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Homeobox transcription factors Meisl and Hoxa9 promote hematopoietic progenitor self-renewal and
cooperate to cause acute myeloid leukemia (AML). While Hoxa9 alone blocks the differentiation of nonleuke-
mogenic myeloid cell-committed progenitors, coexpression with Meis! is required for the production of AML-
initiating progenitors, which also transcribe a group of hematopoietic stem cell genes, including Cd34 and Flt3
(defined as MeisI-related leukemic signature genes). Here, we use dominant frans-activating (Vp16 fusion) or
trans-repressing (engrailed fusion) forms of Meisl to define its biochemical functions that contribute to
leukemogenesis. Surprisingly, Vp16-Meis1 (but not engrailed-Meis1) functioned as an autonomous oncoprotein
that mimicked combined activities of Meisl plus Hoxa9, immortalizing early progenitors, inducing low-level
expression of Meisl-related signature genes, and causing leukemia without coexpression of exogenous or
endogenous Hox genes. Vpl16-Meisl-mediated transformation required the Meisl function of binding to Pbx
and DNA but not its C-terminal domain (CTD). The absence of endogenous Hox gene expression in Vp16-
Meis1-immortalized progenitors allowed us to investigate how Hox alters gene expression and cell biology in
early hematopoietic progenitors. Strikingly, expression of Hoxa9 or Hoxa7 stimulated both leukemic aggres-
siveness and transcription of MeisI-related signature genes in Vp16-Meis1 progenitors. Interestingly, while the
Hoxa9 N-terminal domain (NTD) is essential for cooperative transformation with wild-type Meisl, it was
dispensable in Vp16-Meisl progenitors. The fact that a dominant transactivation domain fused to Meisl
replaces the essential functions of both the Meis1 CTD and Hoxa9 NTD suggests that Meis-Pbx and Hox-Pbx
(or Hox-Pbx-Meis) complexes co-occupy cellular promoters that drive leukemogenesis and that Meis1 CTD
and Hox NTD cooperate in gene activation. Chromatin immunoprecipitation confirmed co-occupancy of Hoxa9

and Meis1 on the Fit3 promoter.

Meisl (myeloid ecotrophic insertion site /) encodes a homeo-
domain (HD) transcription factor that positively regulates the
expansion and pool size of hematopoietic stem cells (HSCs)
and is commandeered in leukemic transformation. Meisl be-
longs to the three-amino-acid loop extension family of HD
proteins that includes Pbx, which heterodimerizes with Meisl
(9). While Pbx genes are broadly expressed in hematopoiesis,
Meis1 expression is high in Sca-I"* Lin~ HSCs but down-reg-
ulated during transition to Lin™ lineages (4, 15, 37). A positive
role of Meis1 in HSC expansion is suggested in Meisl ~/~ mice,
which exhibit severe reduction in the number and colony-form-
ing potential of HSCs (4, 15). Hoxa9, which is also expressed
specifically in progenitors and required for the expansion and
repopulating abilities of HSCs (29, 37, 47), binds both Meisl
and Pbx, suggesting that combinations of Meis-Pbx, Hox-Pbx,
and Hox-Pbx-Meis complexes, such as those that regulate
Hoxbl and Hoxb2 expression (16, 21), may also target promot-
ers that control HSC expansion.

The functions of Meis, Pbx, and Hox proteins are usurped in
leukemogenesis. Originally, Meis] was discovered as one of
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two genes activated by proviral integration in BXH2 murine
acute myeloid leukemia (AML), the second being Hoxa9 or
Hoxa7 (32, 33). Over 50% of human AML and virtually all
acute lymphoblastic leukemias containing translocations of the
mixed lineage leukemia (MLL) gene exhibit strong expression
of MEIS1, HOXAY, and HOXA7 (2, 17, 30). In murine AML
models, Meis1 dramatically accelerates leukemia initiated by
Hoxa9, Hoxb6, or Hoxb3 (reduces latency from ~200 days to
~060 days) yet exhibits no independent ability to cause disease
by itself (13, 28, 46). Dominant activating forms of the MEIS1-
interacting protein PBX1 [E2A-PBX1, produced by the t(1;19)
translocation in human pre-B leukemia (24)] and HOXA9
[NUP98-HOXAY, produced by the t(7;11) of human AML (8)]
also induce AML in mouse models, suggesting that activation
of the same subset of Meis1-Pbx-Hox target genes may under-
lie leukemic transformation.

Hox and Meisl have distinct roles in progenitor immortal-
ization and in regulating gene expression. Hoxa9 blocks differ-
entiation of cultured myeloid progenitors that do not express
endogenous MeisI/2/3 and do not cause leukemia when trans-
planted into syngeneic recipients (7, 47, 49). Coexpression of
MeisI plus Hoxa9 in cultured progenitors immortalizes an ear-
lier myeloid progenitor that induces AML in syngeneic recip-
ients. The leukemia stem cell (LSC) phenotype induced by
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Meis] is paralleled expression of a set of leukemia-associated
genes, including Cd34, Flt3, and Erg, which have been there-
fore defined as MeisI-related leukemic signature genes, and we
hypothesized that these Meis! signature genes are important
for LSCs to survive and expand in marrow stem cell niches
(49). Whether the expression of MeisI-related signature genes
requires Hoxa9 function is unknown, but it is now strongly
implicated by our results presented below.

Equally unclear is the type of transcriptional activity that
Meis1-Pbx complexes use to induce the LSC phenotype.
Whereas Pbx can mediate repression through its recruitment
of corepressors such as histone deacetylases and mSin3, Meisl
contains a C-terminal domain (CTD) that can promote trans-
activation in response to cell signals such as those induced by
protein kinase A (16, 40). By interacting with both Hox and
non-Hox factors (e.g., MyoD [6] and Octl [38]), Meisl-Pbx
complexes contribute to both gene activation (e.g., of Myogenin
[6], Hoxb1 [16], Hoxb2 [21], and Pax6 [51]) and gene repression
(e.g., of CYBB [5]). It is not clear whether activation, repres-
sion, or both functions mediate the role of Meis1 in leukemia.

Here, we ask whether activation or repression by Meisl
plays the more important role in myeloid leukemogenesis by
fusing Meisl to a dominant activation domain of Vpl6 or a
dominant repression domain of engrailed. This same strategy
was used to identify transcriptional functions of the Drosophila
melanogaster Meis] homologue, Homothorax, that contribute
to embryonic development (18). Strikingly, in the absence of
coexpressed Hoxa9, Vp16-Meis1 alone was able to immortalize
early hematopoietic progenitors in culture that caused myeloid
leukemia in syngeneic mice. Neither the immortalized progen-
itors nor the leukemia cells derived from them expressed en-
dogenous Hox genes. The transforming ability of Vp16-Meisl
required interaction with Pbx and binding to DNA but not the
function of the Meis1 CTD, which is required for cooperative
leukemogenesis by wild-type Meis1 with Hoxa9. Vpl6-Meisl
progenitors expressed low to moderate levels of the same
MeisI-related leukemic signature genes (e.g., Fit3, Cd34, Erg,
and Msi2h). Surprisingly, retroviral expression of Hoxa9 or
Hoxa7 in Vpl6-Meisl-expressing progenitors strongly up-reg-
ulated these MeisI-associated signature genes, promoted cell
division, and reduced disease latency to less than 30 days. This
is the first evidence that Hox proteins contribute to transcrip-
tional activation of Meisl-related signature genes. Hoxa7,
which also cooperates with Meis1 to induce AML, induced the
same cellular and genetic changes as Hoxa9. Strikingly, the
N-terminal domain (NTD) of Hoxa9 (residues 1 to 138), which
is essential for its transforming properties with Meisl, was
unnecessary for promoting proliferation and transcription of
Meis] signature genes (such as Flt3) in Vpl6-Meisl progeni-
tors. Taken together, these results indicate that transactivation
represents the key function of Meisl that contributes to leu-
kemogenesis and that Meis, Hox, and Pbx proteins form a
common regulatory complex that activates transcription
through mechanisms dependent on the Hoxa9 NTD and the
Meisl CTD, functions that can be replaced by the Vpl6 do-
main fused onto Meisl. Consistent with this hypothesis, chro-
matin immunoprecipitation (ChIP) revealed that Hoxa9 and
Meis1 were both recruited to the Flt3 promoter.
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MATERIALS AND METHODS

Plasmid construction and retroviral expression system. The murine stem cell
virus (MSCV) retroviral expression system for Meisl and Nup98-Hoxa9 was
described previously (8, 49). The NCBI accession numbers designating the nu-
cleotide and protein sequences of the murine Meisla isoform used are U33629
and AAA85508, respectively. Vp16-Meisl and en-Meisl were created by insert-
ing sequences encoding the Vp16 activation domain or the engrailed repression
domain into an Mlul site made by mutating the first two codons of Meisl.
Vpl6-Meisl mutants were generated as described elsewhere for Meisl (49).
Flag-Hoxa7 was generated by inserting the Flag tag at the N terminus of Hoxa7,
and the bicistronic MSCV vector used for coexpression of Meisl and Hoxa7 was
constructed with Flag-Meisl upstream of the internal ribosomal entry site
(IRES) and Flag-Hoxa7 downstream of the IRES (49). Internal deletions in
Hoxa9 were generated by excising cDNA regions flanked by two MIlul sites
created by site-directed mutagenesis in the MSCV-Neo vector encoding tagged
Hoxa9 (7). Plasmids containing the Vp16 activation domain or engrailed repres-
sion domain were kindly provided by Adi Salzberg (18), and MLL-ENL was
provided by Robert Slany. All constructs were verified by sequencing.

Infection and culture of h topoietic prog s. Protocols for retroviral
infection and culture of primary hematopoietic progenitors in granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), stem cell factor (SCF), or Fit3
ligand (FL) were described previously (7, 49). Briefly, 2 X 10° to 4 X 10° of
enriched Sca™ Lin~ bone marrow progenitors from BALB/c mice were subjected
to a single round of spinoculation-infection using 1 ml of retroviral supernatant
(2 X 10° to 4 X 10°/ml), followed by 3 days of drug resistance selection (0.6 to
1 mg/ml of G418 for MSCV-Neo or 1 pg/ml of puromycin for MSCV-Puro [drug
selection is optional]), and cultured in medium containing either GM-SCF, SCF,
or FL. Proliferation kinetics were evaluated by plating 2 X 10° to 4 x 10°
drug-resistant Lin~ progenitors in a 12-well tissue culture plate (Corning, New
York) and splitting every 3 to 4 days in fresh medium, using a protocol that keeps
the progenitor number lower than 2 X 10° per well. For coexpression of Meis1
with Hoxa9 mutants, equal amounts of retrovirus encoding Flag-Meis1 (MSCV-
Puro) and Hoxa9 (MSCV-Neo) were combined and used for infection, followed
by dual drug selection and cultivation in SCF or FL. Wright-Giemsa staining and
fluorescence-activated cell sorter (FACS) analysis were performed as described
elsewhere (49).

Antibodies and immunoblotting. Ten microliters of total cellular protein (107
cells per ml) was used for immunoblotting. Anti-Flag, anti-FIt3, and anti-Hoxa9
were obtained and used as described previously (49). Anti-Pbx was obtained
from Santa Cruz Biotechnology (C-20; sc-888).

Luciferase reporter assays. Cooperative transactivation by Vp16-Meisl and
Pbx1a was evaluated using 7xPRS-pGL3, a pGL3 luciferase derivative driven by
seven tandem repeats of the Pbx1-Meisl-responsive sequence (PRS), TGATT
GAT, which was first identified as an E2a-PBX1 binding site (27) and later
demonstrated to be recognized by Meisl plus Pbx1 (26). One microgram of
7xPRS-pGL3 was cotransfected with 1 pg of MSCV-Vpl16-Meisl, 0.5 pg of
pcDNA3-Pbxla, and 0.2 ug of pRL-TK (internal control that expresses Renilla
luciferase persistently) into 293T cells. At 48 h after transfection, cell lysate was
prepared and quantified for firefly and Renilla luciferase activity using a dual
luciferase reporter system (Promega) and LMaxII luminometer (Molecular De-
vices, California). Luciferase measurements were calculated as firefly luciferase
units versus Renilla luciferase units. Transcriptional activation was compared to
basal luciferase levels in cells cotransfected with 7xPRS-pGL3, empty MSCV,
and Pbxla.

Semiquantitative RT-PCR and real-time PCR. Total RNA was extracted (49)
from immortalized progenitors 6 to 8 weeks post-retroviral infection, when
normal progenitors are no longer present and when immortalized progenitors
exhibit stable proliferation, stable expression of surface markers, and little to no
differentiation. First-strand total cDNA, used as a template for reverse transcrip-
tion-PCR (RT-PCR) and quantitative PCR (qPCR), was generated with the
SuperScript reverse transcription system (Invitrogen) by using 4 pg of total RNA
and 50 ng of random hexamers. Real-time qPCR was performed using 4 wl of
1:10-diluted cDNA as a template, 400 nM of primers, and SYBR Green PCR
master mix (Applied Biosystems) in a 15-pl reaction volume and an Mx3000P
real-time PCR system (Stratagene). The housekeeping gene Gapdh was used as
control for mass of cDNA. The specificity and relative signal intensity of real-
time qPCR amplifications were analyzed according to the manufacturer’s spec-
ifications (Stratagene). Primers covered at least one intron-exon boundary. Semi-
quantitative RT-PCR was performed as described elsewhere (49). The sequences
of primers used for each murine gene were as follows: for Gapdh, 5'-ATGAC
ATCAAGAAGGTGGTGAAG and 5'-TCCTTGGAGGCCATGTAGG; for
Hoxa9,5'-TGGTTCTCCTCCAGTTGATAG and 5'-AGAAACTCCTTCTCCA
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GTTCC; for Hoxa7, 5'-CGGGCTTATACAATGTCAACAG and 5'-AAATGG
AATTCCTTCTCCAGTTC; for Hoxa5, 5'-GCAAGCTGCACATTAGTCAC
and 5'-GCATGAGCTATTTCGATCCT; for Hoxal0, 5'-GGAAGGAGCGAG
TCCTAGA and 5'-TTCACTTGTCTGTCCGTGAG:; for Fit3, 5'-AAATCCCA
GAAGGAGTTTGG and 5'-CGCATAGAAGGAGATGTTGTG; for Erg, 5'-G
ACCACAAATGAGCGCAGAG and 5-CTTTGGACTGAGGGGTGAGG;
for Cd34, 5'-ACAGCAGTAAGACCACACCAGC and 5'-AGACACTAGCAC
CAGCATCAGCG; for I17r, 5'-CTGACCTGAAAGTCGTTTATCGC and 5'-CA
TCCTCCTTGATTCTTGGGTTGC; and for Msi2h, 5'-ACGATTGACCCAAAA
GTTGC and 5'-ACAAAGCCAAACCCTCTGTG.

In vivo leukemogenesis assay. The leukemic potential of oncogenes was eval-
uated in sublethally irradiated syngeneic BALB/c mice (450-rad dosage) followed
by tail vein injection with 2 X 10° immortalized progenitors cultured ex vivo for
4 to 8 weeks (49) or with 5 X 10° Scal * Lin~ progenitors that were prestimulated
in a cytokine cocktail containing murine SCF (1:100 dilution of culture super-
natant of SCF-secreting cell lines), 10 ng/ml of murine interleukin-3 (IL-3;
PeproTech Inc., New Jersey), 10 ng/ml of IL-6 (PeproTech), IL-7 (1:100 dilution
of culture supernatant of IL-7-secreting cell lines), and 5 ng/ml FL (Sigma);
infected with retrovirus; subjected to drug resistance selection for 2 days; and
cultured for 2 more days in nonselection medium containing the same cytokine
cocktail. SCF- or IL-7-containing supernatant from cytokine-secreting cell lines
(SCF-secreting CHO cells and IL-7-secreting J558 cells) was harvested every 24 h
as 50 ml of total medium from 15-cm plates of highly confluent cells (45). Mice
exhibiting a leukemia phenotype (scruffy fur, lethargy, paralysis, or splenomeg-
aly) were sacrificed, and cells isolated from leukemic tissues were subjected to
further analysis, including flow cytometry, Wright-Giemsa staining, secondary
injection, immunoblotting, retroviral integration site analysis by Southern blot-
ting, and RT-PCR (45).

Affymetrix microarray analysis. Total RNA from 5 X 107 to 10 X 107 progen-
itors cultured in SCF was purified using a Maxi RNA isolation kit (QIAGEN). Gene
expression profiling was examined by using the Affymetrix GeneChip Mouse
Genome 430 2.0 array probed with total RNA (MicroArray Core Facility,
UCSD-VA Medical Center). After normalization of overall signal intensities
among different hybridization experiments, levels of gene expression were cal-
culated using d-CHIP software, taking into consideration both the perfect match
(PM) and mismatch (MM) values for all 11 sets of oligonucleotide probes
representing each gene (49). At signal intensities of less than 50, the PM versus
MM ratio approached unity; therefore, any signal below 50 units was designated
background. Because computation analysis methods will include false positives
selected due to high-level expression indicated by only one or a few of the 11
pairs of diagnostic oligonucleotides, all d-CHIP results were confirmed by visual
inspection of normalized chip raw data, and a subset of genes was confirmed by
semiquantitative or real-time PCR.

Two approaches were used to characterize leukemogenesis genes in Vpl16-
Meis1 progenitors: (i) identification of genes up-regulated threefold or greater in
Vpl6-Meis1 progenitors by comparison to nonleukemic Hoxa9 progenitors, and
(ii) identification of genes up-regulated threefold or greater by Hoxa9 in Vp16-
Meis1 progenitors. Among 39,000 genes represented on the array, only 24 genes
were up-regulated >3-fold in three of the Vpl6-Meisl progenitor lines by com-
parison to five of the Hoxa9 progenitor lines, and only 77 genes (which included
22 of those 24 genes induced by Vpl16-Meisl) were up-regulated >3-fold by
expression of Hoxa9 in each of the Vp16-Meis1 progenitor lines, demonstrating
that in both cases, the transcriptional impact of the oncoprotein is specific and
limited. Among those 24 genes induced by Vpl6-Meisl were 16 of the original
25 genes we reported as Meisl-related signature genes that were expressed
specifically in leukemogenic Hoxa9-plus-Meisl progenitors but not in Hoxa9
progenitors (i.e., Cd34, Flt3, Ii7r, Crlr, Erg, Gpr56, Tilz1b, Nripl/RIP140, Clqgrl,
Tmsb10, Kcna3, Ngn, Ptprcap/CD45AP, Satb1, Ngn, and Ly86/MD-1) (see Table
3, below). The other nine of the original Meisl signature genes, expressed at
extremely low levels in our original analysis of Hoxa9-plus-Meisl progenitors,
have been eliminated as candidate leukemogenesis genes based on their incon-
sistent activation in additional cell lines immortalized by Hoxa9 plus Meisl, lack
of their expression in Vp16-Meis1 progenitors, and lack of activation by Hoxa9
(Tspan2, CD244, Gem, PLZF, Cd27, Itgb7, Oaf, CXXCS5, and Ebf). The eight new
genes activated by Vpl6Meis1 (Msi2h, Sox4, Dbx4, P2x, Bcl2, and Sesn3, plus two
unknown expressed sequence tags) were also expressed at significantly higher
levels in Hoxa9-plus-Meisl progenitors than in Hoxa9 progenitors and were
added to the genes shown below in Table 3. The remaining 54 genes that were
activated by Hoxa9 in Vp16-Meisl progenitors (except c-kit, listed below in Table
3) were not expressed in Hoxa9 progenitors or Hoxa9-plus-Meis1 progenitors;
therefore, they may be artificial targets of Hoxa9 in the context of Vpl6-fused
Meisl or they may be real targets under different cellular contexts that were
mimicked/activated by Vp16-Meisl. However, their activation is physiologically
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irrelevant to leukemogenesis by Hoxa9 plus Meisl (they are not included in
Table 3; information is available upon request).

Retrovirus integration site analysis. Genomic DNA was purified, digested,
resolved, and transferred to a membrane as previously described (49). EcoRI or
BamHI was used to digest DNA from progenitors infected by retrovirus encod-
ing Vpl6-Meis1 or Meis1-IRES-Hoxa7, respectively, and cDNA fragments en-
coding the Vp16 activation domain and Hoxa7 were used for making probes.

EMSA. Heterodimerization of Hoxa9 with either Pbx1 or Meis1 on DNA was
examined by electrophoretic mobility shift assay (EMSA), as described previ-
ously (7, 43).

ChIP analysis. ChIP analysis was performed according to a modified protocol
based on ChIP protocols of Upstate Biotechnology (New York) and Active Motif
(California). Briefly, 2 X 107 to 3 X 107 myeloid progenitors were collected and
subjected to DNA-protein cross-linking in 10 ml of phosphate-buffered saline
plus 1% formaldehyde for 10 to 15 min at room temperature, followed by a
5-minute treatment in 5 ml of 0.125 M glycine (supplemented with 1X Complete
protease inhibitor cocktail [PIC; Roche]) to stop the cross-linking reaction. After
washing with cold phosphate-buffered saline-1X PIC, the cell pellet was sus-
pended in 200 pl of sodium dodecyl sulfate lysis buffer (Upstate; 1X PIC added),
incubated on ice for 15 min, and then subjected to three repeats of 12- to
13-second sonication (Sonifier 450 [VMR Scientific]). Sheared DNA was 400 bp
to 1.5 kbp. The sheared sample was centrifuged at 14,000 rpm for 15 min at 4°C,
and the supernatant was diluted 1:10 with ChIP dilution buffer (Upstate; 1X PIC
added). The chromatin was immuno-precleared with 60 ul salmon sperm DNA-
protein A-agarose (Upstate) per 2 ml chromatin, followed by a 1-h rotation (4°C)
and removal of the agarose by 2 min of centrifugation at 1,500 rpm. Five hundred
microliters of chromatin was used for overnight immunoprecipitation by control
antibody (immunoglobulin G [IgG]) or specific antibody with rotation at 4°C.
Sixty microliters of protein A-agarose was added to each tube followed by
rotation for 2 h and sequential washing with low-salt wash buffer, high-salt wash
buffer, LiCl wash buffer, and Tris-EDTA buffer as described elsewhere (Upstate;
1X PIC added to all buffers). Chromatin was eluted twice with 100 wl of freshly
made 1% sodium dodecyl sulfate plus 0.1 M NaHCO; with 15 min of vigorous
shaking on a vortex mixer. A 200-pl aliquot of eluted chromatin-protein was
subjected to reverse cross-linking, removal of RNA (by addition of 8 ul of 5 M
NaCl and 1 pl of RNase A [10 pg/pl] and incubation at 65°C for 6 to 16 h), and
then removal of protein (by subsequent addition of 4 wl of 0.5 M EDTA, 8 pl of
1 M Tris-HCI [pH 6.5], and 1 pl of 20-mg/ml protease K, with incubation at 45°C
for 1 to 2 h). DNA was recovered using a QIAQuick spin column and suspended
in 100 pl of elution buffer (QIAGEN). PCR amplification was performed using
1 U of Platinum Taq polymerase (Invitrogen) and 2 to 4 ul of eluted DNA.

Antibodies for ChIP (amount added per 500 pl of chromatin) included M2
anti-Flag (8 ng; Sigma), anti-Hoxa9 HD (10 pg), anti-Meis1 HD (10 pg), anti-
Meisl N terminal (10 pg; gift of Mark Featherstone), anti-acetyl-histone H3 (1
ng; Upstate 06-599) and anti-dimethylated histone H3 Lys4 (anti-H3K4Me?2 [1
pgl; Upstate 07-030).

The murine Flt3 genomic structure was deduced using information provided
by the UCSC Genome Browser (http://genome.ucsc.edu), and the putative tran-
scription start site was defined using in silico mapping of common 5’ expressed
sequence tag sequences onto the genomic sequence. The ChIP primers used to
amplify regions of the Flt3 locus were P3 (5'-GGACAAATGGCTCAGGAGGG
and 5'-CATCTGGTAGATCTGCATTGTGG), P4 (5'-CTAGATGTGGCTCT
GGGAACC and 5'-AGACAGATAGACAGAGTGCCAGC), P5 (5'-AGTCA
GAAGGGACTGGCTCC and 5'-GAGTGCTGCTTAGCAGATTACC), and
P6 (5'-CCTCAGAAGTGAACTCAGTTTCC and 5'-CTGCATCCAGACCAT
GAAGG).

RESULTS

Hoxa7 mimics Hoxa9 in its independent and Meis1-depen-
dent leukemic properties. Hoxa7 is also coactivated with Meis]
in BXH-2 murine AML (32); however, its leukemic functions
have not been described in experimental models. Therefore,
Hoxa7 was cloned into the MSCV retroviral vector, and its
independent and Meisl-dependent transforming functions
were assessed. Like Hoxa9, Hoxa7 immortalized GM-CSF-
dependent (Fig. 1A and E) or SCF-dependent (Fig. 1B) pro-
genitors in the absence of coexpressed MeisI. Like Hoxa9-
immortalized progenitors, Hoxa7-immortalized progenitors
were 100% Macl™ (data not shown), differentiated into mature
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FIG. 1. Hoxa7 mimics Hoxa9 in terms of its independent and Meisl-dependent transforming functions. (A) Growth kinetics of GM-CSF-
dependent marrow progenitors infected with MSCV retrovirus encoding vector only, wild-type (WT) Hoxa7, or a DNA-binding-defective Hoxa7
(N51S), followed by drug selection. Error bars indicate the standard deviations among three repeated experiments. (B and C) Growth kinetics of
primary marrow progenitors infected with retrovirus encoding vector only, Meisl, Hoxa7, or MeisI plus Hoxa7, followed by culture in SCF (B) or
in FL (C). (D) Immunoblot analysis of Hoxa7, Meisl, and FIt3 in cultures shown in panel B. (E) Wright-Giemsa stain of GM-CSF-dependent
progenitors immortalized by Hoxa7 in GM-CSF or when shifted to G-CSF and those immortalized by Meis1 plus Hoxa7 in SCF or FL. (F) Survival
curves of mice injected with two progenitor lines immortalized by Hoxa7 in SCF (four for each), progenitors immortalized by coexpressed Meis!
and Hoxa7 (four for one line in SCF and four for one line in FL), and Sca® Lin~ marrow progenitors freshly transduced with retrovirus encoding
Hoxa7 (four mice) or Meis! plus Hoxa7 (six mice). (G) Representative Wright-Giemsa stains of tissue samples from mice bearing AML induced
by Meis1 plus Hoxa7. BM, bone marrow; SP, spleen; LN, lymph node; PB, peripheral blood. (H) Southern blot of retroviral integration sites, using
BamHI-digested genomic DNA from control Hoxa9-immortalized progenitors (C), injected parental progenitors immortalized by Meisl plus
Hoxa7 (P), and leukemic cells extracted from bone marrow (M) or spleen (S). The arrowhead indicates a band that represents the proviral Hoxa7
integration site. Stars indicate nonspecific bands. ID, identification. (I) Inmunoblot analysis of expression of retrovirus-encoded genes, Flag-tagged
Hoxa7 and Meis1, and FIt3 in control Hoxa9-immortalized progenitors (C); in parental progenitors immortalized by Meis1 plus Hoxa7 that were
injected into mice (P); in leukemia cells from bone marrow (M), spleen (S), and lymph node (L); and in purified white blood cells (B). The
arrowhead indicates a specific band, and the star indicates a nonspecific band.

neutrophils when shifted into medium containing G-CSF (Fig. that expressed Flt3 (Fig. 1C and D), proliferated more rapidly
1E), and did not cause leukemia when injected into sublethally (Fig. 1B), underwent self-renewal in FL (Fig. 1C and E) or
irradiated mice (Fig. 1F). Similar to the effect of coexpressing IL-7, GM-CSF, or SCF plus G-CSF (data not shown), and
Meisl with Hoxa9, coexpression of Meis! with Hoxa7 immor- induced myeloblastic leukemia (Fig. 1F and G) (Mac-I"
talized a distinct SCF-dependent progenitor (Fig. 1B and E) B220™ Cd197) that exhibited the same pathophysiology as that
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TABLE 1. Phenotypes of leukemias induced by coexpressed Hoxa7 and MeisI¢

Organ wt (mg)

Cell type injected Latency (days)

Leukemia FACS®
WBC count (1,000/ul)?

Spleen Node Macl™ B220*
Hoxa7 + Meisl (progenitor line) 70 = 10 500 = 100 265 8517 78 £ 16 25+6
Hoxa7 + Meisl (fresh marrow) 74 =21 637 =200 31+6 92 £12 80 = 18 18+9

“ FACS results (percentage) of leukemia cells from spleen and bone marrow.

® WBC, white blood cells in peripheral blood.
¢ Values are averages * standard deviations.

induced by Hoxa9 plus Meisl (Table 1). Leukemic cells con-
tained the same retroviral integration sites as injected progen-
itors (Fig. 1H) and expressed retroviral Flag-Hoxa7 and Flag-
Meisl and endogenous Flt3 (Fig. 1I), confirming that they
arose from injected cells.

In contrast to the use of stably immortalized progenitors to
initiate leukemia, we also reconstituted mice with Sca™ Lin~-
enriched marrow progenitors following an immediate infection
with Hoxa7 or Hoxa7 plus MeisI retrovirus. Mice transduced
with Hoxa7-infected progenitors developed myeloid leukemia
after a long latency (170 days), while those transduced with
Hoxa7 plus Meisl acquired AML rapidly (74 days) (Fig. 1F)
with leukemic myeloblasts that evidenced the same phenotypes
as those resulting from injections of immortalized progenitor
lines (Table 1). Therefore, Hoxa7 behaved the same as Hoxa9,
as both immortalized a nonleukemic myeloid progenitor when
expressed without MeisI and immortalized an FIt3", leukemia-
initiating progenitor when coexpressed with Meisl (49).

Vp16-Meis1 immortalizes hematopoietic progenitors in the
absence of coexpressed Hox genes. To identify the transcrip-
tional function of Meisl that is important for cooperation with
Hoxa9 and Hoxa7 in establishing the leukemic stem cell phe-
notype, dominant transactivating or transrepressing forms of
Meis1 were produced by fusing it to the activation domain of
herpes simplex viral protein Vp16 or to the repression domain
of Drosophila engrailed (en) (Fig. 2A). Scal™ Lin~ -enriched
marrow progenitors were infected with retrovirus encoding
empty vector, Meisl, Vp16-Meisl, or en-Meis1 and cultured in
medium containing SCF or FL as the sole cytokine. With
either cytokine, expression of Vpl6-Meisl itself was able to
immortalize progenitors, while cultures infected with Meisl or
en-Meisl retrovirus followed the same decline in progenitors
as uninfected cultures (Fig. 2B). Vp16-Meis1 had no effect on
NIH 3T3 fibroblasts, indicating that the differentiation arrest
phenotype was not accompanied by a cell proliferation pheno-
type, as is the case with E2A-PBXI, a transcriptionally acti-
vated form of the MEIS1 partner PBX1 (25). To test whether
immortalization by Vpl6-Meisl might be mediated by expres-
sion of endogenous Hox genes, the expression of HoxaJ,
Hoxa7, Hoxa9, and Hoxal0 was measured by semiquantitative
RT-PCR (Fig. 2C) and quantitative real-time PCR (data not
shown, except for Hoxa9 in Fig. 4D, below). None of these four
Hox genes was expressed in two of the Vpl16-Meisl-immortal-
ized progenitors, while they were all expressed strongly in
progenitors immortalized by the Hox locus transactivators
MLL-ENL (50) or Nup98-Hoxa9 (8). A global view of Hox
gene expression assessed by using Affymetrix mouse gene ar-
rays demonstrated no expression of any of 31 Hox genes
present on the array chip (Hoxal to -5, -a7, -al0, -all, -al3,

-b1,-b3t0-9,-b13, -c4 to -6, -c8, -9, -c13, -d1, -d3, -d4, or -d10
to -13) among five independent Vpl6-Meisl progenitor lines
(19), while each of two Nup98-Hoxa9-immortalized progenitor
lines exhibited strong expression of eight Hox genes (Hoxa$,
-a7,-a9, -al0, -c4 to -6, and -c8). Therefore, Hox genes are not
expressed in Vpl6-Meisl progenitors. Affymetrix arrays also
revealed strong expression of Pbx1a, weak expression of Pbx2a,
and no expression of Pbxlb, Pbx2b, or Pbx3 in Vpl6-Meisl
progenitors (Fig. 2E). Pbxla expression was verified by West-
ern blotting (Fig. 2D). Vpl6-Meisl progenitors were cytokine
dependent, proliferating as progenitors in SCF or FL, and a
subset (5 to 25%) proliferated as undifferentiated progenitors
in IL-7, GM-CSF, or G-CSF (Fig. 2F and G), a behavior similar
to progenitors coexpressing Hoxa9 plus Meis! (49). Thus, Vp16-
Meisl mimics the combined activities of Hoxa9 plus Meisl, im-
mortalizing progenitors capable of responding to both lymphoid
and myeloid cytokines. The ability of a dominant activating form
of Meisl to replace the immortalizing function of Hox proteins
raises the possibility that Meisl binds the same promoters as
Hoxa9 and Hoxa7 and that the histone acetyltransferase (HAT)
activity recruited by Vp16 (31) replaces an intrinsic Hox-depen-
dent activation function.

Vpl16-Meisl-mediated immortalization requires binding to
Pbx and to DNA but not the function of the Meis1 CTD, an
essential domain for cooperation of wild-type Meisl with
Hoxa9. The immortalization potential of Vpl6-Meisl corre-
sponded to its ability to induce cooperative transactivation with
Pbx1. A mutation that eliminated the entire M1-M2 Pbx inter-
action domain (A64-202), a five-residue neutral mutation in
the M2 domain (M24RFAELLY that disrupts heterodimeriza-
tion with Pbx1 (49), or an HD mutation (HDN?'S/ARRRY thay
virtually eliminates binding of Meisl-Pbxl heterodimers to
DNA (Fig. 3A) each reduced activation of a reporter con-
struct driven by Pbx1-Meisl binding motifs to levels 20% or
less of those induced by wild-type Vpl6-Meisl (Fig. 3C), and
each of these mutants was incapable of immortalizing progen-
itors in either SCF or FL (Fig. 3B). By contrast, an N-terminal
deletion preceding the Pbx interaction domain (A1l-64), a
three-residue neutral mutation in M2 (M24"F) and an in-
ternal deletion between the M2 domain and HD (A202-260),
all of which retained active Pbx-Meis1 heterodimerization po-
tential on DNA (49), maintained more robust activation of the
reporter construct and immortalized FL-responsive progen-
itors actively (Fig. 3B and C). The Meisl CTD, which is
essential for the ability of wild-type Meisl to immortalize
Flt3* progenitors in cooperation with Hoxa9, was dispens-
able for transactivation by Vp16-Meisl and was also unnec-
essary for Vpl6-Meisl-mediated immortalization of Flt3™
progenitors. Immunoblot analysis confirmed expression of all
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FIG. 2. Vpl6-Meisl immortalizes early hematopoietic progenitors in the absence of coexpressed Hox genes. (A) Depiction of Flag-tagged
Meisl, Vpl16-Meisl, and en-Meisl. (B) Proliferation kinetics of progenitors cultured in SCF, after infection with retrovirus encoding Vp16-Meis1,
Meisl, or en-Meisl followed by 3-day puromycin resistance selection. A total of 200,000 puromycin-resistant progenitors were plated at day 0, and
culture medium was changed every 3 days. Error bars indicate standard deviations from three repeat experiments. The inserted panel indicates
Western blot analysis of Meis1 (lane 1), Vp16-Meis1 (lane 2), and en-Meis1 (lane 3) expressed in NIH 3T3 fibroblasts with anti-Flag antibody.
(C) Semiquantitative RT-PCR demonstrating that Vp16-Meisl progenitors do not express Hoxa5, Hoxa7, Hoxa9, or Hoxal0, while progenitors
immortalized by Nup98-Hoxa9 or MLL-ENL express these Hox genes. RNA was prepared from immortalized progenitor cultures 5 to 7 weeks
after retroviral infection, when progenitor phenotypes were stabilized. Gapdh served as the cDNA internal control. Triangles indicate a 1:10 serial
dilution of cDNA template from right to left. (D) Western blot analysis of Pbxla protein levels in progenitors immortalized by Hoxa9 alone or
with coexpressed Meisl and by Vpl6-Meisl in the absence or presence of coexpressed Hoxa9/a7; positive and negative controls were 1 pl of in
vitro transcription-translation (TNT) reaction mixture added with Pbxla or empty expression vector. (E) mRNA expression level of Pbx isoforms
quantified by Affymetrix arrays in progenitors immortalized by Hoxa9, Hoxa9 plus Meisl, or Vp16-Meisl. (F and G) Vpl6-Meisl progenitors
proliferate in SCF or FL as the sole supporting cytokine. All four tested lines proliferated well in SCF or FL, two lines proliferated well in IL-7,
and 5 to 20% of each cell line proliferated slowly in G-CSF or GM-CSF. The morphology of immortalized progenitors following Wright-Giemsa
stain is illustrated in panel F, and their relative expansion in various cytokines is quantified in panel G.

retrovirus-encoded Vpl6-Meisl proteins in infected progeni- biochemical function performed by the Meisl CTD in estab-
tors subjected to drug selection (Fig. 3D). The fact that the lishing leukemia with Hoxa9.
Vpl6 transactivation domain can replace the function of the Vpl16-Meisl induces basal transcription of Meisl-related

Meisl CTD in immortalization of FL-responsive progenitors signature genes. Previously, we demonstrated that the AML-
(16) supports the notion that gene activation is the essential initiating progenitors produced by coexpressed Meis! plus
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immortalization by Vp16-Meisl in SCF or FL. Plotted are the cumulative progenitor numbers after 26 days of culture following plating of 200,000
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activation of a Pbx-Meis-responsive luciferase reporter (7xPRS-luc) by Vp16-Meis1 wild type and mutants in the presence of Pbxla in 293T cells:
increase of normalized luciferase activity. Error bars represent the standard deviations from two duplicate experiments. (D) Immunoblot using
anti-Flag antibody to examine retroviral expression of Vp16-Meisl, 1 week after infection of Lin~ progenitors followed by drug resistance selection
shown in panel B (SCF). NS, nonspecific band. (E) Immunoblot demonstrating that Vp16-Meisl activates a low level of Flt3 expression in the
absence of Hoxa9 (lanes 4 and 6), which is augmented by subsequent coexpression of Hoxa9 (lane 3). (F) Typical presentation of FACS analysis
of Vpl6-Meisl-immortalized progenitors without (left panels) and with sequential retroviral infection of Hoxa7 or Hoxa9 (middle and right
panels). Vpl6-Meisl-immortalized progenitors (6 weeks after initial Vp16-Meisl infection) were used for a sequential Hox infection, and cells
were subjected to FACS analysis after cultivation for another 4 weeks.
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Hoxa9 exhibited a genetic signature that includes stem cell- ~ Cd34'% FIt3'o c-Kitlow/medium ©gc[variable B2o0~ Cd19~

specific genes (i.e., Meisl-related signature genes, such as
Cd34, Flt3, Erg, Msi2h, etc.) which were not expressed in non-
leukemic progenitors immortalized by Hoxa9 alone (49). Be-
cause Vpl6-Meisl progenitors expressed Flt3, we evaluated
the expression of other MeisI-related signature genes using
FACS, immunoblotting, and microarray analysis. FACS dem-
onstrated that Vpl6-Meisl-immortalized progenitors were

Cd27~ Thyl.2~""*¥ (Fig. 3F), a profile similar to that of pro-
genitors immortalized by Meisl plus Hoxa9 (49), with the
major difference being a lower level of Cd34 and Flt3. Immu-
noblot analysis confirmed a low level of Flt3 protein in Vp16-
Meisl progenitors (Fig. 3E). Analysis of Affymetrix gene ex-
pression arrays revealed that many of the previously identified
Meis] signature genes were expressed at low to moderate levels



VoL. 26, 2006 Vpl6-Meisl CAUSES LEUKEMIA WITHOUT Hox EXPRESSION 3909

A

3 100 =
< i \ M Fresh Marrow (n=8)
ol ] —— WPragenior (=19 C
£ “1 » oo VM0 1 Vi£02 VM3
g | 9 .- —emn Vb res-Hoxad (n=8) M S LBC CWMS LTB CHNS
g 1 1 —— VMM2 LRFILLEL (n=5) Fepessftenss -8 *-NS
‘g‘ h I —esme: Meis1 (n=4) a-Flag !.! .!'Q'i. q
s “°1 I oS .!' geSe. NS
1] ] L
5 20 ¥ L ‘
| |

8 ll i ‘
1] H
[ e - - v . .

0 50 100 150 200 250 300 350 ﬁ-H0X39| q

Days after transplantation

Bone Marrow Spleen

O

E MLL-ENL 4736.6
' "§ Nup8BHoxad Hﬁm.o
= EE Vip1BMeis1 line (#2) 0.0
<« £ Vp16Meis1 line (#1) 'U.(]
% g D#1.2 (BM) :U.U
2 £ 3 |D#13(BML) 1.8
. _§ DsFL1 MY 0.0
% 3 2 |o#FLzEm :0,0
- § “ lpw22em  [0.0
o 2 E Disc.12BM [153.2
= £ D#sc.1.3(BML) [0.0
& losc23sm [0.0
('S

0 4000 8000 12000 16000 20000
Relative mRNA intensity of Hoxa9

1t
a

®
© 3 B
8 oS
Ef F © g% 2~
- 0 = ol
By [}] g =
> = |g* 8 3
< |& ' 8
- o
a |o=
>
% 'y ;
CD34 Macl
E ‘_‘; - & =
= ] = o
e £y
23
>*8 s
4

Cd34

FIG. 4. Vpl6-Meisl causes AML and MPD by a mechanism independent of Hoxa7 or Hoxa9. (A) Survival curves for mice injected with Lin™~
marrow progenitors 48 h following infection with retrovirus expressing Vp16-Meis1 (VM, fresh marrow), a VM mutant defective in binding Pbx
(M2 LRF/LELL), or Meis1, mice injected with progenitor cell lines immortalized by VM (VM progenitor) or by VM plus Hoxa9 (VM-Ires-Hoxa9),
or mice injected with VM progenitors expressing retroviral Hoxa9 (VM +Hoxa9). The second injection was performed using bone marrow cells
freshly extracted from a VM leukemic mouse. The n value indicates the cohort size (injected mice). (B) Wright-Giemsa stains of cells extracted
from tissues of mice with AML or MPD induced by Vp16-Meisl or by Vp16-Meisl plus Hoxa9. (C) Western blot analysis of Vp16-Meisl, FIt3,
and Hox in tissues from mice with leukemia caused by Vpl16-Meisl. Arrowheads indicate specific bands. NS, nonspecific bands; N, Hoxa9
progenitors as a control; P, injected parental VM progenitors; M, marrow; S, spleen; L, lymph nodes; B, peripheral blood white cells; T, thymus;
C, cell lines derived from marrow leukemic progenitors. (D) Real-time qPCR analysis of Hoxa9 mRNA levels in immortalized cell lines and in
leukemias induced by Vp16-Meisl. Cell lines were the same as those used in Fig. 2C. Samples of leukemia induced by Vp16-Meisl were derived
from the experiment shown in panel A from either the fresh marrow group or the progenitor group. The amplicon of Hoxa9 targets sequences
encoding the N-terminal domain, which does not exist in Nup98-Hoxa9. Values to the right of the bars represent relative values of Hoxa9 transcript
intensity, after verification of PCR specificity, threshold setup, relative transcript intensity calculated from the cycle threshold value, and
normalization against Gapdh. BM, bone marrow; SP, spleen; BML, leukemic cell lines from bone marrow. (E) Southern blot analysis of
Vpl6-Meisl-retrovirus integration sites among leukemia tissues, as indicated by arrowheads. C, a different VM progenitor line as a negative

control; P, injected parental progenitors; M, bone marrow; L, lymph node. (F) FACS analysis of leukemia induced by Vp16-Meisl alone or with
coexpressed Hoxa9.
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TABLE 2. Phenotypic characterization of Vp16-Meisl-induced
leukemia in mice”

Vpl6-Meisl

P MVpl]6—+ Control
arameter Fresh Progenitor I-?:;a 9 (avg)
marrow line
No. of mice examined 7 11 5 4
Disease latency (days) 13449 74+18 24*5 NA

Organ wt (mg)

Spleen 625 =213 723 =338 396 =219 106
Lymph node 5828 51%+39 15%8 <1
Thymus 40+18 51x29 5427 29
Peripheral blood cell
analysis
WBC? (10%/ml) 100 =36 58 =47 ND 3
Granulocytes (%) 74+ 6 68 + 30 ND 25
Lymphocytes (%) 239 3127 ND 67
Platelets (10%/ml) 370 = 136 216 = 105 ND 817
Hematocrit (%) 34+7 40 = 10 ND 45
FACS analysis of marrow
leukemia cells (%)
Mac-1 73+15 84 *=14 56*x33 NA
B220 2+1 0+0 109 NA
Thyl.2 21 1x1 1510 NA
Cd135 (Flt3) 56 £31 2823 55%+33 NA
Scored as AML® 4 6 5 NA
Scored as MPD¢ 3 5 0 NA

“ Values are averages *+ standard derivations unless otherwise indicated. ND,
not determined; NA, not applicable.

> WBC, white blood cells.

¢ According to the French-American-British classification, in which counts of
immature myeloblasts in marrow are =30% for AML and =30% for MPD.

(see Fig. 5D and E and Table 3, below). The additional genes
(identified as described in Materials and Methods), Msi2h,
Sox4, Dbx4, P2rx3, Bcl2, and Sesn3, which were expressed in
Vpl6-Meisl progenitors, were also found expressed at signif-
icantly higher levels in Hoxa9-plus-Meis1 progenitors than in
Hoxa9 progenitors and have been added to the list of Meisi-
related signature genes (see Table 3, below). The expression of
Cd34, Flt3, Erg, Msi2h, Il7r, Grp56, and Tizllb was further
confirmed by semiquantitative RT-PCR (data not shown) and
real-time PCR (see Fig. S5E).

Vp16-Meis1 induces AML and MPD in vivo. Activation of
MeisI-related signature genes suggested that Vp16-Meis1 pro-
genitors would initiate leukemia. Indeed, AML arose in each
of 12 mice injected with three different Vp16-Meisl-immortal-
ized progenitor lines (2 X 10° cells per mouse), as well as in
each of 8 mice injected with Lin~ marrow progenitors freshly
infected with Vp16-Meisl retrovirus (5 X 10° cells per mouse)
with a latency of 74 and 134 days, respectively (Fig. 4A and
Table 2). Mice injected with progenitors transduced with a Pbx
interaction-defective mutant, M24-RFLELE 1 did not develop
leukemia over 370 days. Leukemia cells were factor dependent,
expressed retroviral Vpl6-Meisl (Fig. 4C), and contained the
same retroviral integration sites as those within the oligoclonal
parental progenitors (Fig. 4E), indicating that they arose from
injected cells. FACS analysis demonstrated that the majority of
leukemic cells were myeloid (Mac-I" B220~ Cd19~ Thyl.2™
c-Kit") (Fig. 4F and Table 2). Mice exhibited two forms of
disease. The first (10 of 18 examined animals) was AML, in

MoL. CELL. BIOL.

which 30 to 95% of leukemic cells stained as immature myelo-
blasts. The second (in 8 out of 18) was a myeloproliferative
disease (MPD) in which 70 to 90% of leukemia cells exhibited
significant neutrophil maturation (Table 2 and Fig. 4B). In
both diseases, mice presented with 3- to 12-fold enlarged
spleens, 10- to 50-fold enlarged lymph nodes, and 4- to 40-fold
increases in circulating myeloid cells (Table 2). Comparable
amounts of Vpl6-Meisl protein were present in myeloid cells
from both diseases (data not shown), discounting the possibil-
ity of a reactive granulocytosis. Over 50% of leukemic progen-
itors expressed Fit3 (FACS in Fig. 4F and Table 2 and immu-
noblot in Fig. 4C). Thus, Vp16-Meis1 causes myeloid leukemia
with 100% penetrance, and leukemic myeloblasts retain a low
level of Flt3 and Cd34 expression, similar to the parental cells.

Secondary recipients of leukemic marrow acquired leukemia
with a much shorter latency, averaging 26 days (Fig. 4A),
indicating that additional genetic change accelerates leukemo-
genesis initiated by Vpl6-Meisl. Because Hoxa9 and Hoxa7
are coactivated with Meis! in BXH2 mouse AML, we evalu-
ated whether Hoxa9 or Hoxa7 might be activated as a cooper-
ating event during progression of Vpl6-Meis-induced leuke-
mia. Immunoblot analysis using a polyclonal antibody against
the homeodomain of Hoxa9, which also detects Hoxa7 less
efficiently, revealed no apparent up-regulation of these two
proteins in 10 independent leukemias, regardless of whether
AML arose from progenitor lines or from freshly infected
marrow (Fig. 4C). This result was confirmed by real-time
gPCR (Fig. 4D): in seven of eight leukemias examined (three
from the fresh marrow group and the other five leukemias
from the progenitor group [as in Fig. 4A]), Hoxa5, Hoxa7,
Hoxa9, and Hoxal0 transcripts were absent or were present at
levels lower than 0.01% of that expressed in progenitors im-
mortalized by Nup98-Hoxa9 or MLL-ENL (results for Hoxa9
are exemplified in Fig. 4D). A single exception, exhibiting a
very low level of Hoxa9 (~3% of the Hoxa9 level expressed in
MLL-ENL progenitors) (sample scl.2), also expressed Hoxa$,
Hoxa7, and Hoxal0O at levels 1 to 5% of that expressed in
progenitors immortalized by MLL-ENL. Thus, the large ma-
jority of myeloid leukemias induced by Vpl6-Meisl did not
acquire activation of endogenous Hoxa7 or Hoxa9 genes as
secondary cooperating events.

Expression of Hoxa9 or Hoxa7 in Vpl6-Meisl progenitors
induces further activation of Meis!I signature genes, stimulates
proliferation, and accelerates disease progression to the level
of bona fide AML myeloblasts. An important unresolved ques-
tion concerning the mechanism of cooperativity by Hox plus
Meis1 is whether Hoxa7 or Hoxa9 assists Meisl in the activa-
tion of MeisI-related signature genes or Meis1 functions inde-
pendent of coexpressed Hox proteins. Because Vpl6-Meisl
progenitors expressed low levels of MeisI-related signature
genes and expressed no endogenous Hox genes, they repre-
sented a good cell model to test whether Hoxa9 or Hoxa7
could further activate expression of Meisl-related signature
genes. Strikingly, retroviral expression of Hoxa9 or Hoxa7 in
Vpl6-Meisl progenitors induced strong proliferation (Fig.
5B), strong up-regulation of Flt3 and Cd34 proteins (Fig. 3F
and 5A), and 3- to 20-fold activation of other Meis! signature
genes (Table 3 and Fig. 5D). The reliability of the Affymetrix
array analysis was verified using semiquantitative RT-PCR
(data not shown) and real-time qPCR (Fig. 5E). Six newly
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FIG. 5. Both Hoxa9 and Hoxa7 activate expression of MeisI-related signature genes in Vpl6-Meisl progenitors. (A) Immunoblot analysis of
Flt3 in two Vpl6-Meisl progenitor lines (VM.1 and VM.2) before and after coexpression of Hoxa9, analyzed subsequently by Affymetrix gene
arrays. (B) Proliferation rates of Vp16-Meisl progenitors after infection with MSCV-neo retrovirus encoding empty vector (open triangles),
wild-type Hoxa9 (filled triangles), or Hoxa9 A1-138 (A9del38; filled squares). Three different lines of Vp16-Meisl progenitors were used for
infection, and 400,000 G418-selected progenitors were plated in SCF-containing medium at day zero. Error bars represent standard deviations.
(C) Southern blot analysis of Vpl6-Meisl-retrovirus integration sites demonstrated the clonality of Vp16-Meis1 progenitors before (lane 1) and
after expression of Hoxa9 (lane 2) or Hoxa7 (lane 3). Lane C, control progenitor line containing a different retroviral integration site. (D) Overall
expression pattern of the 25 MeisI-related signature gene listed in Table 3, quantified using Affymetrix gene arrays in progenitors immortalized
by Hoxa9 alone or with coexpressed Meisl or by Vp16-Meisl alone or superinfected with Hoxa9/a7 retrovirus. The y axis indicates relative mRNA
intensity. (E) Comparison of expression levels of five representative MeisI-related signature genes shown in panel D and Table 3 among different
progenitors, using real-time PCR. The template was first-strand cDNA produced by reverse transcription using pooled mRNA purified from two
progenitor lines. Error bars represent the standard deviations from two repeated experiments.
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TABLE 3. Gene expression profiling analysis of progenitors expressing Vp16-Meisl or coexpressing Hox

MoL. CELL. BIOL.

Activation group and gene”

Gene description

GenBank

Transcript level score”

accession no. a9 M+a9 VM VM+a9 VM+a7
m=5 @m=5 @®=3) @®@=3) (@n=3)
Weak to moderate activation
by Vpl6-Meisl, further
activation by Hox
Cd34 Cd34 antigen NM_133654 137 3,270 610 4,890 5,040
Flit3 Fms-like tyrosine kinase 3 NM_010229 <50 4,142 995 5,940 1,992
17r Interleukin-7 receptor NM_008372 <50 692 680 1,000 3,350
Crlr Calcitonin receptor-like receptor AF209905 <50 690 193 1,305 1,785
Msi2h Musashi homologue 2; RNA-binding BB418489 <50 756 145 3,875 1,425
protein
Erg v-Est-related gene XM_622815 <50 884 70 625 1,775
Sox4 SRY box containing gene 4 NM_009238 536 1,376 1,050 2,795 1,310
Gpr56 G-protein-coupled receptor 56 AK141886 <40 126 50 575 990
Tilz1b TSC22-related inducible leucine zipper 1b AF201285 370 1,964 1,250 6,375 5,905
Ptprcap CD45-associated protein NM_016933 <50 1,160 520 1,400 2,035
Satbl Special AT-rich sequence-binding protein NM_009122 154 1,512 582 1,525 1,010
Ly86 MD1; lymphoid toll receptor NM_010745 <50 1,350 513 1,900 2,300
Ngn/RC3 Neurogranin, protein kinase C substrate AKO002933 276 2,896 1,658 9,715 6,185
ClqRI1 Complement subcomponent 1q, receptor 1 AK150385 630 3,030 1,308 4,900 2,875
Tmsb10 Thymosin beta-10 BB096368 1,080 6,320 1,718 6,350 3,175
Dbx4 DEAD (Asp-Glu-Ala-Asp) box 4 AKO014844 <50 1,968 50 4,450 115
Ednra Endothelin receptor type A AK135555 <50 588 50 2,370 1,195
P2rx3 Purinergic receptor P2X, 3; ion channel BC023089 <50 496 50 2,150 1,000
Kcna3 Potassium voltage-gated channel 3 AI323624 84 660 210 590 400
Whscrl5 Transmembrane adaptor protein AF257136 170 1,374 258 1,075 1,500
Unknown Unknown AV365503 <50 402 395 4,875 920
Unknown Unknown BG071655 <50 418 113 550 405
Activation by Vpl6-Meisl,
no superactivation by
Hox
Nripl RIP140; Nuclear receptor-interacting BB764550 60 310 255 283 500
protein
Bcl2 B-cell leukemia/lymphoma 2; antiapoptosis BI664467 514 2,660 1,415 1,400 1,925
Sesn3 Sestin 3 AKO017464 70 836 605 825 370
Activation by Hox only
c-kit Stem cell factor receptor X65997 2,350 2,390 831 3,850 2,675
Control
Gapdh Glyceraldehyde-3-phosphate dehydrogenase =~ BC083080 12,890 14,016 11,021 13,123 14,125
Actb B-Actin AK147787 13,530 15,168 13,200 14,125 16,450

“ Score generated by the microarray scan program. M, Meisl; VM, Vpl6-Meisl; a9, Hoxa9; a7, Hoxa7. The value of n represents the number of different

immortalized progenitor lines (all cultured in SCF) that were used for analysis.

® Genes shown in bold have been implicated in the literature as either HSC markers or enriched in stem cell populations.

identified genes (Msi2h, Sox4, Dbx4, and P2rx3, plus two un-
known genes) were activated by Hoxa9 in Vp16-Meisl progen-
itors and expressed at much higher levels in Hoxa9-plus-Meisl
progenitors than in Hoxa9 progenitors, and they have been
added to our list of Meis! signature genes (Table 3).
Vpl6-Meisl progenitors expressing Hoxa9 or Hoxa7 con-
tained the same Vpl16-Meisl retroviral integration site as pa-
rental progenitors (Fig. 5C), ruling out the possibility that
these dramatic transcriptional changes arose from selective
expansion of an unrelated Cd34™ FIt3" stem cell subpopula-
tion that might still exist in cultures. Expression of Hoxa9 in
Vpl6-Meisl progenitors reduced AML latency to an average
of 24 days (Fig. 4A) and generated AML that was more similar
to the myeloblastic phenotype (Fig. 4B, bottom panels), com-
prised of Lin~ and Macl™ B220~ subpopulations with high
levels of Flt3 and Cd34 (Fig. 4F, bottom panels). This suggests

that Hoxa9 and Hoxa7 participate in gene coactivation with
Meisl.

The Hoxa9 N-terminal domain, which is essential for all
transforming functions of Hoxa9, is dispensable for activating
Fit3 expression and transforming properties in Vp16-Meis1-
expressing progenitors, suggesting that it performs an activa-
tion function replaced by Vpl16 on promoters co-occupied by
Vp16-Meis1 and Hoxa9. The fact that fusion of Vp16 to Meisl
replaces Hox function, combined with the fact that both Meis1/
Vpl6-Meisl and Hoxa9/a7 activate transcription of the same
Meis]-related signature genes, favors a model in which Meisl,
Hox, and Pbx directly bind these signature gene promoters that
mediate leukemogenesis. If this model were correct, then
Hoxa9 transactivation domains that are essential for activation
of the MeisI signature genes in the context of wild-type Meisl
might be dispensable in the context of Vpl6-Meisl. Indeed,
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FIG. 6. The N-terminal residues 1 to 138 of Hoxa9 are dispensable for activation of Flt3 and transformation in Vpl6-Meisl-expressing
progenitors but are required for Hoxa9-mediated immortalization and Meis1-cooperating functions in terms of F/t3 activation and transformation.
(A) Growth kinetics of primary bone marrow progenitors infected with retrovirus encoding either wild-type (WT) Hoxa9 or Hoxa9A1-138, followed
by selection for 3 days in G418. The number of progenitors cultured in GM-CSF was counted on days 1 (solid bars), 15 (gray bars), and 30 (open
bars) after drug selection. Error bars represent standard deviations of three duplicates. (B) Growth kinetics of primary Scal®” Lin~ -enriched
progenitors infected with a 1:1 mixture of retrovirus encoding Meis1 and that encoding Hoxa9 (WT or A138), followed by dual drug resistance
selection and cultivation in SCF or FL. Duplicate cultures were evaluated, and error bars indicate standard deviations. (C) Expression of FIt3,
Hoxa9, and Flag-Meis1, 2 weeks after coinfection (as for panel B, with SCF and dual selection) of Scal” Lin ™ -enriched marrow progenitors with
retrovirus encoding Flag-Meis1 and Hoxa9. (D) Heterodimer formation between Pbx1 and Hoxa9 examined by EMSA on the DNA element
TGATTTAT. The identity of proteins added to the binding reaction mixture is indicated above each lane. (E) Interaction between Meisla and
wild-type or mutant Hoxa9 examined by EMSA to the DNA probe TGACAGTTTTAT. Recombinant proteins produced by coupled transcription-
translation were lysate only (lane 1), Flag-Meis1 (lane 2), Hoxa9 (lane 3), and Flag-Meis1 plus Hoxa9 (lanes 4 to 8). Antibody against Flag-Meisl
(lane 5) or Hoxa9 (lane 6) was added to supershift protein-DNA complexes. (F) Expression levels of FIt3 and Hoxa9 in Vp16-Meis1 progenitors
3 weeks after retroviral expression of wild-type or mutant forms of Hoxa9 followed by drug selection in SCF-containing medium. (G) Survival
curves of mice intravenously injected with 1 X 10° Vp16-Meis1 progenitors superinfected with retrovirus encoding Hoxa9 WT (n = 4) or A138

(n = 4).

the Hoxa9 NTD (residues 1 to 138), which has been reported
to contain a transactivation domain and Meisl interaction mo-
tif (41), which is essential for immortalization by Hoxa9 alone
in GM-CSF (Fig. 6A) or in SCF (not shown), is essential for
immortalization of SCF- or FL-dependent progenitors with
Meis1 (Fig. 6B), and is essential for Meisl-dependent produc-
tion of FIt3 in infected Scal™ Lin~ marrow progenitors (Fig.
6C, lanes 2 to 5 versus lane 1), was dispensable for Hoxa9-
induced proliferation (Fig. 5B), for Flt3 up-regulation (Fig. 6F,
lane 4 versus lane 2) in Vp16-Meis1 progenitors, or for increas-
ing the aggressiveness of leukemias produced by Vpl16-Meisl
progenitors (Fig. 6G). By contrast, the DNA binding and Pbx
interaction mutants Hoxa9-HD™>'S and Hoxa9-PIMAA** (7)
exhibited no activation or minimal activation (25% of wild
type) of Fi3 transcription (Fig. 6F, lanes 7 and 8 versus lane 2).
Hoxa9A1-138 retained its ability to interact with Pbx1 on DNA
(Fig. 6D, lane 3 versus lane 4) and lost its heterodimerization
abilities with Meis1 on DNA (Fig. 6E, lane 4 versus lane 8).
The fact that the NTD of Hoxa9 is dispensable for Hoxa9

transforming functions in Vpl6-Meisl progenitors suggests
that its transactivation function is replaced by the persistent
transactivation function of a Vp16-Meisl complex bound to an
adjacent DNA element.

Hoxa9 and Meisl1 directly bind the Fit3 proximal promoter
and 5’ enhancer regions. ChIP was used to examine whether
Hoxa9 and Meisl bind the promoter of Flt3, the prototypic
Meisl signature gene whose transcription is further aug-
mented by either Hoxa9 or Hoxa7. Primers were designed to
randomly cover 10-kb upstream FIz3 promoter/enhancer se-
quences (Fig. 7A). ChIP demonstrated that Hoxa9 was re-
cruited to the proximal promoter (P3) and 5" enhancer regions
(P5 and P6) in progenitors expressing either Hoxa9 alone or
coexpressing MeisI plus Hoxa9 (Fig. 7B) and that Meis1 (Flag
tagged; anti-Flag used for ChIP) was recruited to loci P3, P5,
and P6 only in progenitors immortalized by Hoxa9 plus Meis1.
The same ChIP results were observed using antibodies against
the N terminus or homeodomain of Meisl (data not shown).
Interestingly, recruitment of Meisl was accompanied by acet-
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Hoxa% FlagMeis1+ Hoxa%9

FIG. 7. Meisl and Hoxa9 bind to the Flt3 proximal and distal
promoter regions. (A) Schematic of the murine FIt3 locus. Black boxes
represent exons, and the arrowhead represents the putative transcrip-
tion start site. Black bars P3 to -6 designate positions of the amplicons
used in ChIP analysis; ATG indicates the position of the initiation
methionine. (B) ChIP analysis examining the recruitment of Hoxa9
and Flag-Meis1 and the status of histone modification on FIt3 promot-
ers (loci P3 to P6) in myeloid progenitors immortalized by Hoxa9 alone
or by both Hoxa9 and Flag-Meis1. Lanes were loaded with products of
PCR amplification using template prepared from either 1% sheared
chromatin (input control) or immunoprecipitated chromatin using
nonspecific antibodies (IgG) or specific antibodies against the Flag tag,
the homoedomain of Hoxa9, acetylated histone H3, or dimethylated
histone 3 Lys 4 (H3K4).

ylation of histone H3 along FIt3 promoter and enhancer re-
gions, while both cell lines exhibited dimethylation of histone
H3 Lys 4 (H3K4) within the same regions. All signals were
specific, based on the cell type specificity and precipitation
control results using nonspecific IgG. These results indicate
that Meis1 may induce histone acetylation prior to activation
of Flt3 transcription.

DISCUSSION

Here we demonstrated that in the absence of coexpressed
Hox genes, a dominant activating form of Meisl (Vpl6-Meisl)
sustains self-renewal of undifferentiated hematopoietic pro-

MoL. CELL. BIOL.

genitors that exhibit leukemic potential in vivo, functions that
are not possessed by either wild-type Meisl or the dominant
repressive form of Meisl, en-Meisl. We then demonstrated
that Vp16-Meis1 mimics the combined functions of Hoxa9 and
Meis1 in terms of activating expression of MeisI-related signa-
ture genes, albeit at low levels, which are characteristically
expressed in leukemic progenitors immortalized by Hoxa9 plus
Meisl but not in nonleukemic progenitors immortalized by
Hoxa9 alone. Next, we demonstrated that Hoxa9 and Hoxa7
further augment transcription of most of these MeisI signature
genes (Hox/Meisl signature genes, as a more proper defini-
tion), indicating that their transcription is driven by the com-
bined functions of Meis1 and Hoxa7/a9 functions in AML. The
mechanism of cooperativity is implicated as promoter co-oc-
cupancy by Hoxa7/a9 and Pbx1/2-Meis] complexes, based on
the result that fusion of the Vp16 domain to Meisl replaced
both the essential function of the Hoxa9 NTD and the Meisl
CTD and was verified as such for the Flf3 promoter, using
ChIP analysis. Collectively, our data support a model in which a
subset of leukemogenesis-related promoters are directly bound
and activated by complexes containing Hoxa7/a9, Meisl, and
Pbx1/2.

Four transcriptional principles related to Meisl and its in-
teracting cofactors in hematopoietic progenitors are suggested
by our analysis. First, the fact that Vp16-Meis1-Pbx complexes
enforce self-renewal of leukemic stem cells in vivo suggests
that Meis1-Pbx complexes regulate progenitor expansion dur-
ing normal hematopoiesis by activating target gene transcrip-
tion. Second, the fact that Hoxa7 and Hoxa9 augment expres-
sion of Meisl signature genes in Vpl6-Meisl progenitors
suggests that Hox proteins actively participate in transactiva-
tion of MeisI-related signature genes in normal hematopoiesis.
Prior to this report, there was no evidence that Hoxa7 or
Hoxa9 controlled expression of Meisl target genes in leuke-
mia. Third, the mutational analysis of Hoxa9 and Meisl do-
mains critical for their functions in Vp16-Meisl progenitors
suggests a model in which all three homeodomain proteins—
Pbx1/2, Meisl, and Hoxa7/a9—cooperate on single promoters
critical for establishing the leukemogenic stem cell phenotype
(Fig. 8). Specifically, the Meis1 CTD and the Hoxa9 NTD may
recruit cofactors harboring HAT activity (Fig. 8), functions
replaced by the Vpl6 domain in Vpl6-Meisl. Fourth, the
ability of the C-terminal half of Hoxa9 to activate transcription
of Flt3 in Vpl6-Meisl progenitors in a manner as robust as that

FIG. 8. Model of Pbx, Meis (Vpl16-Meisl), and Hox complexes binding to a subset of promoters required for expression of leukemogenesis.
Numbers near the arrowheads indicate the following transcriptional activities: 1, a signal-induced transactivation mediated by the Meisl CTD; 2,
Hoxa9-NTD-mediated transactivation; 3, transactivation function mediated by the Hoxa9 C-terminal half, residues 139 to 271; 4, transactivation
by the Vp16 domain fused onto Meis1, by recruiting HAT. The Vp16 domain replaces the function mediated by the Meis1 CTD and Hoxa9 NTD,
suggesting that the Meisl CTD and Hoxa9 CTD might recruit cofactors containing HAT activity and the Hoxa9 C-terminal half might utilize a
different transactivation mechanism, such as recruiting factors harboring chromatin remodeling factor. AD, activation domain; RD, repression

domain.
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of wild-type Hoxa9 suggests that this region possesses an ad-
ditional transcriptional function which might be, for example,
recruiting histone methyltransferase or chromatin remodeling
factors (Fig. 8) that complements those provided by the Meisl
CTD and Hoxa9 NTD. The biochemical activities responsible
for the N-terminal and C-terminal transactivating functions of
Hoxa9 remain to be determined. This hypothesis, which is
based on the genetic and cellular properties of leukemic pro-
genitors, is consistent with physical interaction studies, which
also found Meis1, Hoxa9, and Pbx2 in single nuclear complexes
in myeloid cells (44), and reporter studies, which delineated
cooperating functions of Meis1, Pbx1, and Hoxal proteins on
regulation of the Hoxb1/b2 enhancer (16, 21).

We also demonstrated that Hoxa7 is functionally redundant
with Hoxa9 in terms of its Meisl-independent ability to arrest
differentiation of nonleukemic progenitors and its Meis1-de-
pendent function of targeting SCF- or FL-dependent leuke-
mia-initiating progenitors that express Flt3. Hoxa7 was origi-
nally identified as a locus coactivated with Meis/ in BHX2
mouse leukemia (32) and activated in leukemia induced by
large-scale retroviral insertional mutagenesis (23). Hoxa7 was
also suggested to be a crucial downstream mediator of MLL
fusion oncoproteins (3, 50). Our results imply that Hoxa7, like
Hoxa9, controls HSC expansion in cooperation with Meis1 and
is likely to form interacting complexes. While Hoxa7 does not
bind Meisl1 in gel shift analysis (43), our data (as suggested by
Hoxa9A1-138) suggest that it interacts with Pbx-Meisl com-
plexes via Pbx on target promoters as others have hypothesized
previously (21). The promoter co-occupancy model would also
account for leukemic cooperativity between Meisl and Hoxb6/
b3, which are also not predicted to bind Meisl directly. We
predict that coexpression of Meisl and Hoxb6/b3 in SCF-de-
pendent immortalized progenitors would also result in tran-
scriptional activation of Flt3 and other Meis! signature genes.

The Hox/Meis1-related signature genes that are coactivated
by Meisl plus Hox are involved in normal HSC biology and
implicated in leukemogenesis. Cd34 and Flt3 are prominent
HSC markers (1). FIt3 catalytic function is activated by muta-
tions in over one-third of human AML, and we propose that
Flt3 expression permits expansion of LSCs in response to FL in
stem cell niches. Gpr56 (20), Msi2h (34), Erg (48), CIgRI (10,
48), and Whscr5 (48) are enriched in HSC or other tissue-type
stem cells. The Msi2h-related gene Msil is crucial for mainte-
nance of neuronal stem cells (39). The Ets-related transcrip-
tion factor Erg is fused to TLS/FUS and EWS in leukemia and
Ewing sarcoma, respectively (14, 35). /I7r is important for lym-
phoid progenitor expansion, and Gpr56 is overexpressed in
brain tumors and mutated in a genetic disorder involving brain
cortical malformation (36, 42). It is possible that up-regulation
of the Grb2-interacting adaptor Whscr5/LAB (22) contributes
to specific signaling pathways in HSCs. Understanding func-
tions of these genes will cast additional light on how they
contribute to the LSC phenotype.

Previous studies reported over 200 genes regulated by
Hoxa9 in leukemia cell lines or in CD34* HSCs (11, 12), but
with the exception of Erg, these genes do not include the
Hox/Meis1-activated signature genes examined herein. It is
possible that studies using leukemia cell lines do not identify
these signature genes because such genes are already ex-
pressed at high basal levels in the control parental progenitors.
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Alternatively, these Hox/Meisl signature genes may not be
activated by introduction of exogenous Hoxa9 if progenitors do
not express essential cofactors, such as Meisl. Indeed, Hoxa9
alone does not activate any of the signature genes, as exhibited
by Hoxa9-immortalized progenitors. When exogenous Hoxa9
is expressed in normal CD34* HSCs, the expression of endog-
enous Hox and MeisI may preclude significant further activa-
tion of these Hox/MeisI signature genes. The heterogeneity of
this population may also dilute the strong response of respon-
sive subsets that express required cofactors. By contrast, be-
cause Vpl6Meisl progenitors lack Hox gene expression, they
may be particularly sensitive to transcriptional regulatory
mechanisms induced by Hox and, because they are uniform
populations, the impact of Hox genes is maximized. Thus,
Vpl6-Meisl progenitors may represent a unique tool for de-
termining both the specificity and biochemical mechanisms of
Hoxa7 and Hoxa9 gene activation in AML.
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