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NEOPLASIA

Human CD34� cells expressing the inv(16) fusion protein exhibit a
myelomonocytic phenotype with greatly enhanced proliferative ability
Mark Wunderlich, Ondrej Krejci, Junping Wei, and James C. Mulloy

The t(16:16) and inv(16) are associated
with FAB M4Eo myeloid leukemias and
result in fusion of the CBFB gene to the
MYH11 gene (encoding smooth muscle
myosin heavy chain [SMMHC]). Knockout
of CBF� causes embryonic lethality due
to lack of definitive hematopoiesis. Al-
though knock-in of CBFB-MYH11 is not
sufficient to cause disease, expression
increases the incidence of leukemia when
combined with cooperating events. Al-
though mouse models are valuable tools
in the study of leukemogenesis, little is
known about the contribution of CBF�-

SMMHC to human hematopoietic stem
and progenitor cell self-renewal. We intro-
duced the CBF�-MYH11 cDNA into hu-
man CD34� cells via retroviral transduc-
tion. Transduced cells displayed an initial
repression of progenitor activity but even-
tually dominated the culture, resulting in
the proliferation of clonal populations for
up to 7 months. Long-term cultures dis-
played a myelomonocytic morphology
while retaining multilineage progenitor
activity and engraftment in NOD/SCID-
B2M�/� mice. Progenitor cells from long-
term cultures showed altered expression

of genes defining inv(16) identified in
microarray studies of human patient
samples. This system will be useful in
examining the effects of CBF�-SMMHC
on gene expression in the human preleu-
kemic cell, in characterizing the effect of
this oncogene on human stem cell biol-
ogy, and in defining its contribution to the
development of leukemia. (Blood. 2006;
108:1690-1697)

© 2006 by The American Society of Hematology

Introduction

The CBF transcription factor is a heterodimeric complex consisting
of the AML1 (RUNX1) protein and the CBF� protein, both of
which are common targets of chromosomal translocations in acute
myeloid leukemia (AML). The AML1 gene is involved in numer-
ous genetic aberrations, most commonly the 8:21 translocation
found in 40% of AML of the FAB M2 subtype.1 The gene encoding
the CBF� subunit is altered by inv(16) and t(16:16), fusing the
CBFB gene with the MYH11 gene for smooth muscle myosin heavy
chain (SMMHC).2 This genomic alteration is associated with FAB
M4Eo consisting of a myelomonocytic blast cell phenotype with
eosinophilia in patient bone marrow.3

Several studies have examined the effects of altered CBF� and
AML1 expression in mice. Knockout of CBF� gives a lethal
phenotype around day E12.5 with mice showing a lack of definitive
fetal liver hematopoiesis.4-6 The phenotype is nearly identical to
knockout of AML1, suggesting that both proteins are required for
function of the CBF complex.7,8 Additionally, mice heterozygous
for a knock-in of CBF�-MYH11 (CM) into one of the endogenous
CBF� genes also show the same phenotype, indicating that CM
acts as a dominant repressor of CBF function.9 Chimeric mice
generated with embryonic stem cells heterozygous for CM did not
develop leukemia. However, leukemia was observed on treatment
with the DNA alkylating agent, ethylnitrosourea, at doses insuffi-
cient to cause disease in wild-type mice, indicating an involvement
of CM in leukemogenesis in cooperation with additional genetic
hits.10 Neonatal exposure of these chimeric mice to replication-

competent retrovirus also induced AML that mimicked the human
disease.11 Analysis of the integration sites in the leukemic samples
identified the Plag1 and Plagl2 genes, suggesting cooperation
between CM and these genes in leukemogenesis. Subsequent
studies determined that overexpression of these transcription
factors, both of which accelerated entry into S phase, cooperates
with CM in leukemia induction.12 Importantly, both transcription
factors were found to be overexpressed in human leukemia
samples, with Plagl2 being specifically associated with inv(16)
samples.12 In addition, expression of CM in murine hematopoietic
stem and progenitor cells (HSPCs) was shown to cooperate with
either double knockout of p16INK4a and p19ARF or coexpression
of HPV-E7 in the development of leukemia in recipient mice,
although the leukemia was of a lymphoid phenotype.13 Another
group has recently reported that CM cooperates with p19ARF
haploinsufficiency to induce AML and that CM expression in
wild-type bone marrow cells induces AML, but with a lower
penetrance and latency than in p19ARF-deficient cells.14 Recently,
a conditional knock-in mouse model demonstrated that CBF�-
SMMHC expression promotes myeloid leukemia with a median
latency of 5 months.15 Interestingly, none of the mouse models
have replicated the bone marrow eosinophilia that is associated
with the inv(16) human disease.

We and others have examined AML1-ETO function using a
model system based on transduction of human cord blood (CB)
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CD34� cells.16-19 AML1-ETO (AE) expression resulted in long-
term growth and increased self-renewal of progenitor cells. These
long-term cultures should further our understanding of the molecu-
lar consequences of AE expression in a relevant preleukemic cell.
Recently, we have used this system to identify TrkA as an induced
target gene of AE and found that its up-regulation confers a
proliferative advantage in the presence of nerve growth factor.20 We
show here that retroviral transduction of CM into human CD34�

hematopoietic cells mimics a preleukemic condition that could
occur on inv(16) manifestation in vivo. Transduced cells proliferate
in vitro for up to 7 months, retain CD34 expression, and are able to
engraft NOD/SCID-B2M�/� mice. Nevertheless, cells display a
strong myelomonocytic bias and altered differentiation in vitro and
in vivo and a pronounced tendency to differentiate to eosinophils.
These data indicate that expression of CM in human CD34�

HSPCs promotes the expansion of a primitive progenitor cell and
that long-term cultures recapitulate key aspects of the disease
associated with inv(16) in humans.

Materials and methods

Retroviral production and transduction

The retroviral constructs, pMSCV-IRES-GFP (MIG) and pMSCV-HA-AE-
IRES-GFP, and the retroviral transduction protocol have been described
previously.16 The CM cDNA was cloned into pMSCV-IRES-GFP using
EcoRI restriction sites. Human CD34� umbilical CB and adult mobilized
peripheral blood progenitor cells (PBPCs) were obtained from the Transla-
tional Research Development and Support Laboratory of Cincinnati
Children’s Hospital under an approved Institutional Review Board proto-
col. Cells were prestimulated for 2 days in IMDM containing 1� BIT
serum substitute (Stem Cell Technologies, Vancouver, BC, Canada), 100
U/mL penicillin/streptomycin, 100 �M 2-mercaptoethanol, and human
cytokines (100 ng/mL each of stem cell factor [SCF], megakaryocyte
growth and development factor, Flt3 ligand, IL-6, and 20 ng/mL IL-3 [CB
media]). Transduction was carried out on plates coated with Retronectin
(Fisher Scientific, Pittsburgh, PA) preloaded with virus. Medium was
replaced with fresh viral supernatant 6 to 8 hours later and again the
next day.

Cell culture

Sorted cultures. After transduction, cells were grown in the described
serum-free media with 20 ng/mL each of SCF (Kit ligand), megakaryocyte
growth and development factor (thrombopoietin), Flt3 ligand, and IL-6 and
10 ng/mL IL-3 (KTF36 media) for the duration of the experiments. Three
days after transduction, cells were sorted for GFP expression on a
FACSVantage (Becton Dickinson, San Jose, CA). Positive cells were
stained with the indicated antibodies to assess lineage or were plated in
methylcellulose assays. Three days after sorting, positive cells were
assessed for apoptosis and cell cycle using the annexin V-PE kit (Becton
Dickinson) and BrdU-APC kit (Becton Dickinson) according to the
manufacturer’s directions. For BrdU analysis, cells were labeled for 1 hour
with 10 �M BrdU.

Nonsorted cultures. After transduction, cells were grown in KTF36
media and monitored by weekly viable cell counts (trypan blue exclusion).
Cytospins were stained with Wright-Giemsa stain for eosinophil quantifica-
tion. Approximately 200 cells were counted in random fields for each
sample. Cytospins were photographed using a SPOT RT color camera
(Diagnostic Instruments) connected to an OPTIPHOT-2 (Nikon) micro-
scope at � 40 magnification (40�/0.7 numeric aperture [NA] Planar
objective) with SPOT4.0.6 (Diagnostic Instruments) software. Pictures of
the cell cultures were taken with a DMIRB fluorescence microscope (Leica,
Bannockburn, IL) at � 10 magnification (16�/0.36 NA Planar objective)
with an ORCA-ER C4742-95 camera (Hamamatsu, Bridgewater, NJ)
equipped with a deconvolution system (Leica) and Openlab 4.0.3 software

(Improvision, Lexington, MA). For many experiments, CD34� cells were
selected using the EasySep human CD34� selection kit according to the
manufacturer’s recommendations (Stem Cell Technologies). CD34� prepa-
rations were verified to be more than 90% CD34� by flow cytometry. Flow
cytometry was performed using a FACSCalibur (Becton Dickinson).
Antibodies were from Becton Dickinson and all are PE conjugates except
CD15 (APC), CD33 (APC), CD36 (APC), and CD71 (biotin, used with
streptavidin-APC). The lineage stain cocktail included CD2, CD8,
CD10, CD11b, CD14, CD16, CD19, CD56, and CD235a antibodies (all PE
conjugates; Becton Dickinson). All flow cytometry data were analyzed with
FlowJo software (Tree Star, Ashland, OR).

CFU assays

Two thousand GFP� (sorted cultures, Figure 1) or 5000 CD34� (long-term
cultures, Figure 5) were seeded per 35-mm plate in MethoCult H4100
medium (Stem Cell Technologies) supplemented with 20% BIT, 100 �M
2-mercaptoethanol, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin,
and the human cytokines erythropoietin (EPO; 6 U/mL), granulocyte
colony-stimulating factor (G-CSF; 10 ng/mL), IL-6 (20 ng/mL), IL-3
(20 ng/mL), and SCF (20 ng/mL). Cultures were plated in triplicate except
for CM GFP�-sorted cultures (Figure 1) for which there were 10 plates.
Colonies of more than 50 cells were scored after 14 days of incubation.
Methylcellulose assays were also performed under conditions favoring red
cell differentiation (Figure 5C-D). CD34� cells were cultured as described
with the cytokine mix (SCF [100 ng/mL], IL-3 [20 ng/mL], and EPO
[6 U/mL]). Red cell colonies were photographed after 14 days. Red cell
lineage was determined by staining for expression of CD235a, CD71hi, and
CD36. Red colonies plucked and pooled from parallel plates were subjected
to the same staining to confirm colony identification.

Western blotting

Cells were lysed in protein lysis buffer (50 mM HEPES, 1% Triton X-100,
5 mM EDTA, 50 mM NaCl, 10 mM sodium pyrophosphate, 50 mM sodium
fluoride, HALT protease inhibitor cocktail [Pierce, Rockford, IL]) followed
by incubation on ice for 10 minutes. After brief sonication and centrifuga-
tion for 5 minutes, BCA assays (Pierce) were performed. Lysate (25 �g)
was boiled in loading buffer (2% SDS, 10% glycerol, 360 mM 2-mercapto-
ethanol, 100 mM Tris) for 5 to 10 minutes and separated on 8% to 16%
Tris-glycine gels followed by transfer to PVDF (Invitrogen, San Diego,
CA). After 1 hour of incubation in blocking buffer (Tris-buffered saline/5%
BSA/0.1% Tween-20), primary antibodies were added to Tris-buffered
saline/2.5% BSA/0.1% Tween-20 solution for 2 hours at room temperature,
a secondary HRP-conjugated goat antimouse antibody (Becton Dickinson)
was added for 1 hour, and signal was detected using Super Signal substrate
(Pierce) on BioLight-1 film (Kodak). Antibodies are monoclonal mouse
anti-CBF� supernatant (a gift of Dr Nancy Speck, Dartmouth) and
monoclonal mouse anti-�-actin (Sigma, St Louis, MO).

Southern blotting

gDNA (10 �g) prepared with the QIAamp DNA Blood mini kit (Qiagen,
Valencia, CA) was digested with EcoRI overnight. Samples were processed
as previously described.16

B-cell differentiation

CD34� cells from long-term CM cultures (8-15 weeks in culture) were
cocultured with a monolayer of MS-5 stroma in B-cell media [MEM�
containing 10% FBS and 10 ng/mL each of SCF, Flt3L, and IL-7
[PeproTech, Rocky Hill, NJ]). Cultures were demi-depopulated weekly and
tested for expression of B-cell antigens using antibodies for CD10 (PE),
CD19 (PE), and CD20 (PerCp; Becton Dickinson).

Xenoengraftment of NOD/SCID-B2M�/� mice

Long-term cultures (12-13 weeks in culture) were injected into the tail veins
of 5- to 7-week-old sublethally irradiated (350 rad) NOD/SCID-B2M�/�

mice. Mice were killed at 8 to 10 weeks and bone marrow was harvested
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from the 4 long bones of the legs. Following red cell lysis, human cells were
identified by GFP expression and human CD45-APC staining. For positive
control, fresh and short-term (� 1 week) cultured CB cells were used,
giving engraftment between 0% and 20%.

qPCR

RNA was isolated from magnetically separated CD34� cells with the
RNAeasy kit (Qiagen). RNA was reversed transcribed using MuLV reverse
transcriptase (RT) and random hexamers according to the manufacturer’s
recommendations (Applied Biosystems, Weiterstadt, Germany). The cDNA
was then subjected to quantitative polymerase chain reaction (qPCR) using
SYBR Green technology (Applied Biosystems). Reactions were run on a
7700 sequence detection system and data were analyzed using SDS version
1.9 and Dissociation Curves 1.0 software (Applied Biosystems). Only
samples with the appropriate dissociation curves were considered for
analysis. Results were normalized to c-abl expression. qPCR primers are
available on request.

Results

CM expression affects CFU activity

Several studies in both mouse and human cells have shown that
expression of CM results in inhibition of the cell cycle.21-24 To
confirm these results in human progenitor cells, we transduced
CD34� CB cells with viral supernatant generated from the
retroviral constructs pMSCV-IRES-GFP (MIG), pMSCV-CBF�-
MYH11-IRES-GFP, or pMSCV-AML1-ETO-IRES-GFP, sorted
the cells for expression of GFP, and plated the cells to methylcellu-
lose cultures. We have previously shown that expression of
AML1-ETO results in a profound negative effect on the growth of
committed progenitors using this assay.16 We used a similar
multiplicity of infection to ensure that no experimental artifact was

introduced due to differential target cell transduction. Both the
MIG and the CM transductions resulted in approximately 15% of
cells expressing GFP (Figure 1A). After sorting GFP� cells, we
stained the cells for lineage-specific surface markers. The CM-
expressing cells had a marked decrease in erythroid progenitor
cells, as demonstrated by loss of the CD36�CD13� population and
a decreased CD71hi population, with a concomitant increase in
CD13� cells (Figure 1A). This correlated with a significant
decrease in erythroid blast-forming unit (BFU-E) colonies in
methylcellulose assays, in addition to an overall decreased clonoge-
nicity (Figure 1B). Remarkably, the transient expression of CM resulted
in a skewing of the colony type, with a significantly increased fre-
quency of primitive granulocyte-erythroid-megakaryocyte-macrophage
(GEMM) colonies as well as granulocyte-macrophage (GM) colonies
(Figure 1B). To determine whether this negative effect on progenitor
activity was due to increased apoptosis or cell cycle inhibition, we
analyzed cells for annexin V positivity and also compared the incorpora-
tion of the base analog bromodeoxyuridine (BrdU) to quantify the
number of cells in S phase. CM-expressing cells had an increase in the
percentage of cells in the G1 phase of the cell cycle, with fewer annexin
V� cells compared to the MIG control and fewer cells in S phase. These
results confirm the findings of others that expression of CM affects the
proliferation and differentiation of myeloid progenitor cells and impli-
cates a cell cycle effect rather than cell survival as the mechanism
involved. In addition, this effect seems particularly pronounced in cells
of the erythroid lineage.

Expression of CM in primary human CD34� cells leads to
long-term proliferation

We have consistently found that the transient inhibitory effect of
AE expression on progenitor growth is quickly followed by a
period of increased self-renewal in liquid culture that allows

Figure 1. CBF�-SMMHC expression inhibits human HSPC
differentiation and negatively affects progenitor cell activity.
(A) Human CD34� cells were transduced and sorted for GFP
expression. On the day of sorting, GFP� cells were analyzed by
flow cytometry for the indicated surface markers. (B) Two thou-
sand GFP� cells were plated in serum-free methylcellulose
culture. Total colony numbers were scored after 14 days. Average
total colonies (top) or frequency (bottom) are shown with SDs for
a representative experiment. *P � .05. (C) After expansion of
GFP� cells for 3 days, apoptosis and cell cycle analysis by
annexin V staining and BrdU incorporation, respectively.
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for the reproducible establishment of long-term cultures.18,20

To determine whether disruption of the CBF complex by
expression of the inv(16)–associated fusion protein CM is
sufficient to cause a similar proliferative or survival advantage,
we transduced human CB or PBPC CD34� cells with MIG or
MIG-CM. There was a gradual decrease in the percentage of
MIG-transduced cells over time in culture, as evidenced by the
loss of GFP-expressing cells (Figure 2A). In contrast, CM-

expressing cells gradually increased in numbers, beginning at
week 4, and eventually dominated the culture (Figure 2A). This
selective increase was the result of a continued expansion of
primitive CD34� cells expressing CM (Figure 2B). A large
increase in total cell numbers occurred in these experiments, and
cells reproducibly grew for approximately 7 months in liquid
culture, similar to our findings with AE-expressing CD34� cells
(Figure 2C).18 CM cultures displayed clonal dominance by
Southern blot analysis as early as week 6, which is consistent
with AE studies (Figure 2D and data not shown). These results
demonstrate that the expression of CM is able to promote the
expansion of human CD34� HSPCs in vitro.

Long-term cultures expressing CM exhibit a myelomonocytic
phenotype with eosinophilia

Following the establishment of several independent long-term
cultures, samples were analyzed by Western blot for expression
of CBF�-SMMHC. CBF�-SMMHC protein was observed using
antibodies to either CBF� or SMMHC (Figure 3A and data not
shown). Importantly, levels of CBF�-SMMHC appeared similar
to those found in the human inv(16)� AML cell line, ME-1,
indicating these in vitro effects occur at physiologically relevant
doses. The surface profile of the CM cultures was consistent
with an in vitro myelopoiesis culture, demonstrating the pres-
ence of both primitive CD34� cells as well as some differenti-
ated myeloid (CD11b and CD16) and monocytic (CD14) cells
(Figure 3B). Most of the proliferative potential in the CM-
expressing cells was detected in the CD34� fraction, implying
that some normal level of hematopoietic hierarchy is maintained
in the long-term cultures expressing CBF�-SMMHC (data not
shown). CM cultures displayed a clearly distinct morphology
when compared with the control cultures, consistent with the
presence of immature myelomonocytic cells at multiple stages
of differentiation (Figure 3C). In contrast, control cultures
primarily differentiated to macrophage, as shown by both light
microscopic and Wright-Giemsa staining of long-term MIG
cultures (Figure 3C-D). Strikingly, Wright-Giemsa staining
demonstrated that many of the CM-expressing cells were
immature or maturing eosinophils, which are often found in
excess amounts in patients with AML with inv(16) (Figure 3D).

Figure 2. Expression of CBF�-MYH11 in primary human CD34� cells leads to
long-term proliferation. (A-C) Transduced (nonsorted) human CD34� cells were
expanded in KTF36 media, counted weekly by trypan blue dye exclusion, and stained
and analyzed by flow cytometry. (A) GFP expression, (B) CD34 expression, and (C)
total cell number are shown. A transduction with the related oncogene AML1-ETO
(AE) is shown as a comparison for cell growth during the first 20 weeks. The error
bars represent the SD from 3 separate experiments. (D) Southern blot of long-term
cultures indicating the clonal nature of the long-term CM cultures. GFP was used as
the probe. W indicates weeks in culture.

Figure 3. Long-term cultures expressing CM exhibit a
myelomonocytic phenotype with eosinophilia. (A)
Long-term cultures expressing CM or AE, and leukemia
cell lines from patients with inv(16) (ME-1) or t(8;21)
(Kasumi-1) were analyzed by Western blot using an
anti-CBF� antibody. (B) Surface marker expression of
long-term CM cultures expressed as averages of 4
independent cultures with SDs. (C) Photographs of typi-
cal cultures transduced with MIG or CM and grown for 8
weeks. (D) Wright-Giemsa–stained cytospins of week 10
MIG and CM cultures, with eosinophils indicated by the
arrows. (E) Average eosinophil counts determined by
Wright-Giemsa staining of 4 independent MIG- and CM-
matched cultures (5-10 weeks in culture) and 3 indepen-
dent longer-term (week 15-20) CM cultures. Error bars
represent SD.
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In 4 different paired cultures, a significant increase in eosino-
phils was detected in CM cultures compared to control MIG
cultures (Figure 3E). This increase was maintained throughout
the culture period (Figure 1E).

Cells expressing CM have aberrant differentiation potential

CD34� cells were selected from long-term CM-expressing and
control cultures and analyzed for expression of immature and
lineage-specific markers over a 4-week period. After 4 weeks, the
majority of cells in the normal CB cultures expressed CD11b while
losing nearly all CD34 expression (Figure 4A-B). In contrast, the
CM-expressing cultures retained a population of cells that contin-
ued to express CD34, and the vast majority of cells failed to
up-regulate any of the lineage-specific molecules that typically
indicate terminal myelomonocytic differentiation (Figure 4A-B).
After 4 weeks, 65% of control CB cells expressed mature lineage
markers, whereas fewer than 10% of the CM-expressing cells were
positive for these differentiation molecules (Figure 4C). All cells
were negative for lymphoid markers CD8, CD10, CD19, and
CD56, consistent with an almost 100% staining for the myeloid
marker CD13 (data not shown). These results indicate a dramatic
slowing in the normal myeloid differentiation program of human
CD34� cells on expression of CM.

The CD34� cells expressing CM had a clonogenic potential of
between 0.5% and 5.0%, similar to what we find using CD34� cells
from long-term AE cultures (Figure 5A). CD34� cells from control
cultures grown in vitro for 5 or more weeks also show a similar
clonogenicity, implying that the greatly expanded proliferative
capacity of the CBF-expressing cultures may be due to the
continued expansion of CD34� cells coupled with their inability to
differentiate normally. CM-expressing cells predominantly formed
myeloid colonies, with very few erythroid colonies detected
(Figure 5B). This was in contrast to the colony types from
AE-expressing or control CD34� cells, which were a more equal
mix of myeloid and erythroid cells (Figure 5B). Surface staining of

cells collected from methylcellulose confirmed that CD235a�

erythroid cells were present at very low numbers in the CM
samples, with virtually all of the cells retaining expression of the
CD13 myeloid marker (data not shown). To determine whether the
long-term CM cultures possessed any erythroid potential at all,
CD34� cells from long-term CM cultures were plated in
methylcellulose in a cytokine cocktail that promotes red blood
cell survival and differentiation. A small percentage of colonies
were of the erythroid phenotype, which was confirmed by
detection of a population of CD36�CD13� cells and a corre-
sponding number of CD71�CD235a� cells (Figure 5C). These
erythroid colonies were GFP�, and when plucked and assayed
for surface expression, showed a clear enrichment for the
erythroid phenotype (Figure 5D). Thus, similar to the finding of
a myeloid bias at the expense of erythroid differentiation on
transient expression of CM, we detected a similar bias in the
long-term CM cultures not seen in AE cultures, demonstrating a
particular effect of CM on erythroid potential.

A primitive, self-renewing progenitor is responsible for the
long-term expansion of CM-expressing cells

We have previously shown that human CD34� cells expressing the
AML1-ETO fusion protein are able to differentiate to B cells in
vitro, even after extended culture in myeloid-promoting condi-
tions.18 These AE cultures also retained the ability to engraft
immunocompromised mice at low levels. These data implicate a
primitive cell as the source of the proliferative potential in vitro. To

Figure 4. Cells expressing CM retain CD34 expression and have aberrant
differentiation potential. (A-C) Proliferating cells from normal CB samples (3-5
weeks in culture) or from long-term CM cultures (3 different clones, weeks 13-16 in
vitro) were magnetically purified for CD34� cells. Weekly thereafter cells were stained
for (A) differentiation markers, (B) CD34, or (C) a lineage cocktail (week 4 only). Error
bars indicate the SD of the 3 independent experiments.

Figure 5. CM-expressing CD34� cells retain progenitor activity but are ineffi-
cient in erythroid differentiation. (A-B) Five thousand magnetically selected
CD34� cells were plated to methylcellulose. (A) Total colony number was determined
after 14 days. W indicates weeks in culture at the start of the assay. (B) Colony type
frequency was scored as myeloid or erythroid for CD34� cells from independent CB
(n � 2), AE (n � 4), and CM (n � 4) cultures. Averages and SDs are shown. (C-D)
Similarly, CD34� cells from CM cultures were grown in methylcellulose assays with
cytokines promoting red cell differentiation. After 14 days, (C) total cells or (D) pooled
red cell colonies were stained for erythroid differentiation markers. Photographs show
a representative red cell colony expressing GFP that was plucked and pooled for the
CD71/CD235a stain in panel D.
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determine whether the oncogene CBF�-MYH11 is similarly pro-
moting the long-term growth of a primitive progenitor, we tested
the ability of 5 independent CM cultures to differentiate to
B-lymphoid cells. Long-term CM cultures (8-15 weeks in myeloid
conditions) were plated onto the MS-5 stroma for 2 to 4 weeks and
then analyzed for surface expression of B-lymphoid surface
molecules. Two of the CM cultures demonstrated GFP-expressing
cells that were positive for CD10, CD19, and CD20, demonstrating
that at least for these 2 cultures, the clone that promoted long-term
growth was most likely a multipotent progenitor with both myeloid
and lymphoid potential (Figure 6A). To determine whether the CM
long-term cultures retained the ability to engraft into immunocom-
promised mice, we injected cells from cultures that had been
proliferating in vitro for 12 to 13 weeks. We used 10 million cells
per mouse, which is a common number used for engraftment of
AML patient samples using this model. Eight to 9 weeks later, we
analyzed the bone marrow of the mice and found that GFP� human
cells were detectable in all 5 mice tested, at levels ranging from
0.2% to 1% (Figure 6B). These cells were exclusively myeloid, as
determined by CD13� staining and lack of reactivity to the CD19
antibody. High percentages of the cells were positive for the mature
myeloid markers CD11b and CD14, indicating that the cells
differentiated in vivo (data not shown). Therefore, CM expression
is able to promote the extended in vitro expansion of a primitive
hematopoietic cell, similar to what we have described using the
related leukemia fusion protein AML1-ETO.

Cells expressing CM show altered expression of known
inv(16)–associated genes

Several microarray studies have identified genes with altered
expression in human leukemia samples with inv(16).25-28 These
studies compared inv(16)� samples to AML samples containing
other genetic alterations. Despite the diverse setup of these
different studies, several genes appeared in multiple lists generated

by analyses of the gene expression profiles. To determine whether
the in vitro preleukemia model we established was recapitulating
the molecular signature of inv(16)� patient samples, we performed
qPCR to assess the expression levels of 8 genes that appeared in at
least 2 of the 4 studies of primary inv(16) patient samples. qPCR
analysis of CD34� cells from CM cultures demonstrated that 4 of
these genes were similarly regulated when compared to control
CD34� cells isolated from cultured CB cells (Figure 7A). Three of
these genes, MN1, NRP1, and SPARC, were significantly increased
in the CM cultures when compared to control cultures, and the
RUNX3 gene was significantly decreased. It is also possible that
CLIPR59 would become significant if the sample size were
increased because 2 CM samples showed a very significant
increase in transcript expression but the remaining sample did not,
leading to a large standard deviation. In addition, the SDR1
transcript was very difficult to detect in normal CB CD34� cells,
and much of the signal in these samples was generated from diffuse
background bands. An analysis of the PCR product by gel
electrophoresis indicates that this transcript is also significantly
increased in the CM samples compared to the control CD34� cells
(Figure 7B).

Discussion

The results presented here demonstrate that expression of CM in
primary human hematopoietic progenitor cells greatly enhances the
expansion and promotes clonal outgrowth of primitive progenitor
cells in vitro. The ability of CM to increase the proliferative
potential of human hematopoietic progenitor cells in a similar
fashion as described for AE strongly suggests that this phenotype is
due to disruption of normal CBF function. In agreement with
published studies on this oncogene, CM expression results in a
dramatic inhibition of human progenitor cell growth in initial
clonogenic assays, similar to our findings with the AE fusion
protein. The expression of CM has an inhibitory effect on the
differentiation of the human HSPC, with a greatly increased
accumulation of eosinophils and a clear bias toward a myelomono-
cytic phenotype. In addition, there is a pronounced proliferative or
differentiation defect for cells of the erythrocytic lineage. Neverthe-
less, it is evident that the cell that drives the proliferation of the CM
cultures is a primitive progenitor because 2 of the cultures are able
to differentiate to a CD19�CD20� B cell, and the cells are able to
engraft in NOD/SCID-B2M�/� mice. Finally, we demonstrate that

Figure 6. A primitive progenitor is responsible for the long-term expansion of
CM-expressing cells. (A) Long-term CD34� CM cells (week 9-15 in vitro) were
cultured on the MS-5 stroma line under B cell–differentiating conditions. After 4
weeks, cells were collected and analyzed for GFP expression (indicating expression
of CBF�-SMMHC) and for expression of the B-cell markers CD10, CD19, and CD20.
(B) Ten million cells from a week 12 or week 13 CM culture were injected
intravenously into NOD/SCI-B2M�/� mice. Eight or 9 weeks later, mice were killed
and bone marrow from the 4 long bones of the leg was obtained and analyzed for
GFP expression and for expression of the human blood cell molecule CD45.

Figure 7. Cells expressing CM show altered expression of known inv(16)–
associated transcripts. (A) qPCR analysis of samples from CD34 magnetically
purified cells from CM and control nontransduced CB cultures. Error bars represent
SD of 2 to 6 samples. (B) Gel electrophoresis of SDR1 and c-abl amplicons after 40
rounds of qPCR amplification. Samples are derived from CD34� cells from 2 CM
cultures (CM17 and CM6) and 3 different long-term control CB cultures (CB952A,
CB935A, and CB56).
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