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Hoxa9 and Meis1a are homeodomain transcription factors that
heterodimerize on DNA and are down-regulated during normal
myeloid differentiation. Hoxa9 and Meis1a cooperate to induce
acute myeloid leukemia (AML) in mice, and are coexpressed in
human AML. Despite their cooperativity in leukemogenesis, we
demonstrated previously that retroviral expression of Hoxa9
alone—in the absence of coexpressed retroviral Meis1 or of ex-
pression of endogenous Meis genes—blocks neutrophil and mac-
rophage differentiation of primary myeloid progenitors cultured in
granulocyte–macrophage colony-stimulating factor (GM-CSF). Ex-
pression of Meis1 alone did not immortalize any factor-dependent
marrow progenitor. Because HoxA9-immortalized progenitors still
execute granulocytic differentiation in response to granulocyte
CSF (G-CSF) and monocyte differentiation in response to macro-
phage CSF (M-CSF), we tested the possibility that Meis1a cooper-
ates with Hoxa9 by blocking viable differentiation pathways
unaffected by Hoxa9 alone. Here we report that Meis1a suppresses
G-CSF-induced granulocytic differentiation of Hoxa9-immortalized
progenitors, permitting indefinite self-renewal in G-CSF. Meis1a
also reprograms Hoxa9-immortalized progenitors to proliferate,
rather than die, in response to stem cell factor (SCF) alone. We
propose that Meis1a and Hoxa9 are part of a molecular switch that
regulates progenitor abundance by suppressing differentiation
and maintaining self-renewal in response to different subsets of
cytokines during myelopoiesis. The independent differentiation
pathways targeted by Hoxa9 and Meis1a prompt a ‘‘cooperative
differentiation arrest’’ hypothesis for a subset of leukemia, in
which cooperating transcription factor oncoproteins block comple-
mentary subsets of differentiation pathways, establishing a more
complete differentiation block in vivo.

Oncoproteins cooperate in acute leukemias by deregulating
combinations of cellular pathways that control prolifera-

tion, differentiation, and death (1). Hoxa9 and Meis1a are
homeobox genes transcriptionally coactivated by proviral inte-
gration in spontaneous acute myeloid leukemia (AML) in
BXH-2 mice (2–5), and Hoxa9 and Meis1 cooperate strongly in
leukemogenesis, evidenced by the fact that retroviral coexpres-
sion of Hoxa9 plus Meis1 elicits rapid AML in marrow recon-
stitution experiments whereas expression of Meis1 alone fails to
cause leukemia, and expression of Hoxa9 alone causes leukemia
only after long latency (6). HoxA9 and Meis1 are also coex-
pressed in all but the promyelocytic subgroup of human AML (7,
8), suggesting that other human myeloid oncoproteins activate or
maintain their transcription as a means to effect oncogenesis,
emphasizing the importance of understanding how Hoxa9 and
Meis1 cooperate to cause AML. The discovery that Hoxa9 and
Meis1 interact in the absence of DNA (9) and heterodimerize on
specific DNA elements (10) prompted early speculation that
obligate Hoxa9:Meis1a heterodimers might target genes in-
volved in leukemogenesis.

Despite the fact that coexpression of Meis1 is strongly corre-
lated with leukemogenicity by Hoxa9, we demonstrated previ-
ously that Hoxa9 alone—in the absence of coexpressed retroviral
Meis1 or of expressed endogenous Meis1, Meis2, or Meis3
genes—blocks neutrophil and macrophage differentiation of
primary myeloid progenitors cultured in granulocyte–
macrophage colony–stimulating factor (GM-CSF), but permits
active granulocytic differentiation of this cell in response to
granulocyte CSF (G-CSF) or monocytic differentiation in re-
sponse to macrophage CSF (M-CSF; ref. 11). Similar to its
ineffectual properties in marrow reconstitution experiments (6),
retroviral expression of Meis1 alone also failed to immortalize
any factor-dependent marrow progenitor in our studies (11).
These observations demonstrated that Meis1 is dispensable for
at least a subset of Hoxa9 transforming functions and suggested
that Meis1 contributes a second independent function that
cooperates with Hoxa9 in leukemogenesis. This second function
would not necessarily require direct interaction with Hoxa9,
because Pbx-Meis heterodimers and Meis monomers can control
gene transcription in the absence of direct interaction with Hox
proteins (12, 13), and because Meis1 also accelerates leukemo-
genesis by Hoxb3 (14), which falls in the category of Hox gene
paralogues 1–8, which do not appear to bind Meis1 significantly
in vitro (10).

Here we address the possibility that one cooperating function
of Meis1 is to suppress myeloid differentiation pathways that are
unaltered by Hoxa9 alone. We report that Meis1a alters the
cellular response to G-CSF or to stem cell factor (SCF) in a
manner that suppresses differentiation, and promotes prolifer-
ation and self-renewal. As Meis1 and Hoxa9 are expressed in
early CD34� but not later CD34� hematopoietic cells (7, 8), we
propose that during normal myelopoiesis, Meis1a functions as a
molecular switch that changes the response of a cell to both
lineage-specific cytokines (e.g., G-CSF) and costimulatory cy-
tokines (e.g., SCF), shifting that response from self-renewal
when Meis1 is expressed in CD34� cells to differentiation when
Meis1 is down-regulated in CD34� cells. Through such a mech-
anism, extracellular factors could regulate the expansion and
maintenance of hematopoietic progenitors by regulating tran-
scription of Meis1. In like manner, the facts that Hoxa9 sup-
presses differentiation in the presence of GM-CSF or IL-3 (11,
15), and that deletion of Hoxa9 reduces levels of early myeloid
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and B-lymphoid progenitors (16) support the hypothesis that
expression of HoxA9 also serves as a switch that controls
cytokine-specific differentiation responses. We suggest that
Meis1a and Hoxa9 cooperate in leukemogenesis by combining
their abilities to promote progenitor self-renewal in response to
different cytokines that activate complementary differentiation
pathways. This forms the basis for a ‘‘cooperative differentiation
arrest’’ hypothesis, which proposes that one basis for cooperat-
ivity between leukemia oncoproteins is their ability to block
complementary differentiation pathways.

Methods
Construction of Recombinant Plasmids and Retroviral Vectors.
cDNAs encoding murine Meis1a, FLAG–Meis1a, Meis3, Hoxa9,
and EE-tagged Hoxa9 were subcloned into the polylinker of the
murine stem cell proviral vectors (MSCV), MSCVneo or
MSCVpac. Helper-free virus was produced by cotransfection of
293T cells with MSCV vectors and a packaging-deficient murine
leukemia virus provirus (17) and used for infection of primary
murine marrow. EE-tagged Hoxa9 contained EEYMPEA (18)
after the initiating methionine. FLAG-tagged Meis1a contained
DYKDDDDK after the initiating methionine.

Marrow Infections. Primary marrow progenitors were isolated and
purified from the femurs and tibias of BALB�c mice as described
(11). Ten thousand progenitors were transferred to each well of
fibronectin-coated 24-well tissue culture plates, incubated with 1
ml of helper-free retrovirus containing 5 � 105 G418-resistance
units, and 1 ml of marrow culture medium [MCM; RPMI
medium 1640�10% FBS�1� antibiotics (penicillin, streptomy-
cin)�1� glutamine�16 units/ml GM-CSF] containing Lipo-
fectamine (GIBCO�BRL) at a concentration of 1 �l/ml. Cells
were spun at 2,500 � g at 22°C for 1 h, incubated at 37°C under
5% CO2�95% air, and cultured in MCM medium thereafter.
Nonadherent cells were transferred every 7 days to new plates.

Antiserum and Immunoblots. Antiserum against the Hoxa9 home-
odomain (HD) and C terminus has been described (11). Anti-
Meis1a serum was raised in rabbits (Covance Research Products,
Berkeley, CA) against the Meis1a HD and C terminus (Gly261–
Arg340) fused to glutathione S-transferase sequences in PGEX2T
(Amersham Pharmacia). The resulting 30-kDa fusion protein
was purified by glutathione affinity column chromatography
(Amersham Pharmacia) and dialyzed against PBS. For anti-
Hoxa9 immunoblots, 5 � 104 cells boiled in Laemmli sample
buffer were resolved by SDS�PAGE through 12.5% gels, trans-
ferred to a poly(vinylidene difluoride) membrane, detected by
using polyclonal Hoxa9 antisera at a 1:1000 dilution, and visu-
alized by using the Phototope-Star Chemiluminescent Detection
kit (New England Biolabs). In the case of anti-Meis1a immu-
noblots, nuclear extract derived from 5 � 105 cells was analyzed
in each lane, as described above.

Northern Blots. Cytoplasmic RNA was purified from 2 � 108

myeloid progenitors (RNEasy, Qiagen). Cytoplasmic RNA (15
�g) was resolved by formaldehyde�agarose gels electrophoresis
and transferred to positively charged nylon membrane (Gene-
ScreenPlus, NEN). DNA probes labeled with [32P]dCTP were
prepared from 100 ng of DNA that was subjected to random
hexamer oligolabeling (Amersham Pharmacia). Hybridization in
Ultrahyb (Ambion) and washing were carried out at 42°C
according to the manufacturer’s protocols. Probes were obtained
from sources as described (11).

Electrophoretic Mobility-Shift Assay. Oligonucleotides containing a
consensus binding site for Pbx-Hoxa9 (bolded in tcacggTGATT-
TATgagcgactgctcgg) were synthesized (Genosys Biotechnolo-
gies, The Woodlands, TX) and labeled with [32P]ATP as de-

scribed (11, 19). Nuclear extracts were prepared and
electrophoretic mobility-shift assay analysis was performed as
described (19).

Myeloid Differentiation Assays. Myeloid progenitors (105) were
washed twice in PBS. Cells were resuspended in RPMI medium
1640�10% FBS�1% antibiotics (penicillin and streptomycin)
with addition of the appropriate cytokine (0.5 ng/ml G-CSF; 10
ng/ml M-CSF; 1 ng/ml IL-3, 1:200 dilution of SCF-containing
supernatant). Neutrophil differentiation was examined by
Wright–Giemsa staining after 72 h in G-CSF, and macrophage
differentiation after 8 days in M-CSF.

Deconvolution Microscopy. Images were captured with a DeltaVi-
sion deconvolution microscope system (Applied Precision, Issa-
quah, WA) and the data sets were deconvolved and analyzed by
using SOFTWORX software (Applied Precision).

Results
Meis1a Promotes Self-Renewal and Suppresses Differentiation in
Response to G-CSF. Hoxa9HF1 cells, a Hoxa9-immortalized, GM-
CSF-dependent cell line that differentiates to neutrophils when
GM-CSF is replaced with G-CSF (11), was infected with control
MSCV retrovirus or MSCV encoding Meis1a, FLAG-Meis1a, or
Meis3. After selection in puromycin, the ability of the Meis-
expressing variants to proliferate in GM-CSF or to differentiate
in G-CSF was compared with that of parental Hoxa9HF1 cells.
Whereas G-CSF induced granulocytic differentiation of
Hoxa9HF1 cells (Fig. 1 B vs. A), cells expressing Meis1a (Fig.
1C), FLAG-Meis1a, or Meis3 failed to exhibit terminal neutro-
phil differentiation and proliferated as cell lines (Fig. 1G) whose
survival was strictly dependent on G-CSF. When G-CSF was
withdrawn, these cells died. Meis1a also prevented G-CSF-
induced differentiation of Hoxa9HF2 cells (Fig. 1 D–F; ref. 11)
as well as the granulocytic differentiation of a third myeloid
progenitor cell line immortalized by a version of Hoxa9 con-
taining the EE tag at its N terminus (Fig. 1H). In no case did
Meis1 prevent macrophage differentiation induced by M-CSF. A
polyclonal antiserum against the Meis1 HD was generated in
rabbits to confirm Meis1a production in the Hoxa9HF1 cells that
proliferated in G-CSF. Both Meis1a and FLAG-Meis1a (�1.0
kDa larger than Meis1a) were clearly present in nuclear extracts
from Hoxa9HF1 cells infected by Meis1a and FLAG-Meis1a
retrovirus, respectively (Fig. 1I, lanes 2 and 3) but not from
uninfected cells (lane 1). These data suggested that Meis1a had
a selective effect of suppressing granulocytic differentiation
induced by G-CSF.

Meis1a Induces a 3-Fold Up-Regulation of Pbx2, but Does Not Alter the
Subcellular Localization of Pbx2 or Hoxa9. Because HoxA9 was
reported to reside principally in the cytosol of human AML cells
that coexpress HoxA9 and Meis1a (7), and because Meis pro-
teins bind Pbx proteins, increasing both their abundance and
nuclear translocation (20–22), we addressed the possibility that,
in addition to its direct function in the nucleus, Meis1a might also
have the indirect function of either changing the abundance or
altering the subcellular location of Hoxa9 or Pbx proteins.
Immunoblots of total cell proteins demonstrated that Meis1a did
not alter the abundance of HoxA9 (Fig. 1I, lanes 4–6), but did
increase the abundance of Pbx2 �3-fold (lanes 16–18). Cell
fractionation was used to investigate whether Meis1a altered the
subcellular location of Pbx2 or HoxA9. In the presence or
absence of Meis1, �70% of Pbx2 was nuclear (lanes 19–24). As
reported earlier (11), significant proteolysis of Hoxa9 occurs
during nuclear extraction procedures (Fig. 1I, lane 12–14) that
yield other factors intact (e.g., Meis1, lanes 2 and 3). The
proteolysis that we observed, which generated smaller HoxA9-
DNA gel-shift complexes (11), is consistent with the appearance
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of smaller bands that stain with Hoxa9 antisera that are absent
from parallel samples of nuclear extract from Hoxb8-
immortalized progenitors (lane 15). Based on summation of
these immunoreactive proteolytic fragments, the large majority
of Hoxa9 was nuclear in the presence or absence of coexpressed
Meis1a (compare Hoxa9 bands in lanes 12–14 with those in lanes
8–10). Nuclear extracts containing either Meis1a or FLAG-
Meis1a suppressed the generation of smaller Hoxa9 fragments,
suggesting that Hoxa9 is complexed to Meis1a and�or Pbx2 in
vivo, and that such interactions prevent protect Hoxa9 from
proteolysis in vitro (compare lanes 13 and 14 with lane 12).

Because in vitro proteolysis of Hoxa9 could produce inaccu-
rate conclusions regarding Hoxa9 localization by cell fraction-
ation—especially if cleavage released the immunologically de-
tected HD fragment into a different subcellular compartment—
Hoxa9 was further localized by immunofluorescence, by using
deconvolution microscopy (Fig. 2). In Hoxa9HF1 cells, Hoxa9
was totally nuclear (Fig. 2 A), as confirmed by colocalization with
Hoechst 33258 (blue), which stains DNA (Fig. 2 B and C).
Cytosolic speckles resulted from nonspecific binding of rabbit Ig,
as nonimmune pooled rabbit Ig yielded the same intensity of
cytosolic staining without binding nuclear structures (Fig. 2,
Insets). Expression of Meis1 had no effect on the nuclear location
or subnuclear speckled pattern of Hoxa9 (Fig. 2 D–F).

Meis1a Suppresses Transcription of Terminal Differentiation Genes in
Response to G-CSF in Hoxa9-Immortalized Progenitors. In Hoxa9HF1
cells, Meis1a prevented G-CSF-induced transcriptional up-
regulation of the genes encoding gp91phox (subunit of the
respiratory burst oxidase), lactoferrin, Egr-1, neutrophil gelati-
nase B, and the lipopolysaccharide receptor (CD14), each of
which is normally activated coincident with neutrophil differen-
tiation (Fig. 1J). Meis1a also prevented up-regulation of the
G-CSF receptor transcript accompanying neutrophil differenti-
ation, but did not alter the basal level of this transcription.
Therefore, Meis1 does not suppress G-CSF-induced differenti-
ation by altering the initial abundance of the G-CSF, but could
prevent differentiation events that specifically result from G-
CSF-induced activation of G-CSF receptor gene transcription.
Meis1a did not alter expression of Fc receptor 1 � (CD64), which
is expressed on both early and mature neutrophils. We conclude
that Meis1a not only prevents phenotypic differentiation but also
disrupts gene activation induced by signaling through the G-CSF
receptor.

Simultaneous Expression of Meis1a and Hoxa9 in Primary Marrow
Immortalizes a Myeloid Progenitor That Phenocopies the Effect of
Sequential Expression of Meis1a in Hoxa9-Expressing Myeloid Pro-
genitors. Coexpression of HoxA9 and Meis1 in human CD34�

cells and in human AML suggests that the most relevant context
in which to study complementarity between Meis1a and Hoxa9
would be through their coexpression in primary marrow, as
opposed to the sequential expression performed by transduction
of Meis1a in Hoxa9-immortalized promyelocytes. We consid-
ered that simultaneous expression of Hoxa9 and Meis1a in

Fig. 1. Meis1a suppresses G-CSF-induced differentiation of Hoxa9-
immortalized cells, increases Pbx2 abundance 3-fold, and does not alter the
subcellular location of either Hoxa9 or Pbx2. Wright–Giemsa stains of
Hoxa9HF1 and Hoxa9HF2 cells proliferating in GM-CSF (A and D) or 3 days after
replacing GM-CSF with G-CSF (B and E). Hoxa9HF1 and Hoxa9HF2 cells ex-
pressing Meis1a 10 days after replacing GM-CSF with G-CSF (C and F, respec-
tively). (G and H) Meis proteins permit immortalized proliferation of
Hoxa9HF1 cells (G) and EE-tag-Hoxa9 cells (H) when shifted from GM-CSF to
G-CSF. In G, tracing designations are uninfected cells (�), and cells infected
with Meis1a virus (■ ), FLAG-Meis1a virus (�), or Meis3 virus (�). In H, tracing
designations are uninfected cells (�), and cells infected with control MSCV (�)
or Meis1a virus (■ ). (I) Western blot analysis demonstrating that expression of
Meis1a increases Pbx2 abundance but does not alter the subcellular location
of either Hoxa9 or Pbx2. Arrowheads indicate the positional of proteolytic
fragments of Hoxa9 in lanes 12–14, and indicate a posttranslationally modi-
fied form of Pbx2 in lanes 16–24. The antiserum used and both the cell type
and cell fraction examined are indicated across the top. (J) Northern blot
analysis of total RNA from Hoxa9HF1 cells that do or do not coexpress Meis1a,
and are proliferating in GM-CSF or shifted into medium with G-CSF for 11 days
(indicated by � signs above lanes). The identity of each gene analyzed for
expression is indicated at left.

Fig. 2. Meis1a does not alter Hoxa9 nuclear localization in Hoxa9-
immortalized myeloid progenitors. Localization of Hoxa9 in Hoxa9HF1 cells
(A–C) or Hoxa9HF1 cells expressing Meis1a (D–F), by using deconvolution
microscopy and anti-Hoxa9 sera (green) (A, C, D, and F) and Hoescht 33258
(blue) as a nuclear stain (B, C, E, and F). (C and F) Merged images of anti-Hoxa9
plus Hoescht dye staining. (Inset) Hoxa9-immortalized cells stained with con-
trol rabbit Ig and Hoescht dye, demonstrating that cytosolic speckles arise
from nonspecific staining.
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primary marrow might generate a population of myeloid pro-
genitors arrested at an earlier stage in differentiation—such as
those immortalized by E2a-Pbx1, for example, which do not
express the receptors for G-CSF or M-CSF (D.B.S., unpublished
data). To explore this possibility, parallel infections of marrow
progenitors were performed by using bicistronic retrovirus
containing the neomycin-resistance cassette upstream of the
Hoxa9 cDNA (NeoR��Hoxa9) or FLAG-Meis1a sequences up-
stream of Hoxa9 (FLAG-Meis1a��Hoxa9). Five independently
derived, GM-CSF-dependent populations of myeloblasts immor-
talized by FLAG-Meis1a��Hoxa9 had an abundance of Hoxa9
comparable to five populations immortalized by NeoR��Hoxa9
(Fig. 3G, lanes 2–6 vs. lanes 7–11; compare Hoxa9 and Coo-
massie blue staining). The level of Meis1a expression from the
bicistronic vector was comparable to that of Hoxa9HF1 cells
selected for proliferation in G-CSF after infection with Meis1a
retrovirus (Fig. 3H, lanes 3–6 vs. lane 2). As observed above, the
abundance of Pbx2 in progenitors immortalized by coexpression
of HoxA9 plus Meis1a was approximately 3 times that of
progenitors immortalized by HoxA9 alone, suggesting that
Meis1 directly stabilizes endogenous Pbx2. Consistent with our
original report (10), greater than 96% of each population
immortalized by Hoxa9 alone differentiated into neutrophils
within 4 days of replacing GM-CSF with G-CSF (Fig. 3 A and B).
By contrast, half of all cells in each culture coexpressing Hoxa9
plus Meis1a retained a progenitor morphology at day 4, and by
day 11, cultures coexpressing Hoxa9 plus Meis1a contained 400
to 4,000 times the number of viable cells as cultures expressing
Hoxa9 alone (Figs. 3 E and I). Two of the five populations
continued to proliferate as G-CSF-dependent, immortalized cell
lines (asterisks in Fig. 3I). All cell lines differentiated to mac-
rophages in response to M-CSF (data not shown). These data
indicated that coexpression of Meis1a and Hoxa9 immortalizes a
late myeloid progenitor that is identical to that immortalized by
Hoxa9 alone with regards to cytokine receptor expression (GM-
CSF-R�, G-CSF-R�, M-CSF-R�), but that contains a selective
defect in its ability to differentiate in response to G-CSF.

Meis1a Establishes a Strong Self-Renewal Response to SCF. We tested
the possibility that Meis1a might change proliferation and
differentiation responses toward other cytokines. Meis1a had no
effect on concentration-dependent proliferation rates in re-
sponse to GM-CSF or IL-3 (data not shown). By contrast,
Meis1a had a striking effect on responsiveness to SCF. By
comparison to cells immortalized by Hoxa9 alone (Hoxa9HF1
and EE-Hoxa9 cells), which failed to proliferate in the presence
of SCF, expression of Meis1a in these cells caused them to
proliferate in response to SCF (data not shown). Analysis of the
10 cell lines generated with binary vectors demonstrated that
�99% of cells in each of the five cultures immortalized by Hoxa9
alone stopped proliferating and either died or executed macro-
phage differentiation within 10 days of culturing in SCF alone,
whereas each culture coexpressing Hoxa9 plus FLAG-Meis1a
continued to proliferate (Fig. 3J), and four of five (denoted by
asterisk) grew as immortal cell lines. SCF synergized with G-CSF
in stimulating proliferation, as the total number of cells in the
two G-CSF-dependent cell lines was augmented 2.5- and 4-fold
by inclusion of SCF over a 72 h period, and those of the four
SCF-dependent populations augmented 7- to 12-fold by inclu-
sion of G-CSF over a 72-h period. SCF synergized with G-CSF
to further suppress differentiation in Hoxa9- and Meis1-
expressing cells (Fig. 3 F vs. E), but did not change G-CSF-
induced neutrophil differentiation of Hoxa9-expressing cells
(Fig. 3 C vs. B).

Flow cytometric analysis using antibodies against the SCF
receptor (c-Kit; CD117), was performed to test the possibility
that Meis1a up-regulates cell surface c-Kit, enabling SCF-
responsiveness. The majority (78%) of Hoxa9-immortalized cells

(proliferating in GM-CSF) expressed c-Kit with a relative mean
fluorescence of 79, whereas those immortalized by Hoxa9 and
Meis1a (also proliferating in GM-CSF) expressed c-Kit at a
relative mean fluorescence of 58 (data not shown), indicating
that Meis1a does not increase cell surface c-Kit. Consistent with
this result, SCF was capable of synergizing with suboptimal
concentrations of GM-CSF to increase the abundance of Hoxa9-
immortalized progenitors 1.7-fold over a 72-h growth period.

Fig. 3. Coexpression of Meis1a with Hoxa9 promotes self-renewal in re-
sponse to G-CSF, self-renewal in response to SCF, and synergistic self-renewal
in response to G-CSF plus SCF. Myeloid progenitors immortalized by Hoxa9
exhibit a progenitor morphology when cultured in GM-CSF (A), exhibit gran-
ulocytic differentiation when cultured in G-CSF (B), and exhibit granulocytic
differentiation when cultured in G-CSF plus SCF (C) for 4 days. Myeloid
progenitors immortalized by coexpression of Hoxa9 and FLAG-Meis1a exhibit
a progenitor morphology when cultured in GM-CSF (D), significantly reduced
granulocytic differentiation when cultured in G-CSF (E), and no granulocytic
differentiation when cultured in G-CSF plus SCF (F) for 4 days. (G) Immunoblot
analysis of Hoxa9 and Pbx2 in GM-CSF-dependent cell lines immortalized by
Hoxa9 retrovirus (lanes 1–5) or by a bicistronic vector coexpressing Hoxa9 plus
Meis1a (lanes 6–10). (H) Anti-Meis1 immunoblot of nuclear extracts derived
from cultures 7–10 from G (lanes 3–6), from uninfected Hoxa9HF1 cells (lane
1), and from Hoxa9HF1 cells converted to G-CSF-dependent proliferation by
expression of Meis1a (lane 2). (I and J) Abundance of five independent
populations of myeloid progenitors immortalized from primary marrow by
infection with Hoxa9 plus Neo retrovirus (first set of 5) or by Hoxa9 plus Meis1a
retrovirus (second set of 5) 11 days after culturing 10,000 cells in G-CSF (I) or SCF
(J). An asterisk signifies that the cells continued to proliferate as G-CSF- or
SCF-dependent cell lines.
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Therefore, although the synergistic effects of SCF and GM-CSF
are apparent in the absence of Meis1a, the ability of cells to
proliferate in response to SCF alone required Meis1a expression.

As a final test of the ability of Meis1a to suppress G-CSF-
induced differentiation and permit SCF-induced proliferation,
Meis1a was expressed in two populations of progenitors immor-
talized by the binary NeoR��Hoxa9 virus, and cells were assayed
for their responses to GM-CSF, G-CSF, SCF, or G-CSF plus
SCF. In both cases, Meis1a had no effect on proliferation rates
in response to GM-CSF, whereas Meis1a induced a proliferative
response to G-CSF, to SCF, and to G-CSF plus SCF (growth
kinetics of one clone quantitated in Fig. 4).

Discussion
Here we demonstrate that Meis1a suppresses G-CSF-induced
differentiation in myeloid progenitors immortalized by Hoxa9.
Furthermore, Meis1a endows Hoxa9-immortalized progenitors
with the ability to proliferate in response to SCF alone. The
independent functions of Hoxa9, in blocking differentiation in
response to GM-CSF, and of Meis1a, in suppressing G-CSF-
dependent differentiation and promoting SCF-dependent pro-
liferation, establish a rational basis to propose that HoxA9 and
Meis1a complement each other functionally to maintain pro-
genitor self-renewal in human AML, and to explain how se-
quential activation of Hoxa9 and Meis1 by proviral integration
could establish independent leukemogenic events leading to
AML in BXH-2 mice. The facts that enforced Meis1a expression
does not induce leukemia in vivo even after long latency (6) and
that retroviral expressed Meis1 fail to either immortalize cul-
tured marrow progenitors (11) or reestablish a differentiation
block in myeloid progenitors conditionally immortalized by
estrogen-regulated forms of E2a-Pbx1 (D.B.S., unpublished
observation) suggests that the oncogenic function of Meis1
depends on preexisting mutations that up-regulate expression of
Hoxa9 or Hoxa7, which is also coactivated with Meis1 in murine
AML (4) and coexpressed with Meis1 in human AML (23).
During the genesis of BXH-2 mouse AML, transcriptional
activation of Hoxa9 may expand a pool of preleukemic progen-
itors whose differentiation continues to be induced by other
cytokines, such as G-CSF (Fig. 5B). Secondary mutations that
activate Meis1 transcription would accelerate leukemogenesis by
(i) shifting the response to G-CSF from differentiation toward

self-renewal, (ii) causing proliferation in response to SCF alone,
and (iii) permitting SCF signaling to prevent differentiation
induced by other cytokines. Genes whose activation selectively
suppresses G-CSF-induced differentiation include cyclin D2 or
D3 (24) and the CIS1�JAB family of JAK kinase modulators
(25), and exemplify how Meis1 might alter gene expression to
suppress G-CSF-induced differentiation. A somewhat different
consequence of Hox oncoproteins on differentiation, combined
with a consistent function of Meis1, could explain the observa-
tion of Thorsteinsdottir et al. (14), who found that Meis1
potentiates a leukemic phenotype that is defined by the Hox
oncoprotein. Because neither Hoxa9-immortalized cells (11),
nor their Meis-expressing derivatives (K.R.C., unpublished data)
produce AML in sublethally irradiated BALB�c mice, genera-
tion of overt AML may require additional mutations (e.g., point
mutants in Ras or Flt3, internal tandem duplications in Flt3,
Bcr-Abl fusions); alternatively, the factor dependence and rapid
(�3 months) outgrowth of AMLs induced by transplantation of
mice with marrow coexpressing retroviral Hoxa9 and Meis1 (6)
suggests that the impact of Hoxa9 and Meis1 on long-term
reconstituting progenitors may be sufficient to induce leukemia,
and that the cell lines we have characterized may have lost an
intrinsic property retained by reconstituting progenitors that
cooperates with Hoxa9 and Meis1 in leukemogenesis. The
importance of genetic events that complement Hoxa9 and Meis1
in leukemogenesis, therefore, remains an open question.

The ability of Meis proteins to suppress G-CSF-induced
differentiation has also recently been reported in the cell line
32Dcl3 (26), which executes granulocytic differentiation in re-
sponse to G-CSF. While the 32Dcl3 cell system could not be used
to demonstrate that Meis1 does not alter differentiation by
M-CSF or GM-CSF, and was not used to show enhanced
proliferation in response to SCF, it does confirm the ability of
Meis1 to alter the differentiation response to G-CSF in another
cell line that expresses Hox genes (32Dcl3 cells express Hoxa9
and Hoxb8).

If expression of HoxA9 and expression of Meis1 are essential
events in the genesis of human AML, as their coexpression in all
but acute promyelocytic leukemias suggests (7), a pivotal prop-
erty of other myeloid transcription factor oncoproteins might be
their ability to directly activate, or indirectly maintain activation
of, Hoxa9 and Meis1 gene transcription. The fact that pre-B cell

Fig. 4. Meis1 induces rapid conversion of Neo-Hoxa9 cells to a phenotype
that proliferates in response to G-CSF, SCF, or G-CSF plus SCF. The presence or
absence of coexpressed Meis1 is designated adjacent to each tracing. Cyto-
kines included in growth medium are indicated above each graph. Fig. 5. Model for the function of Meis1a in AML.
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acute lymphocytic leukemia (ALL) specifically associated with
mixed lineage leukemia (MLL) translocations coexpress Hoxa9
and Meis1, whereas other pre-B ALLs express neither gene (27)
suggests strongly that Hoxa9 and Meis1 transcription is activated
or maintained by MLL fusion oncoproteins. Recently we dem-
onstrated that the human myeloid oncoprotein, Nup98-Hoxa9,
immortalizes myeloid progenitors that proliferate in G-CSF or in
SCF and, unlike progenitors immortalized by retroviral Hoxa9,
maintain transcription of high levels of Hoxa9 and Meis1 at
levels greater than those expressed in M1 cells, a myeloid
leukemia initiated by retroviral coactivation of Hoxa9 and Meis1
(K.R.C., unpublished data). This finding implies that Hoxa9 and
Meis1 are subordinate oncogenes of Nup98–HoxA9 and that the
functions of Meis1 that we describe here may be operative in
many human AMLs involving activated Meis1 transcription.

The biochemical mechanism by which Meis1 alters differen-
tiation and proliferation responses to G-CSF and SCF, respec-
tively, remains to be resolved. Meis1 can bind DNA as a
monomer that cooperates in transcriptional activation with
adjacent transcription factor complexes (13), it can bind DNA as
a heterodimer with Pbx to promote gene transcription in a
tissue-dependent manner (12), it can bind Pbx–Hox complexes
independent of binding DNA directly (28), and it can het-
erodimerize with Hoxa9 on DNA (9), although this last function
has not been observed in any cellular promoter analyzed to date.
Each or all of these mechanisms may contribute to the functions
of Meis1 that we report, as Meis1 up-regulates the abundance of
Pbx2 and is coexpressed in cells with Hoxa9. A systematic
mutational analysis of Meis1 that disrupts the isolated functions
of binding DNA, binding Pbx cofactors through the cooperative
functions of the M1 and M2 surfaces (29), and binding Hoxa9
through as-yet-unidentified surfaces remains an important goal
to clarify how Meis1 alters differentiation and proliferation
responses to G-CSF and SCF, respectively.

In normal hematopoiesis, amid a broad spectrum of cytokines,
we propose that the combined functions of Meis1 and Hoxa9

control a genetic program that chooses between self-renewal or
differentiation (Fig. 5A). Coexpression of Hoxa9 and Meis1
would favor strong self-renewal synergism and independent
responsiveness to SCF, resulting in expansion of progenitors.
Down-regulation of Hoxa9 and Meis1, which occurs during the
early CD34� to CD34� transition in the self-renewal of progen-
itors (7, 8), would curtail self-renewal to specific (i.e., G-CSF,
GM-CSF) and costimulatory (i.e., SCF) cytokines, and permit
terminal differentiation.

The impact of Hoxa9 and Meis1 on myelopoiesis suggest two
hypotheses for how deregulation of cellular gene transcription
can lead to leukemogenesis (Fig. 5B). The cytokine-specific
differentiation blocks maintained by Hoxa9 and Meis1a prompt
a hypothesis of ‘‘cooperative differentiation arrest’’ for the
generation of a subset of acute leukemia. This hypothesis
suggests that transcription factor oncoproteins may cooperate to
establish a complete block to differentiation in vivo by blocking
complementary subsets of differentiation pathways. This hy-
pothesis further clarifies the general hypothesis that oncogenes
that block differentiation (Fig. 5, mechanism III) cooperate with
oncogenes that stimulate cell division (Fig. 5, mechanism I). The
ability of Meis1 to reprogram gene transcription so as to permit
a proliferative response to SCF prompts a ‘‘cytokine responsive’’
hypothesis, which states that genes involved in maintaining or
establishing a proliferative response to environmental cytokines
are targets for transcriptional activation in leukemia (Fig. 5,
mechanism II).
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