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P210 Bcr-Abl is an activated tyrosine kinase oncogene encoded by
the Philadelphia chromosome associated with human chronic my-
elogenous leukemia (CML). The disease represents a clonal disorder
arising in the pluripotent hematopoietic stem cell. During the
chronic phase, patients present with a dramatic expansion of
myeloid cells and a mild anemia. Retroviral gene transfer and
transgenic expression in rodents have demonstrated the ability of
Bcr-Abl to induce various types of leukemia. However, study of
human CML or rodent models has not determined the direct and
immediate effects of Bcr-Abl on hematopoietic cells from those
requiring secondary genetic or epigenetic changes selected during
the pathogenic process. We utilized tetracycline-regulated expres-
sion of Bcr-Abl from a promoter engineered for robust expression
in primitive stem cells through multilineage blood cell develop-
ment in combination with the in vitro differentiation of embryonal
stem cells into hematopoietic elements. Our results demonstrate
that Bcr-Abl expression alone is sufficient to increase the number
of multipotent and myeloid lineage committed progenitors in a
dose-dependent manner while suppressing the development of
committed erythroid progenitors. These effects are reversible upon
extinguishing Bcr-Abl expression. These findings are consistent
with Bcr-Abl being the sole genetic change needed for the estab-
lishment of the chronic phase of CML and provide a powerful
system for the analysis of any genetic change that alters cell
growth and lineage choices of the hematopoietic stem cell.

For many human leukemias, precisely defined translocations
or inversions can be diagnostic for a particular clinical entity

(1, 2). Chronic myelogenous leukemia (CML) patients present
with the characteristic translocation t(9:22) known as the Phil-
adelphia (Ph) chromosome, which results in a fused transcription
unit producing the P210 Bcr-Abl oncogene with a strongly
activated tyrosine kinase critical for cell transformation (3–5).
The early or chronic phase of CML presents with a preferential
expansion of the myeloid lineage with overproduction of mature
granulocytes and associated splenomegaly. Erythropoiesis is
ineffective and most patients are mildly anemic. The primary
affected cell appears to be the pluripotent hematopoietic stem
cell and closely related immature committed progenitors (6).
Highly enriched stem cell elements from CML patients are
Bcr-Abl-positive at the genomic level by in situ chromosome
analysis (7, 8). Analysis of multilineage, myeloid, erythroid, and
other colony forming cells demonstrates the Bcr-Abl gene and its
chimeric mRNA (9, 10). Without definitive treatment by bone
marrow transplantation, most patients evolve into blast crisis
phase (11). This can be associated with a wide variety of
additional genetic changes, including duplication of the Ph
chromosome, various trisomies, other translocations, and loss of
function mutations in several tumor suppressors (11, 12).

It is not clear whether specific genetic or epigenetic events are
needed for selection of the dominant clone that accompanies the

development of chronic phase from the single cell in which the
Ph chromosome translocation occurs. High-level expression of
Bcr-Abl can have direct and obvious effects in cell culture
systems monitoring fibroblast transformation (13), expansion of
immature B lineage elements (14), augmentation of multilineage
hematopoietic colony forming ability in low growth factor con-
ditions (15), and resistance from apoptosis secondary to growth
factor withdrawal from leukemic cell lines (16, 17). However, a
variety of transgenic models expressing Bcr-Abl from global or
lineage-specific promoters develop leukemia with varying peri-
ods of latency and penitrance (18, 19). Introduction of Bcr-Abl
by means of retroviral gene transfer into murine bone marrow
populations enriched for stem elements followed by transfer to
irradiated hosts can result in different types of leukemia, includ-
ing CML (20–23). These studies combine to support a role for
Bcr-Abl in the generation of human and murine leukemia, but
do not define the role this oncogene directly plays in the growth
and differentiation decisions made by the stem cell.

Several studies have suggested that Bcr-Abl alone is not
sufficient to initiate the chronic phase of CML. Fialkow et al.
(24) followed patients with myelodysplasia who eventually
evolved into frank CML with the Ph chromosome. Using allelic
variants of an X chromosome-linked marker enzyme, they
defined clonal dominance in the peripheral blood prior to
appearance of CML and argued that another genetic event was
required before the Ph chromosome in the evolution of the
leukemic clone (25). The detection of the Ph chromosome-
encoded Bcr-Abl mRNA in apparently normal individuals who
do not succumb to CML has been reported (26). Perhaps this
translocation occurs at a low frequency in some individuals but
does not lead to disease because a second event or correct
genetic context does not exist for development of CML.

We needed an in vitro system that reproducibly produced stem
cells that was capable of undergoing multilineage differentiation
and could be regulated to express Bcr-Abl in 100% of the cells.
We have combined an in vitro embryonal stem (ES) cell differ-
entiation system that utilizes stromal cell coculture to direct
differentiation into the blood cell lineages (27) with tetracycline-
regulated expression (28) of Bcr-Abl employing a promoter
engineered for expression throughout hematopoiesis. Our re-
sults demonstrate that Bcr-Abl kinase dosage alone can acutely
alter the growth rate of immature progenitors and change the
balance of myeloid and erythroid differentiation.

Abbreviations: ES, embryonal stem; CML, chronic myelogenous leukemia; Ph chromosome;
Philadelphia chromosome; LIF, leukemia inhibitory factor; Tet, tetracycline; tTA, Tet-
regulated transactivator.
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Materials and Methods
Cells, Cell Culture, in Vitro ES Cell Differentiation, and Transfection.
E14tg2a ES cells and OP9 stromal cells were maintained as
described previously (27, 29). For differentiation induction, ES
cells were seeded onto confluent OP9 cell layers on six-well
plates at a density of 104 cell per well in the condition of 20%
FBS, a-MEM, and no leukemia inhibitory factor (LIF). On day
5 of differentiation, these cells were harvested by 0.25% trypsin-
EDTA (GIBCOyBRL) and replated for 30 min to remove
adherent cells. Nonadherent cells were reseeded with new OP9
layers at a density of 105 cells per well of 6-well plate or 7–8 3
105 cells per 10-cm dish. On day 7 or day 8 of differentiation,
nonadherent cells were collected to obtain hematopoietic cells.
In some experiments, these cells were transferred to another new
OP9 cell layer and were cultured until day 14 or 15. The
electroporation procedures were carried out as described pre-
viously (29).

The tetracycline (Tet) regulatory system was used to obtain
Bcr-Abl regulatable ES clones. The expression of Bcr-Abl was
driven by Tet response promoter (tetO-CMV) (28) and sup-
pressed by the addition of Tet (Tet-off system; see Fig. 1). The
Tet-regulated transactivator (tTA) (30) expression vector,
pCAG 20-1 (31), was constructed by inserting a tTA cDNA to the
downstream of the CAG promoter (Fig. 1). We used a modified-
tTA gene containing tetracycline response element fused at its
carboxyl terminus with three minimal transcriptional domains of
VP-16, FFF; 33 435PADALDDFDLDML447 (30). The Tet-
regulatable Bcr-Abl construct, pUHD 10-3 Bcr-Abl IRES GFP,
was generated by inserting p210 Bcr-Abl (14), internal ribosomal
entry site (IRES) (32), and green fluorescence protein (GFP)
(33) genes to EcoRI and BamHI sites downstream of tetO-CMV
promoter in pUHD10-3 vector (28) provided by H. Bujard
(Heidelberg University, Heidelberg). The pUHD10-3 puro vec-
tor was constructed by ligating puromycin resistance gene to
BamHI site downstream of the tetO-CMV promoter in
pUHD10-3.

To establish a reliable primary ES cell line expressing tTA,
both constructs (pCAG 20–1 and pUHD10-3 Puro) were trans-
fected into ES cells by electroporation (34). When the Tet-
regulatory system is working, the expression of the puromycin
resistance gene is suppressed by the presence of Tet and the cells
will not survive puromycin selection. The cells were grown with
1 mgyml puromycin in Tet-free medium. A total of 48 puromycin
resistant colonies were picked and split into parallel 24-well
plates either in the presence or absence of Tet. The six parental
clones proliferating in Tet-free medium but dying in the presence
of Tet were selected as primary parental Tet-regulatory ES cells.
The two parental ES clones were electroporated with pUHD
10-3 Bcr-Abl IRES GFP vector and neomycin plasmid,
pMC1NEO (Stratagene). The cells were maintained in the
presence of 1 mgyml Tet and 200 mgyml G418. Multiple neo-
mycin resistant colonies from each parental clone were picked
and split into parallel 24-well plates either in the presence or
absence of Tet. Clones tightly regulated by Tet were initially
analyzed for GFP expression by FACScan (Becton Dickinson).
The GFP expressing clones were subsequently examined for
Bcr-Abl expression by Western blotting in Tet1 and Tet2

conditions. Finally, a total of 11 Tet-regulatable Bcr-Abl clones
were obtained.

Flow Cytometric Analysis, Western Blotting, and Cycle Analysis.
The phycoerythrin (PE)-conjugated TER119 (erythroid lin-
eage marker), M1y70 (anti-CD11byMac-1), anti-BrdUrd an-
tibody, biotin-conjugated anti-c-kit, and CD34 monoclonal
antibodies were purchased from PharMingen. Cells were
stained with the combination of the antibodies as described
previously (35). For biotin staining, we used streptavidin-

tricolor. Cells were analyzed by FACScan (Becton Dickinson).
Anti-ABL Western blots were probed with 21–24 mouse
monoclonal antibody (36). A total of 1 3 106 cells were
resuspended in 100 ml of boiling lysis buffer containing 100
mM Tris (pH 6.8), 20% glycerol, 2% SDS, 5% 2-ME, and 0.1%
bromophenol blue. Twenty microliters of each sample were
separated on 4–12% gradient SDS TriszGlysine Gel (NOVEX,
San Diego). Proteins were transferred onto nitrocellulose
membrane (Micron Separations, Westboro, MA) and visual-
ized with an enhanced chemiluminescence detection kit (Am-
ersham Pharmacia). Goat anti-mouse IgG antibody conju-
gated by HRP (Bio-Rad) was used as a secondary antibody.
For cell cycle analysis, hematopoietic cells on day 7 and 8 were
incubated in medium supplemented with 10 mM BrdUrd
(Sigma) for 1 or 2 h at 37°C. After fixing and denaturing, the
cells were stained with anti-BrdUrd antibody as described
previously (37). Samples were analyzed by FACScan. For
apoptosis analysis, cell were harvested from cultures and
washed in PBS twice. A total of 2 3 105 cells were resuspended
in 100 ml of binding buffer, 10 mM HepesyNaOH (pH 7.4), 140
mM NaCl, 2.5 mM CaCl2, and then PE-conjugated annexin-V
(PharMingen) and 7-amino-actinomycin D (PharMingen)
were added at 5% final concentration. These samples were
incubated for 15 min at room temperature in the dark. Samples
were analyzed by FACScan.

Results
Multilineage Development of Blood Cells from ES Lines and Regulation
of Bcr-Abl Expression. Previous work has defined an ES cell
cocultivation strategy with the OP9 cell line as a highly repro-
ducible way to model hematopoiesis in vitro (38, 39). OP9 is a
marrow stromal cell line derived from a mouse strain deficient
in macrophage colony-stimulating factor (27). It provides a
favorable environment for the differentiation of ES cells re-
moved from LIF into primitive hemagioblasts (day 4–5), which
produce immature hematopoietic stem and progenitor cells (day
7–8) and eventually mature blood cell elements (day 10–14). In
the presence of low amounts of FCS, but without added growth
factors, both primitive and definitive erythroid cells, granulo-
cytes, and other myeloid lineages predominate by 2 wk.

We needed to utilize a promoter system that was capable of
expression in primitive ES cells, hematopoietic stem and
progenitor cells, and throughout all the different intermediate
and mature hematopoietic cell types produced in these cul-
tures. Previous data had defined that a composite control
element comprised of the chicken actin promoter with a CMV
enhancer (CAG; Fig. 1) could drive expression in undifferen-
tiated ES cells (31). In preliminary experiments (data not
shown), we established multiple independent ES clones con-
stitutively expressing Bcr-Abl from this composite promoter
and demonstrated excellent expression throughout the differ-
entiation of ES cells into blood cells of multiple lineages. We
observed that variation in the dose of Bcr-Abl in different
clones of ES cells was a critical factor in determining the
efficiency of conversion into hematopoiesis and production of
mature cell forms (data not shown).

To control the expression of Bcr-Abl, we utilized the CAG
promoter to drive the tetracycline transactivator, which was
modified with synthetic activator sequences (Fig. 1 A) chosen
to enhance expression in the ESyOP9 differentiation system,
and placed Bcr-Abl under the control of the Tet operator
sequence. Expression of Bcr-Abl is suppressed in the presence
of Tet and activated when the drug is removed. About 50 ES
clones were established by transfection and double drug
selection (see Materials and Methods) and analyzed for their
ability to express Bcr-Abl (Fig. 1B) and their variation in
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cellular morphology (Fig. 1C) as drug concentration was
lowered. Each clone was evaluated for its ability to induce
Bcr-Abl expression during the course of hematopoietic differ-
entiation (Fig. 1D). The Tet control system worked efficiently
at all times during the culture development.

The Dosage of Bcr-Abl Directly Regulates the Rate of Proliferation of
Immature Multilineage Progenitors. Several reports have shown
that growth factor requirements of continuous cell lines or
marrow multilineage progenitors’ function in colony forming
assays can be lessened or overcome by high levels of Bcr-Abl
expression (11, 40, 41). We directly evaluated the quantitative
effects of Bcr-Abl on the least mature populations of hemato-
poietic stem and progenitor elements by regulating expression
coincident with their appearance in ESyOP9 cultures from day
5–8 post LIF removal (Fig. 2). The results demonstrate that an
increase in Bcr-Abl level (Fig. 2 A) is directly related to the
number of cells that accumulate in the cultures over the 3-day
period (Fig. 2B). We observed up to a 4-fold increase in the total
cell number recovered over this 3-day period. The developmen-
tal phenotype of the cell populations in the presence or absence
of Bcr-Abl over this period is quite similar as monitored by
morphology and FACS analysis for early hematopoietic markers
(CD34 and c-kit) and lineage-specific markers of myeloid
(CD11b) or erythroid (Fig. 2C) cell types. One significant
difference is that the absolute number of progenitor elements
(c-kit1, lin2 or CD341,lin2) was increased when Bcr-Abl was
expressed (Fig. 2D). Multiple independent ES clones regulated
to produce Bcr-Abl showed this behavior, and control ES clones
without Bcr-Abl expression showed no variation in development
when treated with Tet over a wide dose range (data not shown).

The increase in expansion of stem and progenitor elements
between days 5 and 8 could be the result of an increase in
proliferation rate, a reduction in cell death, or a combination of
both effects. A clear increase (almost 2-fold from 7% to 13%) in
the fraction of cells staining positive for BrdUrd uptake was
observed on both days 7 and 8, suggesting that the major effect
of Bcr-Abl on stem and progenitor elements is likely to be
stimulating the entry into active cycle. Analysis of programmed
cell death by staining for expression of annexin to mark cells
entering the death pathway, and 7-AAD dye to count those that
are already dead showed little difference between the Bcr-Abl on
or off conditions at day 7 or day 8. A small increase in the
percentage of dead and dying cells was observed (11 compared
with 14%) when Bcr-Abl was expressed.

Bcr-Abl Expression Changes the Balance of Lineage Development. The
observation that Bcr-Abl expression increased the percentage
and absolute number of very immature progenitor elements
between days 5 and 8 during ESyOP9 culture could be solely due
to differential proliferative effects or coupled to a partial block
in differentiation. The surface phenotypes of such cells cannot
predict their eventual developmental outcome, which can be
monitored by colony forming assays. We evaluated the efficiency
and balance of myeloid and erythroid cell fates by colony
forming assays on cells from day 7 of ESyOP9 cultures. Cells
were plated in methylcellulose in the presence of the multilin-
eage factor IL-3 and erythropoietin, which favors the growth and
development of colonies restricted to the erythroid lineage, but
allows growth of myeloid colonies dominated by granulocytic
and monocytic cell types (35, 42). The balance of differentiated
phenotypes from this culture system resembles those produced
by cells from the fetal liver stage of hematopoiesis. The results
shown in Fig. 3 demonstrate that Bcr-Abl has two dramatic
effects. First, the total number of colony-forming units is in-
creased, and, second, the normal balance of erythroid to myeloid
colonies (2:1) is reversed to a dominance of myeloid over
erythroid (4:1). In addition, the fraction of colonies showing
mixtures of alternative myeloid and erythroid cell types is more
than doubled. All of these results are consistent with Bcr-Abl
directly and acutely expanding a very immature cell type with
multilineage differentiation capabilities and favoring myeloid
over erythroid development, even in the presence of erythro-
poietin.

Fig. 1. Inducible expression of Tet-regulated expression of Bcr-Abl in undiffer-
entiated and differentiated ES cells. (A) The constructs and strategy for the
regulated expression of Bcr-Abl in ES cells. The CAG promoter drives the cDNA of
thetTA(31).This tTAconsistedofTetresponseelementandthreetandemrepeats
of the VP-16 minimal transcriptional transactivation domatins, 33 435PADALD-
DFDLDML447 (30). The CAG promoter showed a stable and high level of expres-
sion in undifferentiated ES cells. The expression of p210 Bcr-Abl and IRES-linked
GFP are driven by a Tet-regulated promoter that is suppressed by the addition of
tetracycline (Tet-off-system). (B) Inducible expression of Bcr-Abl protein by the
removal of Tet in undifferentiated ES cells. POSITIVE, fibroblast cell line expres-
sion P210 Bcr-Abl constitutively. NEGATIVE, normal ES cells. A total of 106 cells
were extracted as described in Materials and Methods and analyzed by anti-Abl
Western blot. (C) The effect of Bcr-Abl expression on undifferentiated ES cells.
Undifferentiated ES cells were cultured in the presence of LIF with 100, 1, or 0
ngyml Tet. Two days later, the ES cells expressing Bcr-Abl showed alteration of
colony shape (0 ngyml) from normal ES colonies (100 ngyml). Photographs are
taken at 3100 magnification. (D) Inducible expression of Bcr-Abl during in vitro
ES cell differentiation. Inducible Bcr-Abl ES cells were differentiated when cul-
tured with OP9 in the presence of Tet for 5 days then split into dishes with (1) Tet
(100 ngyml) or without (2) Tet. Samples harvested on day 7, 8, or 14 were
analyzed by Western blot with anti-Abl antibody as described in Materials and
Methods. POSITIVE, fibroblast cell line constitutively expression of p210 Bcr-Abl.
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Reversing Bcr-Abl Expression Allows Completion of Erythroid and
Myeloid Development. The Tet-regulated expression of Bcr-Abl
allowed us to investigate whether the relative block in differen-
tiation and alteration of erythroidymyeloid ratio could be re-
versed. Control cultures produce mainly mature erythrocytes
and granulocytes by the end of the 14-day culture period.
Continuous expression of Bcr-Abl results in about the same total

Fig. 2. A dose-dependent enhancement of immature hematopoietic cells by
Bcr-Abl expression. (A) The expression level of Bcr-Abl protein is controlled by
alteration of Tet concentration. The Bcr-Abl-inducible ES cells were differen-
tiated by coculturing with OP9 stromal cells in the presence of 100 ngyml Tet
until day 5. The differentiated ES cells were subcultured (7 3 105 cells per
10-cm dish) at various concentrations of Tet (100, 3, 1, 0.3, or 0 ngyml), and 3
days later the hematopoietic cells that developed on the OP9 cell layers were
harvested. Bcr-Abl expression was analyzed by Western blotting (on equiva-
lent cell numbers) using anti-Abl antibody as described in Materials and
Methods. (B) The number of hematopoietic cells on day 8 of ES cell differen-
tiation cultured at various Tet concentrations. As described above, 7 3 105 cells
at day 5 were seeded on new OP9 layers and cultured at various concentrations
of Tet. The hematopoietic cells were harvested on day 8 and counted. The
expression level of Bcr-Abl protein at each Tet concentration correspond to
those of Fig. 2A. (C) Immature hematopoietic phenotype of day 8 differenti-
ated ES cells. Inducible Bcr-Abl ES cells are cultured in Tet on OP9 cell layers for
5 days. On day 5, one was maintained with Tet (100 ngyml) to suppress Bcr-Abl
expression (Left). Three days later, the clusters of hematopoietic cells were
harvested and analyzed by FACScan and Giemsa staining. Both hematopoietic
cell populations exhibited an immature morphological phenotype with occa-
sional primitive erythroid cells (Top, 3500 magnification). (Middle and Bot-
tom) The phenotype of cell surface markers in day 8 hematopoietic cells
differentiated from the inducible Bcr-Abl ES cells. The expression of the

Fig. 3. Effects of Bcr-Abl on early hematopoietic colony formation. Control
and inducible Bcr-Abl ES cells were differentiated on OP9 stromal cell layers in
the presence of Tet until day 5. At that point, these cells were divided into two
subgroups: one was maintained with Tet, and the other was cultured in the
absence of Tet. On day 7, clusters of immature hematopoietic cells had
developed on the OP9 cell layers. The hematopoietic cells in these clusters
were harvested and analyzed. (A) Experimental design of hematopoietic
colony assays in methylcellulose culture. Inducible Bcr-Abl ES cells were dif-
ferentiated on OP9 stromal cells with Tet (100 ngyml) in the absence of LIF. On
day 5, differentiated ES cells were harvested and seeded onto a new OP9 cell
layer with or without Tet. On day 7, the hematopoietic cells developing on the
OP9 cell layers were harvested and plated in methylcellulose cultures with
recombinant IL-3 (10 ngyml) and erythropoetin (2 unitsyml) present (42). (B)
Eight days later, colonies were counted and scored as to differentiated phe-
notype. Individual colonies were picked, and cytospin specimens were stained
with Giemsa solution to confirm the colony types. Colonies containing more
than 50 hemoglobinized cells were counted as erythroid. Open bars show the
Tet (1) condition, in which the Bcr-Abl protein is suppressed. Filled bars
indicate the Tet (2) condition, which results in the strong expression of Bcr-Abl
protein. Colony numbers are represented as the calculated total present per
culture harvested at day 7.

c-kit or CD34 and lineage markers, CD11b (myeloid cells) and TER119 (ery-
throid cells) are shown. (Left) The Bcr-Abl-off condition with 100 ngyml Tet
added. (Right) Results for day 8 Bcr-Abl-expressing cells. (D) The number of day
8 c-kit1ylin2 cells derived from inducible Bcr-Abl ES cells. Open bars show the
Tet off-condition with 100 ngyml Tet, in which Bcr-Abl expression of inducible
Bcr-Abl ES cells are suppressed. Filled bars indicate the on-condition of Bcr-Abl
expression. The experiment shows the mean of triplicate cultures. The results
are plotted as total cell number of the designated phenotype per culture dish.
Each experiment was carried out three times using four different clones. A
representative result is shown.
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cell number, but there are fewer mature cells and a relative
increase in immature myeloid cell types of granulocyte and
macrophage lineages (Fig. 4). If the expression of Bcr-Abl is shut
off (Fig. 4A) during the last phase of culture development (days
8–14), the accumulated multilineage and restricted progenitors
can effectively complete their differentiation program and revert
to the pattern of erythroid dominance over myeloid cell types
(Fig. 4 B and C). The effects of Bcr-Abl are clearly reversible in
this in vitro system.

Discussion
The combined use of the CAG promoter and Tet regulation
system allowed us to tightly control the expression level of P210
Bcr-Abl throughout hematopoietic development and observe its

immediate and direct effects on different cell types. The effects
occurred on a population-wide basis, and there was insufficient
time to allow for random second genetic changes to be selected.
The overall data strongly support the idea that the Ph chromo-
some-encoded P210 Bcr-Abl gene product alone is sufficient to
change the growth and differentiation properties of immature
progenitors. The strategy employed here should be generally
useful for the evaluation of any candidate gene involved in
hematopoiesis.

Therapeutic interventions during chronic phase can include
the use of IFN-a (43). Recent data evaluating cells pre- or
postinterferon treatment suggest that the mode of action may be
to induce degradation of the Bcr-Abl mRNA, and hence lower
effective protein tyrosine kinase dosage (44). The leukemic
clone loses its competitive advantage and normal progenitors
can now compete for expansion and differentiation. The system
described here should allow more precise evaluation of mixtures
of Bcr-Abl-positive and -negative stem cells undergoing devel-
opment within a common environment.

We observed an increase in proliferative rate and BrdUrd
uptake for immature progenitors during days 5–8 of differen-
tiation with minimal effects on cell death rates. Much data in
the literature support a role for Bcr-Abl as providing a strong
anti-apoptotic signal in various leukemia-derived cell lines
stressed by growth factor removal or cellular damage (16).
Alternative and synergistic mechanisms including activation of
anti-apoptotic cellular genes like Bcl-xl and autocrine produc-
tion of growth factors has been suggested (45, 46). To date,
there has not been a dramatic change in reducing or enhancing
the rate of apoptosis under our standard culture conditions.

There is considerable evidence for Bcr-Abl expression lead-
ing to discordant hematopoiesis in chronic phase CML (47).
Levels of burst-forming unit (BFU)-E and colony-forming unit
(CFU)-E are relatively normal, but most patients are mildly
anemic (48, 49). Our cultures showed a clear association of
Bcr-Abl expression with blockage of erythroid colony devel-
opment and lower numbers of red cells derived from definitive
erythropoiesis pathways. When Bcr-Abl expression was turned
off during the later stages of culture development (days 8–14),
the accumulated immature and intermediate cells of erythroid
lineage could proceed through development. Inhibition of
P210 Bcr-Abl activity with specific tyrosine kinase inhibitors in
the CML-derived leukemic cell line K562 allows erythroid
development to proceed as monitored by accumulation of
hemoglobinized cells, suggesting a role in suppression of
globin gene expression (50). These combined observations
suggest that Bcr-Abl may antagonize erythroid development at
several stages.

An important effect we have observed is the Bcr-Abl-
mediated enhancement of immature progenitors with the sur-
face antigen phenotypes of c-kit1, lin2, and CD341,lin2 associ-
ated with multilineage and myeloid development. Similar cell
types with the Ph chromosome are enhanced in human marrow
from CML patients (51). After multiparameter FACS separa-
tion, cells with the surface phenotype of pluripotential stem cells
isolated from CML marrow show the presence of the Bcr-Abl
rearrangement at the chromosomal level by in situ chromosome
analysis (7, 8). Reverse transcription–PCR analysis on small
numbers of such cells produces Bcr-Abl junction products (9,
52). However, it is not clear if the number of such stem cells is
increased and if there is expression of functional mRNA, protein,
and kinase activity for Bcr-Abl within human hematopoietic
stem cells. This effect of Bcr-Abl on pluripotential stem cells can
be approached in future studies with the ES differentiation
system.

We thank Drs. Hermann Bujard (Heidelberg University), Kiwamu
Akagi (Saitama Cancer Institute, Japan), and Takeshi Yagi (National

Fig. 4. Reversible effect of Bcr-Abl expression on erythroid differentiation. (A)
EScellswere inducedtodifferentiatebyremovalofLIFandculturedonOP9layers
between days 0 and 5 in the presence of Tet (100 ngyml) to suppress Bcr-Abl
expression. Differentiated cells were harvested, washed, and replated on OP9
layers in three different groups. In the first group, cells were continuously
cultured inTetbetweendays5and8,whenasamplewasharvested,andbetween
days 8 and 14. In the second group, cells harvested on day 5 were washed and
recultured in the absence of Tet between days 5 and 8, when the culture was
sampled, and continued between days 8 and 14 without Tet. In the third group,
cells from day 5 were washed and cultured between days 5 and 8 without Tet, a
sample was harvested, and Tet was added back to suppress Bcr-Abl expression. A
portion of each sample was extracted for Western blot analysis with anti-Abl
monoclonal as described in Materials and Methods to monitor expression of
Bcr-Ablat the indicatedtimepoints. (B)Cellsharvestedonday14fromeachofthe
groups described above were analyzed by FACScan for the percentage of ery-
throid (TER1191), myeloid (CD11b1), and other cell types. The total cell number
per culture is shown. (C) Morphology of cell preparations harvested and analyzed
after Giemsa staining. Magnification is 3500.
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