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Multiple members of the A, B, and C clusters of Hox genes are expressed in hematopoietic cells. Several of
these Hox genes have been found to display distinctive expression patterns, with genes located at the 3* side of
the clusters being expressed at their highest levels in the most primitive subpopulation of human CD341 bone
marrow cells and genes located at the 5* end having a broader range of expression, with downregulation at later
stages of hematopoietic differentiation. To explore if these patterns reflect different functional activities, we
have retrovirally engineered the overexpression of a 5*-located gene, HOXA10, in murine bone marrow cells and
demonstrate effects strikingly different from those induced by overexpression of a 3*-located gene, HOXB4. In
contrast to HOXB4, which causes selective expansion of primitive hematopoietic cells without altering their
differentiation, overexpression of HOXA10 profoundly perturbed myeloid and B-lymphoid differentiation. The
bone marrow of mice reconstituted with HOXA10-transduced bone marrow cells contained in high frequency
a unique progenitor cell with megakaryocytic colony-forming ability and was virtually devoid of unilineage
macrophage and pre-B-lymphoid progenitor cells derived from the transduced cells. Moreover, and again in
contrast to HOXB4, a significant proportion of HOXA10 mice developed a transplantable acute myeloid
leukemia with a latency of 19 to 50 weeks. These results thus add to recognition of Hox genes as important
regulators of hematopoiesis and provide important new evidence of Hox gene-specific functions that may
correlate with their normal expression pattern.

Hematopoiesis is an ordered process of differentiation and
proliferation leading to the generation of mature blood cells
from a small number of totipotent hematopoietic stem cells
(HSC). From a number of recent studies, a variety of tran-
scription factors have emerged as key components of the reg-
ulatory processes involved in lineage-specific development and
in some cases proliferation of early hematopoietic cells (21).
Among such factors are the mammalian Hox homeobox

gene family of transcription factors consisting of 38 members
arranged in four clusters (A, B, C, and D) on four different
chromosomes (1). These genes are structurally related by the
presence of a 183-bp sequence, the homeobox, which encodes
a helix-turn-helix DNA binding motif (15). During embryogen-
esis, these genes have been shown to play critical roles in
pattern formation (thus, cell fate), where they are activated in
a time- and site-specific manner that correlates with their 39-
to-59 chromosomal position (10).
Apparent stage- and lineage-specific expression of numer-

ous HoxA, -B, and -C genes has now been demonstrated for
both hematopoietic cell lines (14) and primary hematopoietic
cells (6, 18, 26), suggesting that these genes are involved in the
processes of hematopoietic differentiation and proliferation
(14). This hypothesis has been supported by studies in which

the expression of specific Hox genes has been modulated in
primary hematopoietic cells by either antisense oligonucleo-
tides or by overexpression (23, 31, 37). Thus, for example,
antisense oligonucleotides specific to Hoxb-7 in murine bone
marrow (37) or HOXC6 in human bone marrow (31) lead to
significant inhibition of granulocyte-macrophage CFU cells
(CFU-GM) and suppression of CFU erythroid cells (CFU-E)
for these two antisense constructs, respectively. Conversely,
overexpression of Hoxb-8 in murine bone marrow cells was
found to enhance the proliferation of hematopoietic progeni-
tor cells and predispose to leukemia (23).
Most recently, Hox genes have been directly implicated in

the pathogenesis of human leukemias (2, 19). In the t(7;
11)(p15;p15) translocation, which is recurrently observed in a
subset of acute myeloid leukemias and in rare cases of chronic
myeloid leukemias, the N-terminal half of the nucleoporin
gene NUP98 is fused in frame with most of the coding region
of the HOXA9 gene. Intriguingly, murine Hoxa-9 and its near
neighbor Hoxa-7 have also been implicated in myeloid leuke-
mias associated with retroviral insertional activation in the
BXH-2 mouse line (20).
We have recently shown, with a reverse transcription-PCR-

based technique, that members of the HOXA and HOXB clus-
ter genes are preferentially expressed in the CD341 fraction of
human bone marrow cells, which contains most if not all of the
hematopoietic progenitor cells (26). Further detailed analyses
of the expression of several of these Hox genes in functionally
distinct subpopulations of CD341 cells revealed two patterns
of expression. Specific genes, primarily located at the 59 end of
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the clusters (e.g., HOXA10 and HOXB9), showed essentially
invariant expression in these subpopulations, whereas a second
group of genes, located towards the 39 side of the clusters (e.g.,
HOXB3 and HOXB4), were expressed at their highest levels in
the subpopulation containing the most primitive hematopoi-
etic cells and then were sharply downregulated in later cell
populations (26). By retrovirally overexpressing in murine
bone marrow one of the 39-located genes, HOXB4, we have
recently shown that HOXB4’s overexpression selectively en-
hances the proliferative potential of primitive hematopoietic
cells, most profoundly HSC, without detectable effects on he-
matopoietic differentiation (27).
On the basis of these results, it was hypothesized that these

expression patterns might reflect different functional activities
of Hox genes in hematopoiesis. As an initial test of this hy-
pothesis, we have examined both the in vitro and in vivo be-
havior of primary murine hematopoietic cells, which were en-
gineered by retroviral gene transfer to overexpress HOXA10.
Here, we demonstrate that overexpression of HOXA10 pro-
foundly perturbs differentiation of bone marrow progenitors
with megakaryocytic and monocytic potentials, is not permis-
sive for B-cell development, and enhances proliferation of
hematopoietic progenitor cells. Furthermore, a significant pro-
portion of recipients of HOXA10-transduced bone marrow
cells eventually develop acute myeloid leukemia (AML).

MATERIALS AND METHODS

Animals. Seven- to 12-week-old male or female (C57BL/6J 3 C3H/HeJ)F1
[(B6C3)F1] mice were used as recipients, and (C57BL/6Ly-Pep3b3 C3H/HeJ)F1
[(PepC3)F1] mice were used as donors. (B6C3)F1 and (PepC3)F1 mice are
phenotypically distinguishable by their cell surface expression of different allelic
forms of the Ly5 locus; (B6C3)F1 mice are homozygous for the Ly5.2 allotype,
and (PepC3)F1 mice are heterozygous for the Ly5.1/Ly5.2 allotypes. These mice
were bred from parental strain breeders originally obtained from the Jackson
Laboratories (Bar Harbor, Maine) and were maintained in microisolator cages
and provided with sterilized food and acidified water in the animal facility of the
British Columbia Cancer Research Center.
Retroviral generation and infection of primary bone marrow cells. The

HOXA10 cDNA region encompassing the complete coding sequence was iso-
lated as an EcoRI fragment and subcloned upstream of the PGK-neo cassette at
the HpaI site of the murine stem cell virus (MSCV) 2.1 retrovirus by standard
procedures (5). High-titer helper-free recombinant retroviruses were generated
and tested exactly as described in reference 27. The generation of the HOXB4
and neo retroviruses has already been described elsewhere (27). Bone marrow
cells obtained from (PepC3)F1 (Ly5.1) mice injected intravenously 4 days pre-
viously with 150 mg of 5-fluorouracil (5-FU) per kg of body weight were pre-
stimulated in Dulbecco’s modified Eagle medium, containing 15% fetal calf
serum (FCS), 6 ng of murine interleukin-3 (mIL-3) per ml, 100 ng of murine
Steel factor (mSF) per ml, and 10 ng of human IL-6 (hIL-6) per ml for 48 h and
then cocultivated on irradiated viral producer cells with identical medium with
the addition of 6 mg of Polybrene per ml for an additional 48 h (27). mSF, hIL-6,
and mIL-3 were used as diluted supernatants from transfected COS cells as
prepared in the Terry Fox Laboratory. Loosely adherent and nonadherent bone
marrow cells were recovered from the cocultures by repeated washing of dishes
and then were counted with a hemocytometer. All media, serum, and growth
factors unless otherwise specified were obtained from StemCell Technologies,
Inc. (Vancouver, British Columbia, Canada).
Transplantation of retrovirally transduced bone marrow. For bone marrow

transplantation procedures, lethally irradiated (950 cGy, 110 cGy/min, 137Cs
gamma rays) (B6C3)F1 (Ly5.2) recipients were injected intravenously with 2 3
105 bone marrow cells derived from (PepC3)F1 (Ly5.1/Ly5.2) mice immediately
after their cocultivation with HOXA10 or neo viral producer cells. Donor-derived
repopulation in recipients was assessed by the proportion of leukocytes in bone
marrow, thymus, spleen, and peripheral blood which expressed the Ly5.1 allelic
form of the Ly5 locus by flow cytometry and fluorescein isothiocyanate (FITC)-
conjugated anti-Ly5.1 (A20-1.7). For all mice analyzed, the donor-derived re-
population was found to be .85%.
In vitro clonogenic progenitor assays. For myeloid clonogenic progenitor

assays, cells were cultured in 35-mm-diameter petri dishes (Greiner, Nürtingen,
Germany) in a 1.1-ml mixture of 0.8% methylcellulose in alpha medium supple-
mented with 30% FCS, 1% bovine serum albumin (BSA), 1024 M b-mercapto-
ethanol (b-ME), 3 U of human urinary erythropoietin (hEpo) per ml, and 2%
spleen cell-conditioned medium (SCCM) in the presence or absence of 1.4 mg of
G418 per ml. Bone marrow cells harvested after cocultivation with viral producer

cells or from neo or HOXA10 mice were plated at a concentration of 1 3 103 to
23 103 or 43 104 cells/dish, respectively. Spleen cells fromHOXA10 or neomice
were plated at 3 3 105 to 10 3 105 or 3 3 106 to 10 3 106 cells/dish, respectively.
Colonies were scored on days 10 to 12 of incubation as derived from macrophage
CFU, granulocyte-macrophage CFU (CFU-GM), burst-forming unit erythroid
(BFU-E), or granulocyte-erythrocyte-macrophage-megakaryocyte CFU (CFU-
GEMM) according to standard criteria (9). In some experiments, identification
of colony types was confirmed by Wright-Giemsa staining of cytospin prepara-
tions of colonies. For pre-B clonogenic progenitor assays, cells were plated in
0.8% methylcellulose in alpha medium supplemented with 30% FCS, 1024 M
b-ME, and 0.2 ng of IL-7 per ml with or without 1.4 mg of G418 per ml. Pre-B
colonies were scored on day 7 of incubation.
CFU-S assay. HOXA10- or neo-transduced bone marrow cells were injected

into lethally irradiated recipients either immediately after retroviral infection or
after 1 week of culture, at an initial density of 1 3 105 to 5 3 105 cells/ml in
medium containing 30% FCS, 1% BSA, 1024 M b-ME, 3 U of hEpo per ml, and
2% SCCM with or without 1.4 mg of G418 per ml. The number of cells that each
mouse received was adjusted to give 10 to 15 macroscopic spleen colonies.
Untransplanted lethally irradiated mice were tested in each experiment for
endogenous spleen CFU (CFU-S) surviving irradiation and consistently gave no
spleen colonies. Twelve days after injection, animals were sacrificed by cervical
dislocation, and the numbers of macroscopic colonies on the spleen were eval-
uated after fixation in Telleyesniczky’s solution. In certain cases, prior to fixation,
well-isolated spleen colonies were excised with a scalpel blade and cut open, and
then the cells were gently spread on a microscopic slide for cytological evaluation
after Wright-Giemsa staining.
Purification and culturing of Sca11Lin2WGA1 cells. Sca11Lin2WGA1 cells

were purified from the bone marrow of neo, HOXA10, and untransplanted
(PepC3)F1 mice, as previously described (25). For culturing of single cells,
purified cells were resorted and deposited directly into wells of 96-well plates
with an automatic cell deposition attachment to FACStar1 (Becton Dickinson).
Single cells were cultured in serum-free medium as described previously (12)
supplemented with the following growth factors: 20 ng of mIL-3 per ml, 10 ng of
hIL-6 per ml, 5 ng of hIL-7 per ml, 25 ng of hIL-11 per ml, 3 U of hEpo per ml,
50 ng of mSF per ml, 10 ng of human granulocyte colony-stimulating factor
(hG-CSF) per ml, and 1.4 mg of G418 per ml for selection of transduced cells.
After G418 selection, 9 to 15 days later, the wells containing $10 cells were
scored by visual inspection for the presence of megakaryocytes. Visual scoring
criteria were validated by Wright-Giemsa staining of cytospin preperations and
by flow cytometry for expression of the megakaryocyte-specific GPIIb/IIIa
(CD41) surface antigen with the D9 monoclonal antibody (MAb) (K. A. Ault,
Maine Medical Center Research Institute, South Portland).
Phenotyping of hematopoietic cell populations. At various times after trans-

plantation, peripheral blood cell counts and hematocrits of HOXA10 and neo
mice were determined with a Coulter CBC5 counter. Differential counts of bone
marrow, spleen, and peripheral blood cells from all HOXA10 and neo mice that
were sacrificed or that became terminally ill were performed with Wright-Gi-
emsa-stained cytospin preparations. Various hematopoietic populations in pe-
ripheral blood, bone marrow, spleen, and thymus of HOXA10 and neomice were
analyzed at various times posttransplantation by flow cytometry. Single-cell sus-
pensions of 1 3 106 cells were incubated with phycoerythrin (PE) and FITC-
conjugated MAb for 40 min. The cells were washed twice and then analyzed on
a FACSort fluorescence-activated cell sorter (Becton Dickinson & Co., Moun-
tain View, Calif.). The following MAbs to lineage-specific differentiation anti-
gens were used: anti-Mac-1, purified from the M1/70.15.11 hybridoma (Ameri-
can Type Culture Collection, Rockville, Md.); anti-Gr-1 B220, anti-CD4, and
anti-CD43 (S7) (Pharmingen, San Diego, Calif.); anti-immunoglobulin G (IgG)
and anti-IgD (Southern Biotechnology, Birmingham, Ala.); and anti-CD8
(Boehringer Mannheim, Indianapolis, Ind.).
Southern, Northern, and Western blot analyses. Southern blot analyses to

assess proviral integration were performed as previously reported (27) by stan-
dard techniques. High-molecular-weight DNA was digested with KpnI (in some
cases, SstI), which cuts in the long terminal repeats (LTRs) to release the proviral
genome, or with HindIII, which cuts the provirus once to release DNA fragments
specific to the proviral integration site(s). Total cellular RNA was isolated,
transferred, and hybridized as described previously (27). The probes used were
a XhoI/SalI fragment of pMC1neo (32); a KpnI/MseI fragment of pXM(ER)-190,
which releases the full-length erythropoietin receptor (EpoR) cDNA (kindly
provided by A. D’Andrea); the 1.8-kb genomic KpnI/HindIII fragment of the
murine SH2-containing inositol phosphatase (SHIP) gene (4); the 1.9-kb full-
length humanHOXA10 cDNA; a 0.3-kb 39 homeodomain-free fragment from the
murine Hoxa-10 gene; and the 2.0-kb PstI fragment containing the b-actin gene.
Western blot analyses were done with whole-cell lysates from neo and HOXA10
viral producer cells or from bone marrow cells of normal untransplanted, neo,
and HOXA10 mice. After electrophoresis in a 10% polyacrylamide gel, protein
was transferred to nitrocellulose and probed with a whole rabbit antiserum to a
synthetic oligopeptide derived from the C-terminal, nonhomeodomain region of
HOXA10. The blot was then treated with a goat anti-rabbit IgG second antibody,
followed by incubation with the enhanced chemiluminescence (ECL) detection
reagent (Amersham Corp., Arlington Heights, Ill.).
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RESULTS

Retrovirus-mediated transduction of HOXA10 to murine
bone marrow cells. For this study, we used a full-length
HOXA10 cDNA isolated from the human myeloid cell line
ML3, which encodes a 55-kDa protein (16). This HOXA10
cDNA was chosen because it represents the most abundant
HOXA10 transcript found in human bone marrow cells (16).
TheHOXA10 cDNA was inserted into the MSCV 2.1 retroviral
vector (8) 59 to a phosphoglycerate kinase promoter (PGK)-
driven neo gene such that HOXA10 was expressed from the
viral enhancer and promoter sequences within the LTR (Fig.
1A). The LTR sequences in this MSCV vector have been
shown previously to give high and long-term expression in
primitive murine hematopoietic cells and their mature progeny
of both myeloid and lymphoid lineage (7, 22, 27). The integrity
of the HOXA10 retrovirus was verified by Northern and West-
ern blot analyses, which detected the two expected HOXA10-
containing viral mRNAs (due to the splice donor and acceptor
sites in the MSCV 2.1 vector) (7) and the HOXA10 protein in
the viral producer cells, respectively (Fig. 1B and C). For some
parts of the study, we also used an MSCV retroviral vector
containing the HOXB4 cDNA under the control of the viral
LTR, which has previously been described (27).
To investigate the effects of HOXA10 overexpression in pri-

mary hematopoietic cells, bone marrow cells from mice in-
jected 4 days previously with 5-FU were cocultivated with neo
or HOXA10 viral producer cells for 48 h, and the subsequent
effects of deregulated expression of HOXA10 on the behavior
of hematopoietic cells were analyzed both in vitro and in vivo.
Altered colony formation in vitro of myeloid progenitor cells

overexpressing HOXA10. To test whether overexpression of

HOXA10 would affect the ability of committed myeloid pro-
genitor cells to complete their differentiation in vitro, neo- and
HOXA10-transduced bone marrow cells were plated, immedi-
ately after retroviral infection, in methylcellulose cultures for
myeloid colony formation. The efficiencies of retroviral infec-
tion, as assessed by the proportion of G418-resistant clono-
genic cells, were 50% 6 28% and 30% 6 3% for neo and
HOXA10 retrovirus, respectively (values are means6 standard
deviations from two independent experiments). The total num-
bers of colonies generated were similar for both types of in-
fected cells (;80 colonies/1,000 cells). However, there was a
striking difference between the cellular constituents of neo-
and HOXA10-transduced colonies, as revealed by cytological
examinations of Wright-Giemsa-stained G418-resistant colo-
nies (Fig. 2). About 45% of the progenitors transduced with
HOXA10 generated large colonies containing megakaryocytes
and blast cells (Fig. 3A), a colony type not detected among
neo-transduced colonies. The generation of this unique colony
type in HOXA10 cultures was accompanied by a proportional
reduction in multilineage GEMM, granulocyte-macrophage,
and granulocyte colonies; moreover, no unilineage macro-
phage colonies could be detected among G418-resistant (i.e.,
HOXA10-transduced) colonies. In contrast to this altered my-
eloid differentiation mediated by HOXA10, overexpression of
HOXB4 did not alter the proportion of various colony types
generated in vitro (Fig. 2).
HOXA10 overexpression increases the maintenance of day

12 CFU-S in vitro. In our previous study of the effects of
overexpression of HOXB4 in murine bone marrow cells, we
observed a more than 2-log enhancement in the recovery of
multipotent myeloid progenitor cells (day 12 CFU-S) after a
7-day culture period following retroviral infection withHOXB4
(27). To assess whether HOXA10 overexpression had a similar
effect, the day 12 CFU-S contents of neo- and HOXA10-in-
fected bone marrow cells were measured immediately after

FIG. 1. Structure and expression of the HOXA10 retrovirus used in this
study. (A) Diagrammatic representation of the integrated HOXA10 and neo
proviruses. The expected sizes of the full-length viral transcripts and those
initiated from the internal PGK promoter are shown. Two viral transcripts are
generated from each virus due to the splice donor and acceptor sites in the
MSCV 2.1 vector (B) Northern blot analysis of total RNA isolated from the
HOXA10 virus producer cells. The membrane was hybridized with a probe
specific for neo that detects both viral transcripts (a 4.6-kb full-length RNA and
3.9-kb spliced RNA) and the 1.3-kb neo transcript initiated from the PGK
promoter (left) and subsequently with a full-length HOXA10 cDNA probe that
detects both viral transcripts (right). (C) Western blot analysis of whole-cell
lysate from neo and HOXA10 virus producer cells. The blot was probed with
polyclonal antisera directed against aHOXA10 synthetic oligopeptide. The arrow
indicates the band for the HOXA10 protein migrating at the expected size of 55
kDa. Kp, KpnI; Ss, SstI; SD, splice donor; SA, splice acceptor.

FIG. 2. Effects of HOXA10 and HOXB4 overexpression on the relative fre-
quency of various colony types generated in vitro, immediately after retroviral
infection of bone marrow cells. On days 12 and 13, well-isolated G418-resistant
colonies were randomly picked (n 5 74 for neo, n 5 76 for HOXB4, and n 5 77
for HOXA10) and examined after Wright-Giemsa staining. Results are expressed
as means 6 standard deviations from two independent experiments. The various
colony types (granulocyte-erythrocyte-macrophage-megakaryocyte [GEMM],
granulocyte and granulocyte-macrophage [G/GM], and macrophage [MØ]) gen-
erated from neo- and HOXB4-transduced cells were not significantly different
(P . 0.5). Megakaryocyte-blast (Mega/Blast) colonies were significantly in-
creased in HOXA10 cultures compared to in neo cultures (P , 0.01), and G/GM
and GEMM colonies were significantly decreased inHOXA10 cultures compared
to in neo cultures (P , 0.05). Although no MØ colonies were detected in
HOXA10 cultures, they were not significantly decreased compared to those in
neo cultures, because the numbers of MØ colonies in neo cultures were low and
varied greatly between experiments (Student t test).
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retroviral infection and again after 7 days in liquid culture
supplemented with growth factors and 1.4 mg of G418 per ml
for selection of transduced cells. The day 12 CFU-S frequen-
cies measured immediately after retroviral infection were sim-
ilar for neo- and HOXA10-transduced bone marrow cells (Fig.
4, day 0). However, after maintenance of these cells for 7 days
in liquid cultures, the day 12 CFU-S content of cultures initi-
ated with HOXA10-transduced cells showed a net increase to

200% of input values, whereas levels in neo control cultures
had decreased to ;5% of input (Fig. 4, day 7). Thus, HOXA10
like HOXB4 can reverse the decline in day 12 CFU-S numbers
normally observed under these culture conditions, suggesting
that overexpression of HOXA10 can affect processes involved
in the generation or maintenance of cells with day 12 CFU-S
ability.
Cytological examination of Wright-Giemsa-stained cell

FIG. 3. Wright-Giemsa staining of cytospin preparations of HOXA10-transduced myeloid colonies (A to C) and of hematopoietic tissues from a representative
leukemicHOXA10mouse (D to F). Representative megakaryocyte (a) and blast cell (b) colonies picked from methylcellulose cultures initiated with cells obtained either
immediately after retroviral infection of 5-FU-treated bone marrow cells (A) or with cells recovered from bone marrow of HOXA10 mice (B). (C) Smaller colony
observed only in methylcellulose cultures initiated with bone marrow cells from HOXA10 mice containing immature blast-like myeloid cells (c) together with few
differentiated granulocytic elements (d). (D, E, and F) Peripheral blood, bone marrow, and lymph nodes, respectively, from a representative HOXA10 mouse that
developed AML. Note the presence of leukemic blasts together with a few mature granulocytic elements in each of these three organs. Magnification, 3600.
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preparations from day 12 spleen colonies showed the same
proportion of differentiated erythroid (.90%) and myeloid
elements for both HOXA10- and neo-transduced colonies
(data not shown), indicating that overexpression of HOXA10
did not overtly alter the pattern of terminal differentiation of
day 12 CFU-S during spleen colony formation in vivo.
Expansion in vivo of myeloid progenitor cells overexpress-

ing HOXA10 and their altered colony formation in vitro. To
delineate further the effects of HOXA10 overexpression on
hematopoiesis, we analyzed long-term myeloid and lymphoid

reconstitution in lethally irradiated mice transplanted with
HOXA10- or neo-transduced bone marrow cells (hereafter
called HOXA10 and neo mice, respectively). At 8 to 15 weeks
posttransplantation, hematopoietic regeneration in either neo
or HOXA10 mice was essentially completely donor derived,
because .85% of bone marrow, thymic, and peripheral blood
leukocytes were of donor origin (Ly5.11). Moreover, the in-
tensities and patterns of proviral signals seen upon Southern
blot analysis of DNA from bone marrow and thymus of these
mice were consistent with high-level polyclonal reconstitution
by transduced cells in both neo and HOXA10 mice (Fig. 5).
Expression of the transduced HOXA10 cDNA was readily de-
tected in total bone marrow cells of HOXA10 mice, at both the
RNA and protein levels by Northern and Western blot analy-
ses, respectively (Fig. 6A and B, respectively). Endogenous
Hoxa-10 expression, in contrast, was below the detection level,
by the same methods, in either neo, HOXA10, or normal un-
transplanted mice (Fig. 6).
When analyzed 8 to 15 weeks posttransplantation in contrast

to neo control mice, HOXA10 mice showed weight loss and
signs of hematological abnormalities (Table 1). Although their
peripheral blood and bone marrow nucleated cell numbers
were within the normal range, HOXA10 mice had moderate
splenomegaly and mild anemia (Table 1).
The numbers of myeloid progenitor cells were significantly

increased inHOXA10mice compared with those in neo control
mice 15 weeks posttransplantation (Table 2). This was most
pronounced in the spleen, with on average a ninefold increase
over that found in neo mice (Table 2). Preferential expansion
of HOXA10-transduced progenitor cells over that of nontrans-
duced cells was indicated by a higher proportion of G418-
resistant myeloid colonies detected from the HOXA10 mice
compared to that of neo control mice (Table 2), despite lower

FIG. 4. Effect of overexpression of HOXA10 on the recovery of day 12
CFU-S in vitro. The CFU-S content was assessed immediately after cocultivation
(day 0) and also after 7 days in liquid culture. Results (means 6 standard
deviations) are expressed as day 12 CFU-S number per 105 starting day 0 cells
from two independent experiments, except for day 0 values for HOXA10, which
represent one experiment. Open bars, neo; solid bars, HOXA10.

FIG. 5. Southern blot analysis of DNA isolated from hematopoietic tissue of HOXA10 and neo mice. (A) Demonstration of the presence of intact integrated
HOXA10 and neo proviruses. DNA from bone marrow of HOXA10 mice was digested with KpnI and that of the neo mouse was digested with SstI to release the
integrated HOXA10 (4.6 kb) and neo (2.7 kb) proviral fragments, respectively. The blots were hybridized with a neo-specific probe to detect the proviruses and then
subsequently with a probe specific for murine EpoR to provide a single gene copy control for loading. The exposure times were equivalent for both probes (;35 h).
(B) Analysis of proviral integration patterns in DNA isolated from bone marrow and thymic cells from the sameHOXA10 and neomice. DNA was digested withHindIII,
which cuts the integrated provirus once, generating DNA fragments unique to each integration site. The membranes were hybridized with a probe specific for neo to
detect proviral fragments and subsequently with a probe specific for murine EpoR to provide a single gene copy control for loading. The exposure times were 72 h for
the neo probe and 24 h for the EpoR probe. Each number assigned to a lane identifies a specific mouse. HOXA10 mouse 1 was sacrificed 8 weeks posttransplantation,
whereas the other HOXA10 mice and the neo mouse were sacrificed 15 weeks posttransplantation. BM, bone marrow; T, thymus.
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gene transfer in the initial transplanted bone marrow inoculum
for the HOXA10 mice (67.5%6 4% and 42.5%6 18% for neo
and HOXA10, respectively). For some of these HOXA10 mice,
the splenic nucleated cell counts were also found to be ele-
vated, which in all cases was due to an increase in cells ex-
pressing both the Mac-1 and Gr-1 antigens as determined by
flow cytometry analyses (data not shown).
Myeloid clonogenic progenitors of HOXA10 mice remained

growth factor dependent for in vitro colony formation when
analyzed 8 weeks posttransplantation. However, in the pres-
ence of added growth factors, ;45% of the HOXA10-trans-
duced progenitor cells from bone marrow of these mice gen-
erated a unique colony type containing megakaryocytes and
blast cells (Fig. 3B and Table 3), representing at least a 35-fold
increase in the absolute numbers of this progenitor type com-
pared to neo control mice. Curiously, despite this high fre-
quency in bone marrow of HOXA10 mice of a progenitor cell
with potential to differentiate in vitro into megakaryocytes,
inspection of bone marrow and peripheral blood smears from

HOXA10 mice revealed no gross increase in megakaryocyte or
platelet counts (data not shown). In addition to a high propor-
tion of megakaryocyte and blast cell colonies, another ;20%
of the colonies from HOXA10 mice were small (;100 cells),
containing mainly highly granular blast cells and very few dif-
ferentiated myeloid elements, a colony type not detected
among the neo-transduced colonies (Fig. 3C and Table 3).
Furthermore, no unilineage macrophage colonies could be de-
tected among the HOXA10-transduced colonies, which in con-
trast represented about 30% of the colonies generated from
the bone marrow of neo mice. Interestingly, macrophage col-
onies could be detected in the absence of G418 in cultures
initiated with bone marrow cells from HOXA10 mice (data not
shown), indicating the presence of nontransduced macrophage
progenitor cells capable of normal differentiation in these
mice. Thus, the block in macrophage colony formation due to
overexpression of HOXA10 appears to be intrinsic to trans-
duced cells rather than attributable to accessory cells. Simi-
larly, the induction of megakaryocytic differentiation also ap-

FIG. 6. Northern and Western blot analyses demonstrate high levels of virus-derived HOXA10 messages and protein in reconstituted HOXA10 mice. (A) Northern
blot analysis of total RNA (10 mg) isolated from the bone marrow of normal, neo, and HOXA-10 mice. The membranes were hybridized with a probe specific for neo
that detects viral transcripts in both neo (2.7 kb) and HOXA-10 (4.6-kb full-length RNA and 3.9-kb spliced RNA) mice and the 1.3-kb neo transcript initiated from the
PGK promoter, and subsequently the membranes were hybridized with a probe specific for the murine Hoxa-10 for detection of both the endogenous Hoxa-10messages
and the HOXA10 viral transcripts. The endogenous 2.0- or 2.5-kb murine Hoxa-10 messages were not detected in any of the mice. As a control for loading, the
membranes were also hybridized with a probe specific for actin. The exposure times were equivalent for both the Hoxa10 and actin probes (;48 h). (B) Western blot
analysis of whole-cell lysates from bone marrow of normal, neo, and HOXA10mice. The blot was probed with a polyclonal antisera directed against a HOXA10 synthetic
oligopeptide. The arrow shows the band for the HOXA10 protein migrating at the expected size of 55 kDa. Each number assigned to a lane identifies a specific mouse
(not the same mice as in Fig. 5). HOXA10 mice 1 and 2 were leukemic, whereas mice 3 and 4 were not. BM, bone marrow; un-Tx, normal untransplanted mouse.

TABLE 1. Body weight and hematological parameters in neo and HOXA10 micea

Mouse group Body wt (g)b Spleen wt (g)c No. of leukocytes
(107)/femurc

Peripheral blood parameterc

No. of erythrocytes
(109)/ml

Hemoglobin
(g/dl)

No. of leukocytes
(106)/ml

neo 31.5 6 3.0 0.11 6 0.01 1.9 6 0.5 8.6 6 1.0 15.8 6 1.5 8.3 6 2.3
HOXA10 26.5 6 1.3d 0.17 6 0.06e 2.1 6 0.2 7.5 6 1.1f 13.8 6 1.8 11.3 6 5.6

a Results are given as means 6 standard deviations.
b n 5 11 mice sex and age matched 15 weeks posttransplantation.
c n 5 7 for neo mice and n 5 9 for HOXA10 mice 8 to 15 weeks posttransplantation.
d Significantly less than neo control (P , 0.03).
e Significantly greater than neo control (P , 0.03).
f Significantly less than neo control (P , 0.05).
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pears to be intrinsic to HOXA10-transduced progenitor cells.
When cells with the primitive phenotype Sca11Lin2WGA1 (pur-
ified from bone marrow of HOXA10, neo, and untransplanted
mice) were cultured as single cells in serum-free liquid cultures
supplemented with various growth factors, HOXA10-trans-
duced Sca11Lin2WGA1 cells showed increased potential to
generate megakaryocyte-containing colonies, compared to both
neo-transduced (Table 4) and untransduced Sca11Lin2WGA1

cells (data not shown).
Thus, overexpression of HOXA10 in vivo, like that of

HOXB4 (27), induces expansion of myeloid progenitor cells,
but in contrast to HOXB4, alters their normal differentiation.
Overexpression of HOXA10 in vivo is not permissive for

pre-B-lymphoid colony formation. While transduced myeloid
progenitor cells were increased in numbers in HOXA10 mice,
total pre-B colony-forming cells were slightly reduced in num-
ber (;2-fold), and virtually none were derived from trans-
duced cells (G418 resistant). Overall, transduced pre-B pro-
genitors in HOXA10 mice were some 22-fold lower in absolute
number than those in neo control mice (Table 5). To further
demonstrate the inability of HOXA10-transduced cells to con-
tribute to B lymphopoiesis, the intensities of the proviral sig-
nals in DNA isolated from spleen, in which mature B cells
normally constitute the majority of cells (approximately two of
three), were compared to those from bone marrow and thy-
mus. For that purpose, only theHOXA10mice (n5 4) in which
the proportion of splenic B and myeloid cells were within
normal range, as determined by flow cytometric analyses
(B2201 cells, 60 to 62%; Mac-11, 3 to 4%), were analyzed. In
contrast to neo control mice, in which equal proviral signals
were detected in all three tissues, the strengths of the proviral
signal from spleen cells in the HOXA10 mice were on average
only one-third of that in bone marrow and thymus, consistent
with minimal contribution of marked cells from the B-cell
fraction (see Fig. 8A). Flow cytometric analysis of various
B-cell populations in bone marrow and spleen of neo and

HOXA10 mice showed that the absolute numbers of pro-B,
pre-B, and mature B cells were within the normal range in
HOXA10mice (data not shown) and thus that the regeneration
and differentiation of B cells in HOXA10 mice from untrans-
duced cells (estimated to be$50% of bone marrow cells in the
transplant inoculum [described above]) appeared unaffected
and compensated for impaired B-cell differentiation by trans-
duced cells.
When analyzed 8 to 15 weeks posttransplantation, HOXA10

mice had normal thymic size and, with antibodies against CD4
and CD8, the numbers and relative frequencies of thymocyte
subpopulations in them were found to be normal (data not
shown). Contribution of transduced cells to thymic regenera-
tion in these HOXA10 mice was evident by Southern blot
analysis that detected proviral signals, which in most cases
were at levels comparable to those seen in bone marrow (Fig.
5B and 8A). Overexpression of HOXA10 thus appears to have
no gross effect on T-lymphoid development.
AML arises in recipients of HOXA10-transduced bone mar-

row cells. In two independent experiments, a total of 23 mice
were transplanted with HOXA10-transduced bone marrow
cells. Of these, 11 animals were sacrificed 8 to 15 weeks post-
transplantation, but the remaining 12 were monitored for a
prolonged period of time to test whether overexpression of
HOXA10 would eventually lead to a disease state. Nine of
these HOXA10 mice (from both transplantation experiments)
became terminally ill and died 19 to 50 weeks posttransplan-
tation; three remained alive at 52 weeks posttransplantation
(Fig. 7). The diminished survival of HOXA10 mice contrasts
with that of mice transplanted with HOXB4-transduced bone
marrow cells, for which survival was not different from that of
the neo control mice (Fig. 7).
In all cases in which documentation was possible (n 5 7),

AML was the cause of death of the HOXA10 mice. These mice
had elevated leukocyte counts (.50,000/ml) and were pro-
foundly anemic, and some had hind limb paralysis, likely
caused by leukemic infiltration of lumbo-sacral roots. Cytolog-
ical examination revealed large numbers of blast cells in bone
marrow, spleen, and lymph nodes (Fig. 3D to F). For the two
mice tested, the leukemia was readily transplantable to both
irradiated (n 5 5) and nonirradiated (n 5 5) recipients, which
developed a fulminant leukemia 3 to 5 weeks after intravenous
injection of 2 3 106 bone marrow cells. Southern blot analysis
of hematopoietic tissue from leukemic HOXA10 mice showed
that the leukemic cells contained the HOXA10 provirus and
that the leukemia appeared mono- or biclonal (Fig. 8B). Sim-
ilarly, Northern and Western blot analyses of bone marrow
cells from two leukemic mice detected high levels of the full-
length retrovirally driven HOXA10 messages (4.6 and 3.9 kb)

TABLE 2. HOXA10 mice have increased numbers of myeloid
clonogenic progenitor cells compared to neo control micea

Mouse group (n) No. of myeloid CFC
(103)/femur (% G418r)

No. of myeloid CFC
(103)/spleen (% G418r)

neo (6) 44 6 11 (53 6 19) 4 6 2 (62 6 22)
HOXA10 (8) 75 6 37b (62 6 13) 37 6 22c (82 6 20)

a Results are given as means 6 standard deviations of the number of myeloid
clonogenic progenitor cells in bone marrow and spleen of neo and HOXA10mice
15 weeks posttransplantation. CFC, colony-forming cell.
b Significantly higher than in neo control mice (P , 0.05).
c Significantly higher than in neo control mice (P , 0.005).

TABLE 3. HOXA10 mice have greatly increased numbers of bone marrow megakaryocyte-blast and blast colony-forming cells (CFC) and
decreased numbers of unilineage macrophage CFCa

Mouse group
No. of G418r CFC (103)/femurb

Total CFC GEMM/BFU-Ec G/GM MØ Mega/Blast Blast

neo 16.9 6 0.8 5.5 6 1.5 6.5 6 2 4.7 6 3 ,0.3 ,0.3
HOXA10 26.2 6 1.3 3.8 6 2.0 5.0 6 2.5 ,0.5d 11.5 6 1.0e 5.5 6 1.0 f

a On days 12 and 13, well-isolated colonies were randomly picked and analyzed by Wright staining (n5 50 for neomice and n5 58 for HOXA10mice). Results shown
represent the means 6 standard deviations of the number of various G418-resistant colony types generated from two mice in each group.
b The fold differences between the HOXA10 and neo groups were as follows: total CFC, 1.6; GEMM/BFU-E, 0.7; G/GM, 0.7; MØ, 0.1; Mega/Blast (megakaryocyte-

blast), 36.5; and Blast, 16.0.
c BFU-E colonies represented only 0.5% of the colonies analyzed and therefore were combined with GEMM.
d Significantly lower than in neo control mice (P , 0.05).
e Significantly higher than in neo control mice (P , 0.005).
f Significantly higher than in neo control mice (P , 0.05).

VOL. 17, 1997 HOXA10-INDUCED PERTURBATIONS OF HEMATOPOIESIS 501



and the HOXA10 protein (Fig. 6). The mono- or biclonality of
the leukemias, together with their delayed onset, suggests that
overexpression of HOXA10 is in itself not fully transforming
and that an additional mutation or mutations are required for
leukemic transformation.
Further evidence for the leukemogenic nature of overex-

pression of HOXA10 was obtained by transplanting bone mar-
row cells from an apparently healthy primary HOXA10 mouse
(15 weeks posttransplantation) into lethally irradiated second-
ary recipients. By 8 to 12 weeks posttransplantation, all of the
secondary recipients (n 5 17) developed AML, which in all
cases was found to be caused by the same HOXA10-transduced
leukemic clone, as evident by Southern blot analysis (Fig. 8B).
This clone was also found to be the dominant HOXA10-trans-
duced clone in the bone marrow of the primary donor mouse
(Fig. 8B), indicating the existence of a preleukemic state in this
mouse. Interestingly, the primitive Sca11Lin2WGA1 bone
marrow fraction of the same primary HOXA10 mouse was not
as leukemogenic. Of the two secondary recipients which re-
ceived HOXA10-transduced Sca11Lin2WGA1 cells, the AML
developed after a longer latency period (34 and 45 weeks) and,
interestingly, for the one mouse analyzed, the leukemia origi-
nated from a different HOXA10-transduced clone (Fig. 8B).
Although overexpression of HOXA10 in nonleukemic pri-

mary recipients did not render clonogenic cells growth factor
independent, all three leukemic clones tested showed growth
factor independence in cultures containing FCS.

DISCUSSION

In this study, we report that retroviral overexpression of one
of the 59-located Hox genes, HOXA10, perturbs the differen-
tiation of both myeloid and B-lymphoid progenitor cells and
eventually leads to the generation of AML. These effects are
quite distinct from those we previously observed for the 39-
located HOXB4 gene, whose overexpression enhanced the ex-
pansion of primitive hematopoietic cells but neither altered
hematopoietic differentiation nor predisposed to leukemia
(27). Taken together, these data add further functional evi-

dence for involvement of Hox genes in key hematopoietic de-
velopmental processes in a Hox gene-specific manner.
A striking effect of overexpression of HOXA10 was the en-

hanced generation in vitro of colonies containing megakaryo-
cytes and blast cells and the suppression of macrophage colony
formation. This effect was seen both for the transduced pro-
genitors recovered from the regenerated bone marrow of
HOXA10 mice and immediately following HOXA10 infection
of committed progenitor cells in the 5-FU bone marrow, thus
arguing for a direct effect of HOXA10 on differentiation of
committed myeloid progenitor cells. The detection of non-
transduced macrophage progenitors in bone marrow of
HOXA10 mice further supports the idea that the observed
block in macrophage colony formation is an intrinsic property
of HOXA10-transduced cells rather than attributed to acces-
sory cells. The induction of megakaryocytic differentiation also
appears to be intrinsic to HOXA10-transduced progenitor
cells, since HOXA10-transduced Sca11Lin2WGA1 cells when
cultured as single cells in liquid culture showed a similar in-
crease in megakaryocyte generation. Interestingly, although
colonies containing megakaryocytes were generated in high
frequency from HOXA10-transduced progenitor cells in vitro,
we did not detect any gross increase in megakaryocyte or
platelet numbers in HOXA10-reconstituted mice. This suggests
that the probability of HOXA10-mediated megakaryocytic in-
duction is increased when growth factor concentrations are
above normal physiological levels, as is the case in vitro, or
alternatively, that HOXA10-induced megakaryocytic differen-
tiation could be inhibited in vivo by some unknown negative
regulatory mechanisms either not present or not functional in
vitro.
The transcriptional control of megakaryocytic development

remains largely unknown. Of the lineage-specific transcription
factors known to be expressed in the megakaryocytic lineage
(e.g., GATA-1 and -2, Tal-1/SCL, and NF-E2), only NF-E2 has
been shown to be essential for normal megakaryocytic differ-
entiation, for which it is needed for completion of megakaryo-
cytic maturation and platelet generation (24, 29, 30, 34). A
functional role for GATA-1 during early stages of megakaryo-
cytic development has been inferred, since forced overexpres-
sion of GATA-1 is able to reprogram both murine and avian
myeloid cell lines to differentiate into the megakaryocytic lin-
eage (11, 36). Although HOXA10 expression has not been
detected in limited studies of cell lines which have both
megakaryocytic and erythroid differentiation potential (16, 17,
35), the results presented in this study implicate Hox genes as
potentially important regulators of megakaryocytic differenti-
ation. More detailed assessment of Hox gene expression pat-
terns, particularly HOXA10, during megakaryocytic differenti-
ation will now be of considerable interest, as will attempts to
identify effects subsequent to Hox gene knockout.

TABLE 4. Sca11Lin2WGA1 cells overexpressing HOXA10 have increased potential to generate megakaryocyte-containing colonies in vitroa

Mouse group No. of Sca11Lin2WGA1

cells (103)/femur
% G418r

Sca11Lin2WGA1 cells

No. of G418r Sca11Lin2WGA1 cells (103)/
femur generating megakaryocyte-containing
colonies (% of total G418r colonies)

HOXA10 30.0 6 0.3 57.5 6 9 6.6 6 2.3b (38 6 6)
neo 29.0 6 9.9 30.0 6 10 1.3 6 0.5 (15 6 4)
Normal control 15.0 6 4 ,0.7 1.0 6 0.3 (8 6 1)

a Sca11Lin2WGA1 cells purified from bone marrow cells of neo (n 5 2) and HOXA10 (n 5 2) mice 8 weeks posttransplantation and from untransplanted mice (n 5
2) were seeded as single cells per well, and following G418 selection, 9 to 15 days later, the wells containing $10 cells (n 5 296 for HOXA10, n 5 186 for neo, and
n 5 141 for untransplanted) were scored for the presence of megakaryocytes. Results shown represent means 6 standard deviations.
b Significantly different from neo control (P , 0.05).

TABLE 5. Overexpression of HOXA10 is not permissive for
lymphoid pre-B colony formationa

Mouse group (n) No. of pre-B
progenitors (103)/femur

% G418r pre-B
progenitors

neo (5) 10 6 5.5 43 6 10
HOXA10 (5) 5.5 6 4 4 6 4.5b

a Results are expressed as means 6 standard deviations of the number and
percentage of G418r colonies generated from bone marrow of neo and HOXA10
mice 8 and 14 weeks posttransplantation.
b Significantly less than in neo control mice (P , 0.0005).
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Although HOXA10 expression during megakaryocytic differ-
entiation has not been assessed, its expression during other
stages of myeloid differentiation has been analyzed in some
detail (13, 26). HOXA10 expression was found to be highest in

subpopulations of human bone marrow enriched for long-term
culture initiating cells (LTC-IC), CFU-GM, and BFU-E, and
then downregulated approximately sixfold with progression to
bone marrow CD342 cells (26) and undetectable in mature
circulating monocytes and granulocytes (13). Thus, the sup-
pression of macrophage colony formation and the appearance
of colonies containing immature myeloid blast cells when
HOXA10 is overexpressed suggest that the observed down-
regulation of HOXA10 as myeloid cells mature, is a critical
event for normal myeloid differentiation.
The second major effect of overexpression of HOXA10 was

an impairment in early B-cell development as reflected by
virtual absence of HOXA10-transduced pre-B clonogenic pro-
genitor cells in bone marrow ofHOXA10mice. Nontransduced
B cells in HOXA10 mice appeared to develop normally and
compensated for the absence of transduced B cells; thus the
effect of HOXA10 again appears to be intrinsic to transduced
cells. This finding for HOXA10 contrasts to the increase in
pre-B progenitor cells induced by overexpression of HOXB4 in
mice transplanted with HOXB4-transduced bone marrow cells
(27), thus indicating differential effects of Hox proteins on B
lymphopoiesis. By using a reverse transcription-PCR-based ap-
proach, we could not detect expression of the murine Hoxa-10
message in fluorescence-activated cell sorter-purified B-cell
subpopulations from normal (B6C3)F1 mice, representing
both early and late stages of B-cell development (28). These
results are in agreement with those of earlier studies, in which
HOXA10 expression could not be detected in cell lines of
pre-B- or mature B-cell origin nor in leukemic cells from pa-
tients with pre-B-cell acute lymphoid leukemia (ALL), B-cell
ALL, or B-cell chronic lymphoid leukemia (CLL) (3, 13, 35).
The observed block in B-cell development when HOXA10 is
retrovirally overexpressed suggests that HOXA10 target genes
may interfere with normal B-cell development and thus that

FIG. 7. Survival of HOXA10 mice compared with that of neo control mice
and mice transplanted with HOXB4-transduced bone marrow cells determined
with Kaplan-Meyer curves. Survival at various time points posttransplantation
was calculated on the basis of the size of each group of mice when an animal died
or became terminally ill. The size of each group at various time points posttrans-
plantation is shown in the upper part of the graph, where a, b, and c represent
the numbers of HOXA10, HOXB4, and neo mice, respectively. Survival of
HOXA10 mice was statistically different from that of neo control mice and
HOXB4 mice (P , 0.05).

FIG. 8. (A) Southern blot analysis of the intensity of the proviral signal in bone marrow, spleen, and thymus of HOXA10 and neo mice. DNA was digested with
KpnI, which releases the integrated HOXA10 (4.6-kb) and neo (2.7-kb) proviral fragments. The blot was hybridized to a probe specific for neo to detect the proviruses
and subsequently to a probe specific for the murine SHIP gene as a single-copy gene control for loading. Digitized images of the autoradiograms were obtained by
densitometric scanning with a Computing Densitometer (Molecular Dynamics), and the signal intensity for each lane was then analyzed by ImageQuaNT (4.1). Each
number assigned to an individual lane identifies a specific mouse. HOXA10 and neomice were sacrificed 8 (mice 6 and 3) or 14 weeks posttransplantation. (B) Southern
blot analysis of proviral integration sites in DNA isolated from leukemic HOXA10 mice. DNA was digested with either HindIII or EcoRI, which each cut the integrated
provirus once, generating DNA fragments unique to each integration site. The membranes were hybridized with a probe specific for neo to identify proviral fragments.
BM, bone marrow; S, spleen; T, thymus; LN, lymph node; leuk., leukemic; 18, primary mouse; 28, secondary mouse; SLW, Sca11Lin2WGA1 bone marrow cells; TBM,
total bone marrow.
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downregulation of HOXA10 is important after commitment to
the B-cell lineage. Since many Hox genes are expressed during
hematopoiesis, it is also possible that HOXA10 is mimicking
the overexpression or blocking the action of another Hox gene
normally involved in B-cell development.
A major consequence of HOXA10 overexpression in trans-

planted mice was a high frequency of AML. The relatively long
latency period (.19 weeks) and the mono- or biclonality of the
leukemias suggest that another or other complementing mu-
tations are needed for dominant outgrowth of a single cell. The
hallmark of leukemia is a block in the normal differentiation
program coupled with unrestrained growth, which leads to
clonal expansion of immature blast cells. Like HOXA10, over-
expression of HOXB4 clearly leads to expansion of primitive
hematopoietic cells as evident by increased progenitor num-
bers in transplanted mice and enhanced recovery of day 12
CFU-S following in vitro culture. Overexpression of HOXB4,
however, unlike that of HOXA10 does not predispose to leu-
kemia. This difference may relate to the absence of HOXB4-
induced differentiation changes in contrast to the profound
effects of HOXA10 on differentiation. The effects of HOXA10
are thus reminiscent of that reported for the nuclear oncopro-
tein c-myb, which like HOXA10, is normally predominantly
expressed in immature hematopoietic cells and is thought to
contribute to leukemogenesis by blocking differentiation but
maintaining proliferation (33). Perkins et al., using experimen-
tal strategies similar to those applied here for HOXA10, have
shown that Hoxb-8 also has leukemogenic potential, and at
least in some cases, the onset of the leukemias may have been
triggered by autocrine growth factor production (23). Interest-
ingly, some of theHOXA10 leukemic clones were also found to
be capable of factor-independent growth. The recently ob-
served coactivation of the PBX-1-related Meis-1 gene with
Hoxa-7 or Hoxa-9 in myeloid leukemias in BXH-2 mice (20)
raises the possibility that the leukemogenic effect of HOXA10
may also involve Hox protein cofactors.
The results presented in this study, together with the exten-

sive literature showing that HOXA10 expression is largely con-
fined to primitive cells of the myeloid lineage, suggest that
under normal physiological conditions, HOXA10 might be in-
volved in processes of hematopoietic lineage commitment and
differentiation, playing a positive role in megakaryopoiesis but
negatively regulating monocytic and B-cell development.
These results add to the recognition of Hox genes as important
regulators of hematopoiesis and point to Hox gene-specific
effects that likely reflect their regulation of different target
genes during hematopoietic development. Further resolution
of the Hox gene code and of the molecular processes that Hox
genes affect during hematopoietic development remains an
important challenge.
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