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Background: HoxA10 target genes include CDX4 and FGF2, and HOXA10 is a Cdx4 target gene.
Results:Transcription of newly identified,�-catenin-binding cis elements in theCDX4 andHOXA10 promoters is regulated by
Fgf2-dependent activity of �-catenin.
Conclusion: Positive feedback between CDX4 and HOXA10 involves �-catenin and Fgf2.
Significance: Understanding cross-regulation between HoxA10, Cdx4, and �-catenin provides insights into leukemogenesis.

HoxA10 is a homeodomain transcription factor that is
involved in maintenance of the myeloid progenitor population
and implicated in myeloid leukemogenesis. Previously, we
found that FGF2 and CDX4 are direct target genes of HoxA10
and that HOXA10 is a Cdx4 target gene. We also found that
increased production of fibroblast growth factor 2 (Fgf2) by
HoxA10-overexpressingmyeloid progenitor cells results in acti-
vation of �-catenin in an autocrine manner. In this study, we
identify novel cis elements in theCDX4 andHOXA10 genes that
are activated by �-catenin in myeloid progenitor cells. We
determine that �-catenin interacts with these cis elements,
identifying both CDX4 and HOXA10 as �-catenin target genes
in this context. We demonstrate that HoxA10-induced CDX4
transcription is influenced by Fgf2-dependent�-catenin activa-
tion. Similarly, Cdx4-induced HOXA10 transcription is influ-
enced by �-catenin in an Fgf2-dependent manner. Increased
expression of a set of Hox proteins, including HoxA10, is asso-
ciated with poor prognosis in acute myeloid leukemia. Cdx4
contributes to leukemogenesis in Hox-overexpressing acute
myeloid leukemia, and increased �-catenin activity is also asso-
ciated with poor prognosis. The current studies identify a
molecular mechanisms through which increased expression of
HoxA10 increases Cdx4 expression by direct CDX4 activation
and by Fgf2-induced �-catenin activity. This results in Cdx4-
induced HoxA10-expression, creating a positive feedback
mechanism.

Hox proteins are homeodomain transcription factors that
are highly conserved from Drosophila to humans (1). In
humans and mice, HOX genes are found in groups on four
different chromosomes with 9–11 genes in each group
(referred to as HOXA-D). During embryogenesis, HOX genes
control organogenesis and are activated 5� to 3� in a cranial to
caudal manner (1). During definitive hematopoiesis, HOX

genes are activated 5� to 3� in a temporal manner with Hox1 to
-4 highly expressed in hematopoietic stem cells (HSC)2 and
Hox7 to -11 expressed in committed progenitor cells (2).
Consistent with this expression pattern, HoxB3 and -B4 are

involved in HSC maintenance. Overexpression of these pro-
teins in bonemarrow cells results inHSCexpansion in vitro and
development of a myeloproliferative neoplasm in vivo in
murine transplantation studies (3, 4). In contrast, overexpres-
sion of HoxA9 or A10 in bone marrow cells expands the com-
mon granulocyte/monocyte progenitor (GMP) population in
vitro and results in amyeloproliferative neoplasm in vivo (5–9).
In murine recipients of HoxA10-overexpressing bone marrow,
this myeloproliferative neoplasm progresses to acute myeloid
leukemia (AML), suggesting that HoxA10 is sufficient for GMP
expansion, but acquisition of additional mutations is necessary
for differentiation block and AML (10, 11).
Clinical correlative studies implicate Hox proteins in human

leukemia. Increased and dysregulated expression of a set ofHox
proteins (HoxB3, -B4, and -A7-11) is found in poor prognosis
leukemias (12–14). This includes leukemiaswith translocations
involving the MLL (mixed lineage leukemia) gene, referred to
as 11q23 leukemias (15–18). Expression of this set of Hox pro-
teins is also found in association with other recurring chromo-
somal translocations and in a poor prognosis subset with normal
karyotype. Increased expression of Hox proteins in leukemia is
often associated with dysregulated expression of other homeodo-
main transcription factors, includingMeis and Cdx proteins.
Cdx proteins are of particular interest because they function

as regulators of theHOX locus. Cdx4 influences expression of a
number of HOX genes, including the genes encoding HoxB3,
-B4, and -A7-11 (19). Cdx4 expression has been shown to con-
tribute to Hox-induced leukemogenesis in murine models and
to bypass the requirement forMll for hematopoiesis (20). Over-
expression of Cdx4 in murine bone marrow results in a
myeloproliferative neoplasm that progresses to AML in vivo,
and co-overexpression of Cdx4 and HoxB4 in ES cells induces
long term repopulating activity in murine transplantation
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In previous studies, we identified CDX4 as a HoxA10 target
gene using a high throughput, chromatin immunoprecipita-
tion-based screening approach (22). We also found that
HOXA10 is a direct target gene for Cdx4, indicating positive
feedback between these genes. Other investigators identified
Cdx4 as a downstream target for canonical Wnt signaling.
These studies identified several �-catenin-Lef binding consen-
sus sequences in the proximal 1.1 kb of the murine CDX4 pro-
moter that contributed to promoter activity in transfection
studies using embryonic carcinoma cells (23).
In other previous studies, we identified FGF2 as a HoxA10

target gene (24). We found that overexpression of HoxA10 in
primary murine myeloid progenitor cells or myeloid cell lines
increases Fgf2 expression and results in Fgf2-dependent activa-
tion of �-catenin in an autocrine manner. We also found that
Fgf2-induced �-catenin activity contributes to the increased
response of HoxA10-overexpressing cells to cytokine-induced
proliferation (i.e. cytokine hypersensitivity) (24).
Therefore, the current studies investigate the hypothesis that

HoxA10 influences CDX4 transcription both directly and via
Fgf2-induced activation of �-catenin. In addition, we identified
HOXA10 as a novel �-catenin target gene, indicating another
positive feedback mechanism for HoxA10 expression. Because
Hox expression and �-catenin activity are both associated with
poor prognosis in human AML, these studies are of interest for
unraveling the complex interactions between HOX genes,
�-catenin, and adverse events in human disease.

MATERIALS AND METHODS

Plasmids

Protein Expression Vectors—The cDNA representing the
major transcript of humanHoxA10was obtained fromC. Larg-
man (University of California, San Francisco) (25, 26). The
cDNA for human Cdx4 was obtained by reverse transcription
and PCR from U937 cells. The sequence of this cDNAwas com-
paredwith the sequence inGenBankTM.Bothwere subcloned into
the pSR� vector for expression in mammalian cell lines and the
MSCV vector for generation of retrovirus (per manufacturer’s
instructions; Stratagene, La Jolla, CA). The cDNA for �-catenin
was obtained fromOrigene Technologies Inc. (Rockville, MD).
shRNA Expression Vectors—HoxA10- and Cdx4-specific

shRNAs and scrambled control sequences were designed with
the assistance of the PromegaWeb site (Madison,WI). Double-
stranded oligonucleotides representing the complementary
sequences separated by a hairpin loop were subcloned into the
pLKO.1puro vector (a gift from Dr. Kathy Rundell, Northwest-
ern University, Chicago). Several sequences were tested, and
the most efficient sequences were used in combination. Nega-
tive controls for these experiments werematched shRNAswith
rearranged sequences (bp swapping or scrambled controls). Vec-
tors to express an shRNA specific tomouse and human�-catenin
were obtained fromOriGene (OriGene, Rockville, MD).
CDX4 and HOXA10 Reporter Vectors—Various sequences

from the CDX4 or HOXA10 5�-flanks were amplified by PCR
from chromatin extracted from the human U937 myeloid cell
line. The fragments were sequenced to ensure identity with the
ENSEMBL database. CDX4 5�-flanking sequences were sub-

cloned into the pGL3-E reporter vector, andHOXA10 5�-flank-
ing sequences were subcloned into the pGL3-basic reporter
vector (Promega). Additional constructs were generated in the
pGL3-promoter vector with three copies of the �1020 to
�1045 bp (�-catenin-binding) sequence from the CDX4 pro-
moter or with two copies of the �800 to �825 bp (�-catenin-
binding) sequence from the HOXA10 promoter (as described
under “Oligonucleotides”).

Oligonucleotides

Oligonucleotideswere custom synthesized byMWGBiotech
(Piedmont, NC). Oligonucleotides used for EMSA were as fol-
lows: �1020 to �1045 bp of CDX4 promoter (wild type,
5�-TGTCTTTTTCAACAATTGGAGTTTT-3�;�-catenin-bind-
ing mutant, 5�-TGTCTTTTTCAAGTTTTGGAGTTTT-3�),
�809 to�829 bp ofHOXA10 promoter (wild type, 5�-TCTTTC-
CATCAAGGCTGGCA-3�; mutant, 5�-TCTTTCCTAGAAG-
GCTGGCA-3�), a consensus sequence for �-catenin/Tcf binding
(5�-AAGATCAAAGGGGGTA-3�; mutant, 5�-GGTAAGGC-
CAAAGGG-3�; from FOPFlash and TOPFlash vectors, respec-
tively).Oligonucleotidesused for real timePCRtoquantifymRNA
expression were as follows (listed 5� to 3�): Cdx4 (forward,
CGAGAAGACTGGAGCGTGTA; reverse, CTGTAGTCGGT-
CGAGCAGAA), HoxA10 (forward, ACACTGGAGCTGGAG-
AAGGA; reverse, TCACTTGTCTGTCCGTGAGG).

Myeloid Cell Line Culture

The human myelomonocytic leukemia cell line U937 (28)
was obtained fromAndrewKraft (HollingsCancerCenter,Uni-
versity of South Carolina, Charleston, SC). Cells were main-
tained as described (29).

Primary Murine Bone Marrow Studies

Animal studies were performed according to a protocol
approved by the Animal Care and Use Committees of North-
western University and the Jesse Brown Veterans Affairs Med-
ical Center.
BoneMarrow Harvest and Culture—Bonemarrowmononu-

clear cells were obtained from the femurs ofWTorHoxA10�/�

C57/BL6mice (30). Sca1� cells were separated using theMilte-
nyi magnetic bead system (Miltenyi Biotechnology, Auburn,
CA). Bipotential myeloid progenitor cells were cultured (2 �
105 cells/ml) for 48 h in DMEM supplemented with 10% fetal
calf serum, 1% penicillin-streptomycin, 10 ng/ml murine GM-
CSF (R&D Systems Inc., Minneapolis, MN), and 10 ng/ml
murine recombinant IL-3 (R&DSystems Inc.). Cells were either
maintained in GM-CSF � IL-3 for 48 h or differentiated over
48 h in 10 ng/ml G-CSF (granulocyte) or 10 ng/ml murine
M-CSF (monocyte).
Bone Marrow Retroviral Transduction—Retrovirus (�107

pfu/ml) was generated with the HoxA10/MSCV or control
MSCV plasmid using the Phoenix cell packaging line according
to the manufacturer’s instructions (Stratagene, La Jolla, CA).
Bone marrow mononuclear cells were cultured for 24 h in 10
ng/ml IL-3, 10 ng/ml GM-CSF, and 100 ng/ml SCF. Cells were
transduced by incubation with retroviral supernatant in the
presence of Polybrene (6 �g/ml) as described (10). Transduced
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cells were selected for 48 h in puromycin and differentiated
with M-CSF or G-CSF (20 ng/ml).

Quantitative Real-time PCR

RNA was isolated using TRIzol reagent (Invitrogen) and
tested for integrity by denaturing gel electrophoresis. Primers
were designedwithApplied Biosystems software, and real-time
PCR was performed using SYBR Green according to the “stan-
dard curve” method. Results were normalized to 18S (for
mRNA) or input chromatin (for co-precipitated chromatin).

Chromatin Immunoprecipitation

U937 cells were briefly treated with formaldehyde to gener-
ate DNA-protein cross-links. Cell lysates were sonicated to
generate chromatin fragments of�200 bp and immunoprecipi-
tated with a �-catenin-specific antibody (Abcam, Cambridge,
MA). Precipitated chromatin was recovered and analyzed by
PCR using primer sets to amplify various sequences in the
5�-flank of CDX4 or HOXA10. Several batches of precipitated
chromatin were combined for each experiment (31).

Myeloid Cell Line Transfections and Assays

Stable Transfectants—U937 cells were transfected by elec-
troporationwith equal amounts of�-catenin,HoxA10, orCdx4
expression vector or empty vector control (using pcDNAamp)
plus a vectorwith aneomycinphosphotransferase cassette (pSR�)
(30�geach).Stablepoolsof transfectedcellswereselected inG418
(0.5 mg/ml), and aliquots of cells were tested for HoxA10 and
Cdx4 expression byWestern blot and real-time PCR.
Other cells were transfected by electroporation with a lenti-

viral vector (pLKO.1puro) for expression of �-catenin-specific
shRNAs or scrambled control shRNAs. Stable pools of trans-
fected cells were selected in puromycin (1.2 �g/ml). In some
experiments, U937 cells were stably co-transfected with a
HoxA10 expressionvector,Cdx4expressionvector, or emptyvec-
tor control plus a vector to express �-catenin-specific shRNAs or
scrambled control shRNAs. Co-transfectants were selected in
both G418 and puromycin.
CDX4andHOXA10ReporterAssays—To identify�-catenin-

binding cis elements in the CDX4 promoter, U937 cells were
co-transfected with a luciferase reporter vector (pGL3-E) con-
taining 1.4 kb, 1050 bp (with or without mutation of the
�-catenin-binding consensus in this construct), 1025 bp, or 539
bp of CDX4 5�-flanking sequences or pGL3-E control (30 �g)
and a vector to overexpress�-catenin (or empty vector control)
(50 �g). In other experiments, cells were co-transfected with a
luciferase reporter vector (pGL3-basic) with 1.0 kb, 825 bp
(with or without mutation of the �-catenin-binding consensus
in this construct), 772 bp, or 200 bp of theHOXA10 5�-flank or
with pGL3-basic control (30 �g) and a vector to overexpress
�-catenin or empty expression vector (50 �g).

In additional experiments, cells were co-transfected with a
minimal promoter/luciferase reporter vector with multiple
copies of either the �-catenin-binding cis element from the
CDX4 promoter (�1025 to �1050 bp) or the �-catenin-bind-
ing cis element from theHOXA10 promoter (�800 to�825 bp)
(30 �g) and vectors to overexpress �-catenin or �-catenin-spe-
cific shRNAs or relevant controls (empty vectors or vector with

scrambled shRNA sequences) (50 �g). Cells were also trans-
fected with a �-galactosidase reporter vector to control for
transfection efficiency (CMV/�-gal).

For some studies, cells were transfected with TopFlash or
FopFlash reporter vectors. TopFlash contains three copies of a
consensus binding site for Tcf-Lef linked to a minimal pro-
moter and a luciferase reporter. FopFlash is a similar construct
but with a mutation that abolishes Tcf-Lef binding. The Top-
Flash and FopFlash reporter constructs were purchased from
Millipore (Billerica, MA).

Western Blots

U937 or murine bone marrow cells were lysed by boiling in
2� SDS sample buffer. Lysate proteins (50 �g) were separated
by SDS-PAGE and transferred to nitrocellulose. Western blots
were serially probed with antibodies to �-catenin, HoxA10,
Cdx4, andGAPDHor tubulin. Each experimentwas repeated at
least three times with different lysate proteins. A representative
blot is shown.

In Vitro DNA-binding Assays

Electrophoretic Mobility Shift Assays—Oligonucleotide probes
were prepared, and EMSAs were performed, as described (32,
33, 34). For binding reactions with �-catenin antibody, disrup-
tion of the complex (not supershift) was anticipated, based on
the location of the epitopes used for antibody production. Bind-
ing competition studies were performed with double-stranded
synthetic oligonucleotides. These oligonucleotides were used
in dose titration experiments to determine the efficiency of
binding competition. Data are presented for assays with a 200-
fold molar excess of the competitor (standard for such studies;
see also Refs. 34 and 35).
For all experiments, at least three batches of nuclear proteins

were tested in at least two independent experiments. A repre-
sentative study is shown. Integrity of the nuclear proteins and
equality of protein loading were determined in EMSA with a
probe representing a classical CCAAT box from the �-globin
gene promoter.
Isolation of Nuclear Proteins—Nuclear proteins were

extracted from U937 cells by the method of Dignam (35) with
protease inhibitors, as described (29).

Proliferation Assays

U937 cells that were stably transfected with a vector to over-
express Cdx4 or empty vector control and �-catenin-specific
shRNAs or scrambled shRNA control in various combinations
were deprived of fetal calf serum for 24 h and then treated with
a dose titration of fetal calf serum (0.1–10%). Cell proliferation
was determined by incorporation of [3H]thymidine (for the last
8 h of incubation) according to standard techniques.

Genomic Sequence Analysis

Conserved genomic sequences and consensus sequences for
�-catenin protein DNA binding were identified using VISTA
software (Genomics Division of the Lawrence Berkley National
Laboratory, Berkley, CA) (36–38).
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Statistical Analysis

Statistical significancewas determined by Student’s t test and
analysis of variance using SigmaPlot and SigmaStat software. In
all of the graphs, error bars represent S.E.

RESULTS

�-Catenin Influences Expression of HoxA10 and Cdx4 in
Myeloid Progenitor Cells—We previously found increased
�-catenin protein (but not mRNA) in primarymyeloid progen-
itor cells or myeloid leukemia cell lines that were overexpress-
ing HoxA10 (24). This increase in �-catenin was dependent on
HoxA10-induced production of Fgf2 by these cells and on acti-
vation of phosphoinositol 3-kinase (PI3K) (24). Previous inves-
tigators identified consensus sequences for�-catenin-Lef bind-
ing in the proximal murine CDX4 promoter (23). They found
that these sequences were necessary for CDX4 promoter activ-
ity in reporter gene transfection experiments using a carcinoma
cell line. Therefore, we investigated the impact of �-catenin on
Cdx4 expression.
We were initially interested in establishing a connection

between �-catenin and Cdx4 in myeloid progenitor cells. For
these studies, we generated stable transfectants of the U937
myeloid cell line using a vector to express �-catenin, a vector to
express �-catenin-specific shRNAs, or control vectors (empty
expression vector plus a vector expressing scrambled shRNA
sequences). U937 cells were chosen for these experiments
because they represent the granulocyte/monocyte stage of dif-
ferentiation (28). This stage is of interest because HoxA10 is
maximally expressed in GMP during normal myelopoiesis.
Also, the GMP stage of differentiation is most similar to the
leukemia stem cell in AML (rather than the more immature
HSC) (39).
These cells were analyzed for Cdx4mRNAby real-time PCR.

We found that Cdx4 mRNA expression is increased by
�-catenin overexpression and decreased by �-catenin knock-
down in U937 cells (Fig. 1A). These changes in Cdx4 mRNA
expression correlated with altered Cdx4 protein abundance in
these cells (Fig. 1B). BecauseHOXA10 is a target gene for Cdx4
(22), we also determined HoxA10 mRNA and protein in these
cells. As expected, HoxA10 mRNA (Fig. 1A) and protein (Fig.
1B) increased with �-catenin overexpression and decreased
with �-catenin knockdown.

U937 is a leukemia cell line with multiple abnormalities in
pathways that regulate growth and survival. Therefore, we also
investigated the relationship between �-catenin and Cdx4 or
HoxA10 using primary murine myeloid progenitor cells. For
these studies, bonemarrowwas isolated fromwild typeC57BL6
mice, transduced with a retroviral vector to express �-catenin
(or with empty vector control), and cultured in GM-CSF, IL-3,
and SCF, and Cd34� cells were isolated using antibody-conju-
gatedmagnetic beads (10, 22, 24). Our previous studies indicate
that this procedure results in relative GMP enrichment
(Sca1�CD34�CD38�Gr1�) (10). Cells were analyzed for
expression of Cdx4, HoxA10, and �-catenin. We found that
�-catenin overexpression increases Cdx4 and HoxA10 mRNA
(Fig. 1C) and protein (Fig. 1D) in primary murine GMP, con-
sistent with our studies in U937 cells.

�-Catenin Increases CDX4 Promoter Activity inMyeloid Pro-
genitor Cells—To determine the mechanism by which
�-catenin increases Cdx4 expression in myeloid progenitor
cells, we performed additional studies. We first examined the
human CDX4 5�-flank for sequences corresponding to the
�-catenin-Lef/Tcf DNA-binding consensus (5�-(A/T)(A/
T)CAA(A/T)G-3�) and compared the results with analysis of
the murine CDX4 5�-flank (40). We noted that only one of the
three Lef/Tcf consensus sequences that were previously identi-
fied within the proximal 1.1 kb of the murine CDX4 promoter
was conserved in the human promoter (�715 to �709 bp rela-
tive to the transcription start site) (23, 24). Promoter analysis
identified a consensus sequence in the human CDX4 promoter
between �1028 and �1035 that did not at first appear to be
conserved in the murine promoter. However, closer analysis
identified a Lef/Tcf consensus in the murine promoter in the
same location but on the opposite strand (Fig. 2A).
We designed a series of constructs with various sequences

from the human CDX4 5�-flank linked to a luciferase reporter
(pGL3-basic). The 5�-end of these constructs was determined
by the location of Lef/Tcf consensus sequences, and the 3�-end
of all of the constructs was at the transcription start site. These
constructs were co-transfected into U937 cells with a vector to
express�-catenin or empty control vector.We found that over-
expression of �-catenin significantly increased the activity of
CDX4 promoter constructs in transfectants with constructs
containing 1400 or 1045 bp of 5�-flank (154 � 22% and 150 �
27% increase, respectively, p � 0.001, n � 6 for each construct)
(Fig. 2B). Reporter expression from constructs with between
1020 and 200 bp of CDX4 5�-flank were less affected by
�-catenin overexpression (between 23 and 35% increase, p �
0.01, n � 6), and there was no change in reporter expression
from constructs with 120 bp of CDX4 5�-flank. To determine if
the consensus sequence at�1028 to�1035was responsible for
this activity, we generated a construct with �1045 bp of CDX4
5�-flank with a mutation in the Lef/Tcf consensus sequence.
We found that this construct was only slightly activated by
�-catenin overexpression in U937 transfectants (38 � 8%
increase, p � 0.001, n � 6) (Fig. 2B).
Constructs with at least 146 bp of CDX4 promoter include a

HoxA10-binding cis element that we identified in previous
studies (�139 to �146 bp) (22). If �-catenin increases Cdx4
expression, and Cdx4 increases HoxA10 expression, �-catenin
would be anticipated to activateCDX4 transcription indirectly,
via increased HoxA10. To investigate this hypothesis, U937
cells were co-transfected with an artificial promoter/reporter
construct containing three copies of the HoxA10-binding cis
element from the CDX4 promoter and vectors to express
�-catenin- and HoxA10-specific shRNAs (or relevant control
vectors) (22). We found that �-catenin overexpression
increases activity of this cis element in a HoxA10-dependent
manner (Fig. 2C). Specifically, these studies determined that
expression of a HoxA10-specific shRNA blocked �-catenin-in-
duced activity of the CDX4 cis element (Fig. 2C). This suggests
that HoxA10 knockdown was blocking the indirect effects of
overexpressed �-catenin. Alternatively, �-catenin might inter-
act with this CDX4 cis element in a HoxA10-dependent man-
ner. This possibility is explored below.
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Reporter activity of empty pGL3-basic vector in U937 trans-
fectants was�10% of the activity of constructs withCDX4 pro-
moter sequences and was subtracted as background. Overex-
pression of �-catenin did not influence this minimal reporter
activity.
We also performed control experiments to verify that

expression of HoxA10-specific shRNA at this level did not

influence activity of �-catenin protein (either endogenous or
overexpressed). To do this, we used a constructwith four copies
of a consensus Lef/Tcf binding site linked to a minimal pro-
moter and a luciferase reporter (TopFlash, versus non-binding,
mutant FopFlash) (41). U937 cells were co-transfected with
TopFlash or FopFlash control vector, a vector to express
�-catenin (or control vector), and a vector to express HoxA10-

FIGURE 1. �-Catenin increases Cdx4 and HoxA10 expression in myeloid progenitor cells. A, increased �-catenin expression increases Cdx4 and HoxA10
mRNA in myeloid cell lines. U937 cells were stably transfected with a vector to overexpress �-catenin, with an empty control vector, or with a vector to express
�-catenin-specific shRNAs or scrambled control shRNA. Expression of Cdx4 and HoxA10 mRNA was determined by real-time PCR. *, **, *** and #, ##, or ###,
statistically significant differences in gene expression (p � 0.001, n � 6). B, increased �-catenin expression increases Cdx4 and HoxA10 protein in myeloid cell
lines. The stable transfectants referred to above were also analyzed for protein expression. Western blots (WB) of total cell lysates were probed with antibodies
to �-catenin, Cdx4, HoxA10, and Gapdh (as a loading control). C, increased �-catenin expression increases Cdx4 and HoxA10 mRNA in primary bone marrow
cells. Bone marrow cells were isolated from WT mice and transduced with a retroviral vector to express �-catenin or with control vector. Cells were cultured in
GM-CSF, IL-3, and SCF, and CD34� cells were separated. Expression of Cdx4, HoxA10, and �-catenin was determined by real-time PCR. *, **, or ***, statistically
significant differences in gene expression (p � 0.001, n � 3). D, increased �-catenin expression increases Cdx4 and HoxA10 protein in primary bone marrow
cells. The bone marrow cells described above were also analyzed for protein expression. Western blots of lysate proteins were probed with antibodies to Cdx4,
HoxA10, �-catenin, and Gapdh (as a loading control). Error bars, S.E.
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specific shRNA (or scrambled control). We found that
�-catenin-induced TopFlash activation was not influenced by
HoxA10 knockdown under these conditions (Fig. 2D).
We next investigated the conserved�-catenin/Lef consensus

sequence in the CDX4 promoter (�1028 to �1035 bp) for cis
element activity using an artificial promoter construct with
three copies of this sequence linked to aminimal promoter and
a luciferase reporter. This construct was co-transfected into
U937 cells with a vector to overexpress �-catenin, a �-catenin-
specific shRNA, or both (or control vectors).We found that the
activity of the CDX4 cis element-containing construct was
increased by �-catenin overexpression and decreased by
�-catenin knockdown (Fig. 2E). In contrast, �-catenin expres-
sion level had no influence on reporter activity from the con-
trol, minimal promoter construct, which was subtracted as
background.

�-Catenin Increases HOXA10 Promoter Activity in Myeloid
Progenitor Cells—Analysis of the human HOXA10 promoter
identified a previously unrecognized consensus sequences for
�-catenin-Lef/Tcf binding (Fig. 3A). This Lef/Tcf binding con-
sensus was conserved in the murine HOXA10 promoter but in
the opposite orientation, similar to the cis elements in the
human and murine CDX4 promoters that are influenced by
�-catenin (see above) (22). Therefore, we considered the possi-
bility that HOXA10 is also a �-catenin target gene.
Based on the location of this putative �-catenin-binding cis

element, a series of HOXA10 promoter/reporter constructs
were generated. The 5�-end of these constructs was chosen
based on the possible �-catenin/Lef consensus sequence, and
the 3�-end of all of the constructs was the transcription start
site. These constructs were co-transfected into U937 myeloid
cells with a vector to overexpress �-catenin or empty control

FIGURE 2. �-Catenin activates the CDX4 promoter in myeloid progenitor cells. A, sequence homology between the human and murine CDX4 promoters.
A �-catenin-Lef DNA-binding consensus sequence in the human CDX4 promoter has a homologous sequence in the murine CDX4 promoter. Human sequence
is in black, murine sequence is in blue, and the consensus sequence is in red. B, �-catenin overexpression activates the CDX4 promoter. U937 cells were
co-transfected with a series of reporter gene constructs with sequence from the CDX4 5�-flank and a vector to overexpress �-catenin (or control vector).
Transfectants were analyzed for luciferase reporter activity. *, **, or ***, statistically significant differences in reporter activity (p � 0.0001, n � 6). C, �-catenin
overexpression increased activity of the HoxA10-binding CDX4 cis element in a HoxA10-dependent manner. U937 cells were co-transfected with a construct
with three copies of the �139 to �145 bp sequence from the CDX4 promoter linked to a minimal promoter and reporter and a vector to overexpress �-catenin
(or control vector) and a HoxA10-specific shRNA (or scrambled shRNA control vector). Transfectants were analyzed for luciferase reporter activity. *, **, or ***,
statistically significant differences in reporter activity (p � 0.0001, n � 6). D, HoxA10 knockdown does not influence activation of a �-catenin-binding cis
element. U937 cells were co-transfected with a construct with four copies of a �-catenin/Lef binding consensus sequence linked to a minimal promoter and
reporter (TopFlash) or non-binding control vector (FopFlash), a vector to express �-catenin (or control vector), and a HoxA10-specific shRNA (or scrambled
shRNA control vector). The HoxA10-specific shRNA vector was used at a level that did not alone influence activity of the �139 to �145 bp CDX4 cis element but
blocked activation by overexpressed �-catenin. *, statistically significant differences (p � 0.001, n � 4). E, �-catenin activates a specific CDX4 cis element. U937
cells were co-transfected with a construct with three copies of the �1028 to �1035 bp CDX4 promoter sequence linked to a minimal promoter and a reporter
and a vector to overexpress �-catenin (or control vector), a �-catenin-specific shRNA, both, or control vectors. Transfectants were analyzed for luciferase
reporter activity. * or **, statistically significant differences in reporter activity (p � 0.0001, n � 6). Error bars, S.E.
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vector. We found that reporter gene activity from constructs
with 1050 or 816 bp of HOXA10 5�-flank was significantly
increased by �-catenin overexpression (increase of 169 � 20%
and 186 � 25%, respectively, p � 0.001, n � 6 for each con-
struct) (Fig. 3B). In contrast, �-catenin overexpression failed to
exert this profound effect on constructs with 761 or 150 bp of
HOXA10 5�-flank (34 � 10% and 29 � 12% increase, respec-
tively; p� 0.01, n� 8) and exerted no effect on a construct with
100 bp (p � 0.7, n � 4). We found that mutation of the
�-catenin/Lef consensus sequence abolished most of the effect
of �-catenin overexpression on the 816-bp HOXA10 reporter
construct (Fig. 3B).
TheCdx4-binding cis element in theHOXA10 promoter is at

�129 to�136 bp (22). Therefore, this cis element is included in
all of the constructs tested except for the 100-bp construct. If

�-catenin activates the CDX4 promoter and Cdx4 activates
HOXA10 transcription, we would expect indirect activation of
the HOXA10 promoter by �-catenin via the Cdx4-binding cis
element (as discussed above for the CDX4 promoter and
HoxA10). To specifically explore the contribution of the Cdx4-
binding cis element to �-catenin-induced HOXA10 promoter
activity, U937 cells were co-transfected with an artificial pro-
moter/reporter construct containing three copies of the �129
to �136 bp sequence from theHOXA10 promoter and vectors
to express �-catenin- and Cdx4-specific shRNAs (or relevant
control vectors) (22). We found that expression of a Cdx4-spe-
cific shRNA blocked the effect of �-catenin on this cis element,
consistent with an indirect effect of �-catenin (Fig. 3C). The
alternative possibility, that �-catenin interacts with this cis ele-
ment in a HoxA10-dependent manner, is explored below.

FIGURE 3. �-Catenin activates the HOXA10 promoter in myeloid progenitor cells. A, sequence homology between the human and murine HOXA10
promoters. A �-catenin-Lef DNA-binding consensus sequence in the human HOXA10 promoter has a homologous sequence in the murine HOXA10 promoter.
The human sequence is in black, the murine sequence is in blue, and the consensus sequence is in red. B, �-catenin overexpression activates the HOXA10
promoter. U937 cells were co-transfected with a series of reporter gene constructs with sequence from the HOXA10 5�-flank and a vector to overexpress
�-catenin (or control vector). Transfectants were analyzed for luciferase reporter activity. *, **, or ***, statistically significant differences in reporter activity (p �
0.002, n � 6). C, �-catenin overexpression increased activity of the Cdx4-binding HOXA10 cis element in a Cdx4-dependent manner. U937 cells were co-
transfected with a construct with three copies of the �129 to �136 bp sequence from the HOXA10 promoter linked to a minimal promoter and reporter and
a vector to overexpress �-catenin (or control vector) and a Cdx4-specific shRNA (or scrambled shRNA control vector). Transfectants were analyzed for luciferase
reporter activity. *, **, or ***, statistically significant differences in reporter activity (p � 0.001, n � 6). D, Cdx4 knockdown does not influence activation of a
�-catenin-binding cis element. U937 cells were co-transfected with a construct with four copies of a �-catenin/Lef binding consensus sequence linked to a
minimal promoter and reporter (TopFlash) or non-binding control vector (FopFlash), a vector to express �-catenin (or control vector), and a Cdx4-specific
shRNA (or scrambled shRNA control vector). The Cdx4-specific shRNA vector was used at a level that did not alone influence activity of the �129 to �136 bp
HOXA10 cis element but blocked activation by overexpressed �-catenin. *, statistically significant differences (p � 0.001, n � 4). E, �-catenin activates a specific
HOXA10 cis element. U937 cells were co-transfected with a construct with two copies of the �800 to �830 bp HOXA10 promoter sequence linked to a minimal
promoter and a reporter and a vector to overexpress �-catenin (or control vector), a �-catenin-specific shRNA, both, or control vectors. Transfectants were
analyzed for luciferase reporter activity. * or **, statistically significant differences in reporter activity (p � 0.01, n � 6). Error bars, S.E.
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We also performed control experiments to verify that
expression of Cdx4-specific shRNA at this level did not influ-
ence the activity of �-catenin protein using the TopFlash
�-catenin/Lef-binding reporter construct, as in the studies
above. For these studies, U937 cells were co-transfected with
TopFlash or FopFlash control vector, a vector to express
�-catenin (or control vector), and a vector to express Cdx4-
specific shRNA (or scrambled control). We found that
�-catenin-induced TopFlash activation was not influenced by
Cdx4 knockdown under these conditions (Fig. 3D).

To verify cis element activity of the potential �-catenin/Lef
binding site in the HOXA10 promoter sequence, we generated a
reporter construct with two copies of�803 to�809 bp sequence
linked to a minimal promoter. This construct was co-transfected
into U937 cells with vectors to express �-catenin, a �-catenin-
specific shRNA, or both (or control vectors). We found that
reporter activity was increased by �-catenin overexpression and
decreased by knockdown, as anticipated (Fig. 3E).

�-Catenin Interacts with the CDX4 and HOXA10 Promoters—
These studies suggest that �-catenin influences activity of the
CDX4 and HOXA10 promoters via the Lef/Tcf consensus
sequences that we identified above. To demonstrate this
directly, we first performed in vitro DNA-binding assays. For
these studies, radiolabeled, double-stranded synthetic oligonu-
cleotide probes were generated with the �1020 to �1045 bp
sequence from the CDX4 promoter or the �800 to �825 bp
sequence from the HOXA10 promoter. The probes were incu-
bated with nuclear proteins from U937 cells, and DNA-bound
proteins were identified by EMSA.
We found that the CDX4 probe generated a specific low

mobility band in this assay (Fig. 4A). Binding of this complex
was competed for by an unlabeled molar excess of double-
stranded homologous oligonucleotide or an oligonucleotide
representing a �-catenin/Lef consensus (but not mutant con-
trol oligonucleotide). Binding of the low mobility complex was
disrupted by preincubation with a �-catenin antibody. Similar
studies were performed with the HOXA10 probe, and similar
results were obtained (Fig. 4B).
We also investigated �-catenin binding to these promoter

sequences in vivo. For these studies, chromatin was sonicated
prior to an average size of 200 bp and co-immunoprecipitated
from U937 cells with an antibody to �-catenin (or irrelevant
antibody control). Precipitated chromatin was amplified with
primer sets to amplify the regions surrounding the �-catenin/
Lef consensus sequences in theCXD4 andHOXA10 promoters.
For these studies, non-precipitated chromatin was a positive
control. We found specific interaction of �-catenin with these
putative cis elements (Fig. 4C). Because �-catenin also influ-
ences the activity of a previously identified CDX4 cis element
that binds HoxA10 (�136 to �146 bp) and a HOXA10 cis ele-
ment that binds Cdx4 (�129 to�136 bp), we also tested in vivo
binding of �-catenin to these promoter sequences. We found
that �-catenin binding to these sequences was equivalent to
background binding to irrelevant sequences (Fig. 4C). This sug-
gested that�-catenin influences these cis elements indirectly by
influencing HoxA10 and Cdx4 expression rather than by inter-
acting with the cis elements in a HoxA10- or Cdx4-dependent
manner.

Expression of �-Catenin, HoxA10, and Cdx4 Is Interdepen-
dent in Myeloid Cells—Our studies indicate that HoxA10 reg-
ulatesCDX4, Cdx4 regulatesHOXA10, and both genes are acti-
vated by �-catenin (22). We previously determined that
HoxA10 activates transcription of the FGF2 gene (24) and that
autocrine production of Fgf2 by HoxA10-overexpressing mye-
loid cells increases �-catenin activity (Fig. 5A) (24). Therefore,
we investigated the role of Fgf2 in HoxA10-induced expression
of Cdx4 and in Cdx4-induced HoxA10 expression. For these
studies, U937 stable transfectants were generated with a vector
to overexpress HoxA10 or Cdx4 or with empty control vector.
Cells were treated with a blocking antibody to Fgf2 (versus con-
trol antibody) and analyzed for gene expression.
We found increased Cdx4 mRNA in HoxA10-overexpress-

ing cells and increasedHoxA10mRNA inCdx4-overexpressing
cells, as anticipated (Fig. 5B). Consistent with our hypothesis,
Fgf2 blocking antibody decreased Cdx4 in HoxA10-overex-
pressing cells and HoxA10 in Cdx4-overexpressing cells. We
previously demonstrated the specificity and efficacy of blocking
Fgf-R activation with this Fgf2-blocking antibody (24).
Based on these results, we next investigated whether

�-catenin influences the effect of HoxA10 on Cdx4 expression
or the effect of Cdx4 on HoxA10 expression. For these studies,
U937 stable transfectants were generated with a vector to over-
express HoxA10 or Cdx4 (or with vector control) and a vector
to express a �-catenin-specific shRNA (or scrambled control).
Cells were analyzed for mRNA expression by real-time PCR.
We found that �-catenin knockdown decreased Cdx4

mRNA in HoxA10-overexpressing transfectants (Fig. 5C).
�-Catenin knockdown also decreased Cdx4 mRNA in Cdx4-
overexpressing transfectants, consistent with an effect of Cdx4-
induced HoxA10 on transcription of the endogenous CDX4
gene. Similarly, the increase in HoxA10 in Cdx4-overexpress-
ing transfectants was decreased by �-catenin knockdown, as
was the increase in HoxA10 in cells transfected with a HoxA10
expression vector (Fig. 5C).
Fgf-R activation induces a specific phosphorylation event

(Ser(P)-552) that increases �-catenin activity (42). We previ-
ously found increased total �-catenin protein in a PI3K-depen-
dentmanner in Fgf2-treated cells (24). Todetermine if total and
phosphorylated �-catenin were both increased by Fgf2, we
treated U937 cells with a dose of recombinant Fgf2 that we
previously determined inducesmaximal proliferation (24). Cell
lysate proteins were analyzed for total and phosphorylated
�-catenin byWestern blot. We found an equivalent increase in
total and active �-catenin in Fgf2-treated cells in comparison
with sham-treated cells (Fig. 5D).
We also investigated these issues using bonemarrow-derived

primary myeloid progenitor cells. For these studies, we took
advantage of a murine model with disruption of the HOXA10
gene (30). These mice are viable with decreased fertility and
mild abnormalities in hematopoiesis. Bone marrow cells from
WT, HoxA10�/�, and HoxA10�/� mice were transduced with
a retroviral vector to express �-catenin or with empty control
vector. Cells were cultured in GM-CSF, IL-3, and SCF, and
CD34� cells were isolated (GMP conditions). Cells were ana-
lyzed for expression of Cdx4,HoxA10, and�-cateninmRNAby
real-time PCR.
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We found that increased Cdx4 mRNA in �-catenin-trans-
duced cells is abrogated byHoxA10 knock-out in a dose-depen-
dent manner (Fig. 6A). We also found that �-catenin overex-
pression induces a greater increase in HoxA10 expression in
WT bone marrow cells in comparison with HoxA10�/� cells
(Fig. 6A). HoxA10 expression is not seen in any HoxA10�/�

cells, as anticipated.
To investigate the role of Fgf2 in �-catenin-inducedHoxA10

and Cdx4 expression, some transduced cells were treated with
an Fgf2-blocking antibody (24). We found significantly
decreased HoxA10 and Cdx4 expression in �-catenin-overex-

pressing cells that were treated with Fgf2-blocking antibody in
comparison with control antibody (Fig. 6B). Expression was
also decreased in control cells, as might be anticipated.

�-Catenin InfluencesCytokineHypersensitivity inCdx4-over-
expressing Myeloid Cells—In previous studies, we determined
that HoxA10-overexpressing myeloid progenitor cells exhibit
an increased proliferative response to hematopoietic cytokines
(i.e. cytokine hypersensitivity) (10, 24). We also demonstrated
that cytokine hypersensitivity in HoxA10-overexpressing mye-
loid cells was influenced by Fgf2 and �-catenin (24). Because
Cdx4 increases expression of HoxA10, Cdx4-overexpressing

FIGURE 4. �-Catenin interacts with the CDX4 and HOXA10 promoters in myeloid cells. A, �-catenin interacts with the CDX4 promoter in vitro. EMSAs were
performed with a double-stranded oligonucleotide probe representing �1020 to �1045 bp sequence from the CDX4 promoter and nuclear proteins from
U937 cells. Some binding assays were preincubated with double-stranded oligonucleotide competitors. Lane 1, no competitor; lane 2, homologous oligonu-
cleotide; lane 3, homologous oligonucleotide with mutation in the �-catenin-Lef consensus sequence; lane 4, another oligonucleotide with the �-catenin-Lef
consensus sequence; lane 5, a mutant form of this oligonucleotide; lane 6, oligonucleotide representing the HoxA10 binding (�139 to �146 bp) CDX4
sequence; lane 7, irrelevant oligonucleotide from the CDX4 5�-flank; lane 8, �-catenin antibody; lane 9, control irrelevant antibody. B, �-catenin interacts with
the HOXA10 promoter in vitro. EMSAs were performed with a double-stranded oligonucleotide probe representing �800 to �835 bp sequence from the
HOXA10 promoter and nuclear proteins from U937 cells. Some binding assays were preincubated with double-stranded oligonucleotide competitors. Lane 1,
no competitor; lane 2, homologous oligonucleotide; lane 3, homologous oligonucleotide with mutation in the �-catenin-Lef consensus sequence; lane 4,
another oligonucleotide with the �-catenin-Lef consensus sequence; lane 5, a mutant form of this oligonucleotide; lane 6, oligonucleotide representing the
Cdx4-binding (�129 to �136 bp) HOXA10 sequence; lane 7, irrelevant oligonucleotide from the HOXA10 5�-flank; lane 8, �-catenin antibody; lane 9, control
irrelevant antibody. C, �-catenin interacts with the CDX4 and HOXA10 promoters in vivo. Chromatin was immunoprecipitated from U937 lysates with an
antibody to �-catenin or control antibody. Co-precipitating chromatin was amplified with primer sets representing sequences from the CXD4 and HOXA10
promoters. * or **, statistically significant differences (p � 0.0001, n � 3). Error bars, S.E.
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cells would also be anticipated to exhibit Fgf2- and �-catenin-
related cytokine hypersensitivity.
To test this hypothesis, Cdx4-overexpressing cells were com-

pared with control vector-transduced cells (as a negative control)
and HoxA10-overexpressing cells (as a positive control). Cells
wereassayed forproliferation inresponse toadose titrationof fetal
calf serum (FSC; a source of cytokine in this study). To determine
the effect of Fgf2 on proliferation, cells were treated with an Fgf2-
blocking antibody or antibody control.We found that Cdx4-over-
expressing cells exhibit an increased proliferative response to FCS
in comparison with control cells (Fig. 7A). Consistent with our
hypothesis, this was decreased by blocking Fgf2 (Fig. 7A).
We next determined the impact of �-catenin on Cdx4-in-

duced cytokine hypersensitivity. For these studies, proliferation

assayswere performedonU937 cells transfectedwith vectors to
express Cdx4 or HoxA10 (or control vector) and a vector to
express �-catenin-specific shRNAs (or scrambled control
shRNA). We found that �-catenin knockdown decreases the
proliferative response of Cdx4-overexpressing cells (Fig. 7B).
�-Catenin knockdown also impaired cytokine hypersensitivity
in HoxA10-overexpressing cells, consistent with our previous
results (24).

DISCUSSION

Our previous studies determined that HoxA10 regulates
transcription of CDX4 and Cdx4 regulates transcription of
HOXA10 in a manner that results in positive feedback between
these proteins (22). In other previous studies, we determined

FIGURE 5. Expression of HoxA10, Cdx4, and �-catenin is interdependent in myeloid leukemia cells. A, representation of influences of HoxA10, Cdx4, and
�-catenin on each other. The schematic represents the interrelationship between HoxA10, Cdx4, and �-catenin. Black arrows, influence on gene transcription;
purple arrows, signal transduction pathways. B, HoxA10 influences Cdx4 expression in an Fgf2-dependent manner, and Cdx4 influences HoxA10 expression in
an Fgf2-dependent manner. U937 stable transfectants with vectors to express HoxA10 or Cdx4 or with empty vector control were analyzed after treatment with
Fgf2-blocking antibody or control antibody. Real-time PCR was used to determine mRNA expression. * or **, statistically significant differences (p � 0.003, n �
3). C, HoxA10 influences Cdx4-expression in a �-catenin-dependent manner, and Cdx4 influences HoxA10 expression in a �-catenin-dependent manner. U937
stable transfectants were generated with vectors to express �-catenin, HoxA10, Cdx4, �-catenin-specific shRNAs, HoxA10 � �-catenin-specific shRNAs, Cdx4
� �-catenin-specific shRNAs, or control vectors. Cells were analyzed for mRNA expression by real-time PCR. *, **, #, or ##, statistically significant differences (p �
0.0001, n � 3). D, both total and serine 552-phosphorylated �-catenin are increased by Fgf2. U937 cells were treated with Fgf2, and cell lysate proteins were
analyzed by Western blots serially probed with antibodies to Ser(P)-552 �-catenin, �-catenin, or tubulin (as a loading control). Error bars, S.E.

�-Catenin Regulates HOXA10 and CDX4

39598 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 47 • NOVEMBER 16, 2012



that HoxA10 regulates FGF2 transcription (24). We found that
autocrine stimulation of HoxA10-overexpressing myeloid pro-
genitor cells by Fgf2 activates �-catenin in a PI3K-dependent
manner (24) and that this contributes to cytokine hypersensi-
tivity of these cells. In the current studies, we demonstrate that
�-catenin directly activates theCDX4 andHOXA10 promoters.
We also find that �-catenin indirectly activates CDX4 in a
HoxA10-dependent manner and HOXA10 in a Cdx4-depen-

dent manner. Therefore, our studies identify another layer of
complexity to cross-regulation of these homeodomain-con-
taining proteins. Previous studies by other investigators deter-
mined that canonical Wnt signaling increases Cdx4 expression
in a �-catenin-dependentmanner (22). Other studies indicated
that Fgf2 signaling influences Cdx4 expression in a PI3K-de-
pendent manner (43). Therefore, our investigations integrate
these two pathways via cross-talk between HoxA10 and Cdx4.

FIGURE 6. Expression of HoxA10, Cdx4, and �-catenin is interdependent in primary murine myeloid progenitor cells. A, �-catenin influences Cdx4
expression in a HoxA10-dependent manner in primary bone marrow cells. Bone marrow cells were isolated from WT, HoxA10�/�, or HoxA10�/� mice and
transduced with a retroviral vector to express �-catenin or with control vector. Cells were cultured in GM-CSF, IL-3, and SCF, and CD34� cells were separated.
Expression of Cdx4, HoxA10, and �-catenin was determined by real-time PCR. *, **, or ***, statistically significant differences in gene expression (p � 0.0001, n �
3). B, Fgf2 influences �-catenin-induced HoxA10 and Cdx4 expression in primary bone marrow cells. Some of the cells described above were treated with
Fgf2-blocking antibody or control irrelevant antibody. Expression of Cdx4, HoxA10, and �-catenin was determined by real-time PCR. *, **, ***, #, ##, ###, &, &&,
or &&&, statistically significant differences in gene expression (p � 0.002, n � 3). Error bars, S.E.

FIGURE 7. Cytokine hypersensitivity of Cdx4-overexpressing myeloid cells is influenced by Fgf2 and �-catenin. A, cytokine hypersensitivity of Cdx4-
overexpressing myeloid cells is influenced by Fgf2. U937 cells were stably transfected with a vector to express Cdx4 or HoxA10 or with control vector. Cells were
deprived of all cytokines for 24 h and stimulated with a dose titration of FCS with or without an Fgf2-blocking antibody. Proliferation was determined by
incorporation of [3H]thymidine over 24 h. *, **, or ***, statistically significant differences in proliferation at a given FCS concentration. B, cytokine hypersensi-
tivity of Cdx4-overexpressing myeloid cells is influenced by �-catenin. U937 cells were stably transfected with a vector to express Cdx4, HoxA10, or control
vector plus a vector to express �-catenin-specific shRNAs or scrambled control shRNA. Cells were deprived of all cytokines for 24 h and stimulated with a dose
titration of FCS. Proliferation was determined by incorporation of [3H]thymidine over 24 h. *, **, or ***, statistically significant differences in proliferation at a
given FCS concentration. Error bars, S.E.
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In our studies, we compared the human and murine CDX4
promoters to identify consensus sequences for �-catenin/Lef
binding. Other investigators analyzed the murine CDX4 pro-
moter and determined the impact of such consensus sequence
on promoter activity in transfection experiments with an
embryocarcinoma cell line (23).We found that one of the three
�-catenin/Lef consensus sequences identified by these investi-
gators was conserved in the humanCDX4 promoter (at��710
bp). However, we found that this conserved CDX4 cis element
was not active inmyeloid cells. Thismight suggest lineage spec-
ificity to activity of �-catenin/Lef-binding cis elements. Mech-
anisms for this might include the presence of lineage-specific
cooperating or antagonistic transcription factors or epigenetic
differences in myeloid progenitor cells versus carcinoma cells.
The �-catenin/Lef consensus sequence that we functionally

defined in theCDX4 promoter is 5� to all three previously char-
acterizedmurine cis elements (23). However, this does not con-
tradict their prior excellent work, because the studies by these
investigators also indicated that there were more distal
�-catenin-regulated CDX4 cis elements (23). Studies to better
understand the lineage- and/or differentiation stage-specific
regulation of theCDX4 promoter are ongoing in the laboratory.
Our studies represent the first identification of a HOX gene

as a target for �-catenin. Because �-catenin is activated by Fgf2
inmyeloid progenitor cells, this provides another positive feed-
back mechanism for HOXA10 transcription in HoxA10-over-
expressing cells. Because �-catenin also activates CDX4, these
studies identify molecular mechanisms with a multiplier effect.
These mechanisms would be anticipated to sustain abnormal
expression ofHoxA10 andCdx4 and further increase�-catenin
activity. Similar to the human and murine CDX4 promoters,
the �-catenin/Lef consensus sequences in the human and
murineHOXA10promoterswere conserved but in the opposite
orientation.
Increased expression of HoxA10 is associated with poor

prognosis in humanAML and results inmyeloproliferation and
AML in murine models. Increased expression of Cdx4 is also
found in Hox-overexpressing human AML and contributes to
leukemogenesis in murine models. Increased activity of
�-catenin in leukemia stem cells is associated with resistance to
drug therapy and poor prognosis. Fgf2 is critical for hematopoi-
etic stem cell proliferation and survival and plays a role in line-
age commitment (44). Fgf2 expression is increased in forms of
humanAMLwith increasedHoxA10, and increased circulating
Fgf2 has been documented in myeloid leukemias (45) (Oncom-
ine, Research Edition, University of Michigan, Ann Arbor, MI).
We previously identified functional connections between these
proteins by demonstrating that cytokine hypersensitivity in
HoxA10-overexpressing myeloid progenitor cells can be
decreased by blocking Fgf2 or knocking down �-catenin. In the
current studies, we show similar influences for Fgf2 and
�-catenin on the proliferative response to cytokines in Cdx4-
overexpressing myeloid cells.
Increased �-catenin activity could contribute to cytokine

hypersensitivity inmyeloid leukemia cells by increasing expres-
sion of �-catenin target genes, including cyclin D1 and c-Myc.
However, our studies identify another potential mechanism,
increased HoxA10 and Cdx4 with consequent dysregulation of

the target genes for these homeodomain transcription factors.
Cdx4 influences expression of other HOX genes, including
HOXB3, -B4, and -A9 (19, 22). HoxA10 target genes that are
involved in proliferation include genes encoding Fgf2, Tgf�2,
Mkp2, and �3 integrin (24, 27, 33, 34). Our studies suggest the
possibility that disrupting this network might be a therapeutic
approach to Hox-overexpressing AML. Because pharmaco-
logic inhibitors to Fgf-R are under development, this approach
is feasible.
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