cells
were stained with the following mouse antibodies from PharMin-
gen: phycoerythrin-conjugated Mac-1 (M1y70), Gr-1 (RB6–8C5),
B220 (RA3–6B2), CD3 (145–2C11), CD4 (RM4–5), CD8a (53–
6.7), Ter119, CD14 (rmC5–3); biotinylated c-Kit (2B8), CD34
(RAM34), CD38 (90) followed by incubation with streptavidin-
allophycocyanin (APC). All cells were blocked with anti-mouse
CD16-CD32 (Fc block), except for cells stained with CD14 anti-
bodies. Cells were then washed twice in staining buffer and
resuspended in 2 mgyml propidium iodide in staining buffer.
Staining intensities of viable cells were measured by using a
FACSCalibur (Becton Dickinson). Viable green fluorescent pro-
tein (GFP) (1) and GFP (2) cells were sorted by using FACStar
or FACS Vantage (Becton Dickinson).

Fig. 1. Retroviral DNA constructs used to transduce GFP andyor AME and
cumulative survival of AME or GFP-AME mice (A) LTR, long terminal repeat; E,
EcoRI; N, NotI; H, HindIII; X, XbaI. (B) Primary AME (closed circle, seven mice) and
GFP-AME (closed square, eight mice) recipient mice; secondary AME (open circle,
three from mouse no. 9) and GFP-AME (open square, five from mouse no. 6 and
open triangle, three from mouse no. 2) recipient mice. Curves were generated by
Kaplan–Meier survival analysis. All mice died or were killed because of disease
conditions.
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Results
The Human AME Fusion Gene Associated with t(3;21) Induces a
Myelogenous Leukemia in Mice. To examine whether AME induces
a hematopoietic neoplasm, we constructed retroviruses as shown in
Fig. 1A. Flow cytometry analysis and Western blot by using the
anti-myc monoclonal antibody 9E10 showed that NIH 3T3 cells
infected with MSCV-GFP-IRES-myc-AME or MSCV-IRES-myc-
AME express GFP andyor myc-tagged AME protein (data not
shown). We then infected 5-fluorouracil-treated mouse bone mar-
row cells in vitro with retroviruses containing AME alone or
GFP-AME and transplanted these cells into lethally irradiated
syngeneic recipient mice. Five to thirteen months after bone
marrow transplantation, all mice that received bone marrow cells
infected with AME-retrovirus (AME mice) or GFP-AME-
retrovirus (GFP-AME mice) developed the symptoms of cachexia,
abnormal gait, pale veins, and labored breathing. Some of these
diseased mice died (four of seven AME mice), and others were
killed because of moribund condition (three of seven AME mice
and four of eight GFP-AME mice) or for disease characterization.
In contrast, mice that received bone marrow cells infected with
vector alone were unaffected in the same period of time (Table 1
and data not shown). All the diseased mice suffered from anemia
as shown by their pale veins, low total blood counts (Table 1),
decreased red blood cells on peripheral blood smears (Fig. 2 Ad
and Ap vs. Ah) and low hematocrit levels in two of seven AME
mice analyzed (Table 1). Anemia seemed to be the cause of death
or moribund conditions of most AME and GFP-AME mice.
Variability of total blood counts in these mice (Table 1) may
partially reflect different disease stages at the time they were
examined. Analysis of the cumulative survival by using the Mantel–
Cox (log-rank) test revealed no significant difference between the
survival rate of mice that received AME or GFP-AME (Fig. 1B).

WBC counts in AME and GFP-AME mice varied: some con-
tained very high counts (up to '300,000 cellsyml), and others were
comparable to the vector mice (Table 1). But invariably all the
diseased mice contained greater than 30% blasts in the peripheral
blood (Table 1 and Fig. 2 Ad and Ap). Consistently, bone marrow

smears from the diseased mice also revealed the presence of large
numbers of myeloid blast cells (Fig. 2Aa). Differentiated but
immature myelocytic and monocytic cells were also found in bone
marrow smears (Fig. 2Aa). In contrast, normal blood and bone
marrow smears consisted predominantly of lymphoid cells and
mature myeloid cells (Fig. 2 Ae and Ah).

Splenomegaly was seen in all diseased AME and GFP-AME
mice (Table 1). Histologic examination revealed extensive growth
of blast cells of myeloid lineage, which resulted in partial to
complete destruction of the normal splenic architecture (Fig. 2 Be
and Bf vs. Ba and Bb). No significant enlargement of liver, lung,
thymus, and lymph nodes was observed in the diseased mice. The
livers of all of the diseased mice were very pale because of the
anemia. Histologic examination showed that liver tissues were
nearly normal except for moderate perivascular infiltration of
tumor cells (Fig. 2 Bg vs. Bc). No significant extramedullary
hematopoiesis was observed in liver. The bone marrow was hyper-
cellular, and the extensive tumor growth led to the destruction of
normal marrow architecture (Fig. 2 Bh vs. Bd). Impairment of
normal hematopoiesis in bone marrow is consistent with the severe
anemia of diseased mice.

To identify and quantify further various types of WBCs, we
analyzed peripheral WBCs by flow cytometry for cell size and
granularity and for expression of lineage-specific antigens and GFP.
Fig. 3A presents results from a representative diseased GFP-AME
mouse (no. 6) and one of the vector mouse. Compared with vector
control, the majority of WBCs in the diseased mouse were GFP1.
Flow cytometry analysis based on the forward scatter (cell size) and
side scatter (cell complexity) showed that the proportion of large
granulated cells in GFP-AME mice was greatly reduced. Consistent
with this result, very few Gr-11 cells (differentiated granulocytes)
were detected in the GFP-AME mice (Fig. 3 A and B). Almost no
GFP1 B-cells (B2201) or T-cells (CD3y4y81) were detected,
although there are still some GFP2 B and T lymphocytes present
in the circulation. The proportion of GFP1yTer1191 erythroid cells
also decreased when compared with that of the vector mice. Most
of the GFP1 cells in the GFP-AME mice express Mac-1, indicating

Table 1. Hematologic parameters of diseased AME and GFP-AME mice

Retroviral
construct

Mouse
no.

Latency,
days

Total blood
count, ml

WBC count,
ml

Hematocrit,
%

% Blast
cells in PB % GFP in PB

Spleen
weight, mg

Vector 1 224† 3,400,000 24,000 49 nya 9 90
Vector 2 224† 3,900,000 34,000 44 nya 23 70
Vector 3 224† 3,200,000 26,000 45 nya 18 60
Vector 4 224† 3,500,000 22,000 47 nya 32 ND
AME 14* 148 ND 126,990 ND ND nya ND
AME 9‡ 176 ND 313,260 ND 37 nya 230
AME 15‡ 215 518,150 146,620 ND ND nya ND
AME 16* 219 1,240,000 30,450 ND ND nya ND
AME 10* 221 2,700,000 13,680 ND ND nya ND
AME 18* 382 1,500,000 69,680 21 49 nya 190
AME 11*§ 392 2,400,000 12,120 21 ND nya ND
GFP-AME 4‡ 177 1,400,000 252,710 ND 54 92 360
GFP-AME 6‡ 225 932,180 46,680 ND 42 93 ND
GFP-AME 3‡ 233 862,400 9,690 ND 44 29 290
GFP-AME 0¶ 238 2,700,000 32,250 ND 53 67 ND
GFP-AME 8¶ 248 3,100,000 32,490 ND 35 62 ND
GFP-AME 2‡ 309 1,000,000 60,000 ND 65 83 233
GFP-AME 7¶ 331 2,213,000 20,080 ND 59 79 280
GFP-AME 5¶ 332 2,900,000 19,310 ND 46 74 290

ND, not determined; nya, not applicable.
*Died of disease.
†No disease.
‡Killed because of moribund conditions.
§Blood count obtained 10 days before death.
¶Disease mice killed for characterization.
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that they are of myeloid lineage. Low to medium expression of
Mac-1 suggests that these cells are at an immature stage of
differentiation. Interestingly, a large proportion (55%) of WBCs in
this mouse are c-Kit1 and significant amounts of CD341 cells are
also present. In contrast, very little c-Kit1 and CD341 cells can be
seen in the peripheral blood of vector mice (Fig. 3A). These results
further confirm that early hematopoietic progenitors and immature
myeloid cells are substantially increased in the peripheral blood of
the GFP-AME mice.

We also analyzed bone marrow cells and splenocytes from the
diseased GFP-AME mice. Fig. 3B displays the mean levels of
Mac-11, Gr11, and c-Kit1 cells in the peripheral blood, bone
marrow, and spleen. In all three tissues, there is a general decrease
in Gr-11 cells and a dramatic increase in GFP1yMac-11 and
GFP1yc-Kit1 cells in GFP-AME mice vs. vector mice. Double
staining of these cells with Mac-1 and c-Kit demonstrate that c-Kit1
cells were Mac-1loy2. Mice that received AME alone also contain
large numbers of cells expressing Mac-1lo/med, c-Kit, and CD34 in
the peripheral blood, bone marrow, and spleen (data not shown).

In summary, we found that AME induces a fatal hematopoietic
malignancy resembling an AML with a latency of 5–13 mo. This
murine AML, like human AML, is characterized by a marked
elevation of early hematopoietic progenitors and immature myeloid
cells in the bone marrow, spleen, and peripheral blood, and by a
severe impairment of normal hematopoiesis.

AME Mice Contain Both Elevated Immature Myelocytic and Monocytic
Cells. To identify further the various AME-transduced tumor cells
and assess similarities to human disease subtypes, we performed
cytochemical staining on the bone marrow smears and cytospin
preparations. These staining techniques are similar to those used by
the French, American, and British (FAB) Cooperative Group to
classify human AML subtypes. Staining for MPO activity differ-
entiates strongly positive cells in the granulocytic lineage vs. the
weakly positive cells in the monocytic lineage. A large number of
marrow cells from the diseased mice are MPO1 (Fig. 2Ab), whereas
normal bone marrow contains much fewer MPO1 cells (Fig. 2Af).

Stains for NACE and ANAE or nonspecific esterase are also
useful for differentiating these cell lineages. NACE strongly stains
differentiated cells of the granulocytic lineage and very weakly or
negatively stains cells of the monocytic lineage, whereas ANAE is
present in monocytes, T-cells, and megakaryocytes. A large fraction
of marrow cells from the diseased mice were ANAE1 (Fig. 2Ac),
whereas normal bone marrow contained very few ANAE1 cells
except for some weakly positive lymphocytes (Fig. 2Ag). Weakly
positive NACE-stained cells from the diseased mice can be seen in
Fig. 2Am.

To verify that MPO- and ANAE-containing cells are AME-
transduced cells, we sorted the GFP1yc-Kit1 and GFP1yMac-11

cells from the GFP-AME mice by flow cytometry and performed
cytochemical analysis on the cytospin preparations of these cells.
We found both MPO1 and ANAE1 cells in the sorted GFP1 cell
population (Fig. 2 Ai vs. Al). There were more MPO1 cells from
the Mac-1-sorted than the c-Kit-sorted populations (Fig. 2 Ai vs.
Ak), whereas more ANAE1 cells were detected in c-Kit-sorted cells
(Fig. 2 Aj vs. Al). All of the diseased mice contained significant
amounts of both MPO1 and ANAE1 cells, although some had
more MPO1 and less ANAE1 (Fig. 2 Ab and Ac), and others had
more ANAE1 and less MPO1 (Fig. 2 An and Ao). Despite this
variation, the presence of both monocytic and granulocytic cell
lineages in the GFP-AME or AME mice indicate that AME induces
a disease resembling the human acute myelomonocytic leukemia
(AML FAB-M4).

Rapid Development of AML in the Secondary Recipient Mice. To
examine whether tumor cells from diseased primary mice are
transplantable, we transferred bone marrow cells from the diseased
AME (mouse no. 9) or GFP-AME (mice nos. 6 and 2) mice into
groups of three to five lethally irradiated secondary recipients. All
of the secondary recipient mice became progressively moribund or
died within 40 days after bone marrow transplantation (Fig. 1B).
Analysis of the bone marrow and blood smears, flow cytometry, and
cytochemistry showed that the secondary AME recipient mice
developed the same disease as primary recipients. The drastic
difference in disease latency between the primary and secondary
AME mice suggests that additional genetic abnormalities may have
been acquired in the AME-transduced cells during the development
of AML.

Detection of AME Provirus in Tumor Cells of Diseased Mice. To
demonstrate integration of the AME provirus and to establish the
number of AME provirus-containing clones in the diseased mice,
genomic DNA isolated from the bone marrow or spleen of primary
and secondary GFP-AME mice was digested with HindIII (Fig.
1A) and analyzed by Southern blot by using a 0.7-kB GFP probe.
One to three prominent bands were observed, suggesting that only
a few clones of cells are responsible for disease manifestation (Fig.

Fig. 2. Morphological, cytochemical, and histologic analysis of AME and GFP-
AME mice. (A) Bone marrow smears of normal mouse (e–g) were compared with
bonemarrowsmears fromGFP-AMEmouseno.0 (a–c, i–l),mouseno.6 (n–o),and
mouseno.4 (m). ComparisonofMPO1 (b,n) andANAE1 (c,o) cells fromGFP-AME
mice and MPO1 (f) and ANAE1 (g) cells from normal mouse. NACE staining of
GFP-AME cells can be seen in m. Hema 3-stained peripheral blood smears of
primary (mouseno.6) (d)andsecondaryGFP-AMEmouse(mouseno.6.4) (p)were
compared with smears from normal mouse (h). Cytospin preparations of c-Kit1y
GFP1 (i–j) and Mac-11yGFP1 (k–l)-sorted bone marrow cells from GFP-AME mice
stained with MPO (i and k) and ANAE (j and l). (B) Comparison of histologic
sections of spleen, liver and bone marrow of vector control mouse no. 2 (a–d),
spleen and liver of AME mouse no. 9 (e–g) and bone marrow of GFP-AME mouse
no. 6 (h). All photos are at 3600 except for Ao, Bc, Bd, Bg, and Bh, which are at
3200; Bb and Bf, which are at 3630; and Ba and Be which are at 325).
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4 A and B). Fig. 4B also shows that different clones can arise
independently in the bone marrow and spleen (lanes 2B vs. 2S), and
that most of these clones persist in the spleen of secondary recipient
mice (last three lanes).

To confirm that the AME provirus did not undergo rearrange-
ment during the long disease latency, we digested genomic DNA
with XbaI, which releases nearly the entire GFP-AME provirus (Fig.
1A) and probed with the same GFP DNA fragment. Fig. 4C shows
one prominent 7-kB band from primary (first four lanes) and
secondary recipient mice (last two lanes) that corresponds to the
GFP-AME provirus. These results demonstrate that the AML seen
in the primary and secondary recipient mice is a clonal disease.

Expression of the AME Fusion Protein in Tumor Cells of the Diseased
Mice. To establish that the AME fusion protein is expressed in the
diseased mice, we performed Western blot analysis on spleen cells.
Fig. 4D shows that the myc-tagged-AME is detectable in total lysate
of splenocytes derived from several diseased GFP-AME mice
(lanes 2–6) but not in splenocytes derived from the vector control
mouse (lane 1). The proportion of GFP1 cells (indicated at the
bottom of each lane) generally correlated with the AME expression
levels. Reprobing with anti-dynamin antibody confirmed that all
lanes except lane 6 contained equal amounts of proteins. Expres-
sion of the myc-tagged AME can also be seen in total cell lysate of
cells from the peripheral blood and bone marrow of GFP-AME
mice (data not shown). Mice that received AME alone cannot be
monitored by using GFP, but we found that cells from the periph-
eral blood, bone marrow, and spleen of these mice all express the
myc-tagged-AME by Western blot (data not shown). These results
confirm the association between expression of the AME fusion
protein and the induction of AML.

Discussion
In this study, we established that the human AME fusion gene
associated with t(3;21) can induce a disease in mice similar to
human acute myelomonocytic leukemia. Common features of the
disease include: (i) anemia; (ii) large numbers of myeloid blast cells

as well as differentiated but immature granulocytic and monocytic
cells accumulate in the bone marrow, spleen, and peripheral blood;
(iii) the presence of the AME provirus and the expression of the
AME protein in affected tissues; and (iv) efficient transfer of the
leukemia to secondary recipient mice, which developed the disease
with a much shorter latency.

The difference in the latency of the disease between the primary
and secondary AME mice (Fig. 1B) suggests that additional genetic
abnormalities may have been acquired in the AME-transduced
hematopoietic progenitor cells during the development of the
murine acute myelomonocytic leukemia. Consistent with this no-
tion of multistep leukemogenesis in the AME mice, only one or a
few clones of AME provirus-containing cells was detected by
Southern blot (Fig. 4 A and B). The presence of more than one
clone of tumor cells in the diseased mice suggests that the frequency
of secondary mutations may have been increased in AME-
expressing cells. The murine AML model established here will be
useful in studying the molecular mechanisms of multistep leuke-
mogenesis.

The t(3;21) fusion proteins have not been preferentially linked to
AML with a particular AML-FAB classification, unlike that of the
t(8;21) that is typically associated with AML-M2 and the inv(16)
with AML-M4Eo. However, both AML-M4 and M5 subtypes have
been found in cases of t(3;21)-associated AML (1, 29). In this study,
expression of GFP helped us demonstrate that both myelocytic and
monocytic leukemic cells exist in AME mice (Fig. 2A and Fig. 3).
Although variations in the amount of MPO1 and ANAE1 cells
were detected, the AML-M4 diagnosis was consistent in each of the
diseased mice. These variations may be influenced by different
secondary mutations acquired during leukemogenesis, which may
possibly also account for variations in WBC counts and proportion
of GFP1 cells in hematopoietic tissues observed in AME andyor
GFP-AME mice (Table 1).

The majority of diseased AME and GFP-AME mice contained
large number of c-Kit1 cells (Fig. 3). Many of the c-Kit1 cells were
Mac-1lo/2, suggesting that differentiation of hematopoietic cells is
blocked at early developmental stages in AME cells. Increases in

Fig. 3. Flow cytometry analysis of hematopoietic tissues from GFP-AME and vector alone mice. (A) Comparison of cell size and granularities (Top Left) and expression
ofGFPandsurfacemarkersMac-1,c-Kit,CD34,Gr-1,B220,CD3y4y8,andTer119inperipheralblood. (B)AveragepercentofGFP1 andGFP2 Mac-1,Gr-1,andc-Kitpositive
cells in the peripheral blood, bone marrow, and spleen of eight GFP-AME mice (AME) compared with three vector mice (CON).
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c-Kit1 cells have also been found in many AML patients, although
the specificity and reliability of this as a prognostic marker for AML
are still controversial (34–37). Despite this, the predominance of
c-Kit1 cells in the AME mice suggests that c-Kit may be a useful
marker to characterize t(3;21)-associated AML.

AME is the first CBF subunit-containing translocation protein
shown to induce AML in mice. Previous studies have demonstrated
that AML1-ETO and CBFbySMMHC act as dominant negative
alleles of normal AML1. However, expression of these fusion genes
in hematopoietic cells either by knock-in (23–26) or by transgenic
technology by using a myeloid-specific gene hMPR8 promoter (30)
did not induce leukemia in mice. The apparent difference in the

leukemogenic potential of AME vs. AML1-ETO and CBFby
SMMHC may lie in the function of AML1’s fusion partner: trun-
cated ETO or SMMHC or MDS1yEVI1. Among these three, EVI1
is the only one that has been implicated in the development of
myeloid leukemia in mice (through its overexpression after retro-
viral integration) (13). It is possible that the role of AML1-ETO and
CBFbySMMHC in the development of AML may involve only
blocking differentiation of hematopoietic cells, but establishment of
a neoplasia requires mutations that activate other oncogenes. On
the other hand, AME may also block differentiation in hemato-
poietic cells but in addition have intrinsic transforming properties
that allow development of a neoplasia.

Alternatively, all of the CBF subunit-containing fusion
proteins may have the potential to induce leukemia when they
are targeted into the correct hematopoietic progenitors. In-
deed, in vitro studies have already demonstrated that EVI1,
AME, and AML1-ETO can block differentiation of a mouse
myeloid cell line or mouse bone marrow cells in vitro (20–22,
25, 31), and that AME, AML1yMDS1, AML1yETO, and
AML1 can transform mouse fibroblast cells (16–19). There-
fore, it is possible that most, if not all, CBF subunit-containing
translocation proteins can block differentiation of hematopoi-
etic progenitor cells at a certain developmental stage and may
even stimulate their growth to some extent. However, malig-
nant transformation of these targeted progenitors may require
acquisition of additional genetic abnormalities. In knock-in
experiments, leukemia may not be realized because AML1-
ETO and CBFbySMMHC were expressed in cells that were in
a stage that is too early in hematopoietic development. Con-
versely, using the hMPR8 promoter to drive expression of
CBFbySMMHC in transgenic mice may have allowed target-
ing into progenitor cells that are too late in hematopoietic
development to induce leukemia.

It has been shown that the induction of a CML-like disease in
mice by BCR-ABL, which is associated with 95% of human CML,
relies on targeting the gene into multipotential hematopoietic
stemyprogenitor cells by using an efficient retroviral transduction
system (27, 32, 33). In this report, we used the same retroviral
transduction system to show that AME induces AML in mice. This
in vivo experimental system will be useful in assessing the role of the
domains of AME as well as the role of other AML1-containing
fusion genes in leukemogenesis.
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Fig. 4. Detection of the AME provirus and expression of the AME protein in affected tissues.
Southern blot analysis of genomic DNA from (A) bone marrow of GFP-AME mice digested with HindIII;
(B) frombonemarrow(2B)andspleen (2S)ofprimaryGFP-AMEmouseno.2,andspleenof its secondary
recipients (2.2S, 2.3S, 2.4S) digested with HindIII; and (C) from spleen (lanes 1, 5–6) and bone marrow
(lanes2–4)ofprimary (lanes1–4)andsecondaryrecipient (lanes5–6)GFP-AMEmicedigestedwithXbaI.
(D). Western blot analysis of the expression of the myc-tagged AME in total spleen cell lysate of
GFP-AME mice by using anti-myc antibody (9E10). (Lower) Reprobing of the same membrane with
anti-dynamin antibody. The percentages of GFP1 cells are indicated under each lane.
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