
Abstract. Wnt signalling regulates proliferation, self renewal
and cell fate. Aberrant Wnt signalling is thought to contribute
to AML pathogenesis by enhancing self renewal. Herein, we
provide evidence for increased expression of Frizzled-4, a
receptor for Wnt ligands, in primary AML blasts compared
to normal bone marrow on the protein level. In addition,
Frizzled-4 is highly expressed in human CD34 positive cells
as well as in lineage negative sorted mouse bone marrow
cells. Functionally, Frizzled-4 expression modulates apoptosis
and enhances Wnt3a induced ß-catenin stability in myeloid
progenitor cells. Frizzled-4-dependent ß-catenin stabilization
is dkk-1 sensitive, implicating a specific Wnt-ligand/Frizzled-
receptor interaction. These findings indicate enhanced
sensitivity of AML blasts for Wnt-ligands and suggest an
additional mechanism of Wnt signalling activation in the
pathogenesis of AML.

Introduction

The Wnt signalling pathway regulates embryonic development
in a context-dependent manner through changes in pro-
liferation, cell fate and movement (1). Also, Wnt signalling
has been implicated in the development of a variety of human
cancers (2). Wnts activate a wide range of biological effects
through binding to Frizzled receptors (Fzd), members of the
seven-transmembrane receptor family and the single-span
low density lipoprotein receptor-related protein (LRP) (3,4).
Wnt binding triggers the release of ß-catenin from a destruction
complex, containing Axin, the adenomatous polyposis coli
gene product (APC), glycogen synthase kinase 3ß (GSK3ß)

and other proteins, which in the absence of Wnts promote
ubiquitin-mediated degradation of ß-catenin (1). Subsequently,
free ß-catenin shuttles into the nucleus and acts as a tran-
scriptional coactivator of TCF/LEF-family members to
induce Wnt-target genes (5). Its biological significance in
hematopoiesis and stem cell self renewal has been described
previously (6). However, results obtained by individual gene
ablations of the two known signal transmitters ß- and γ-
catenin have thus far failed to support a critical role of this
pathway in normal hematopoiesis whereas in vivo gain of
function experiments clearly demonstrate effects on ß-catenin
on proliferation and differentiation potential of hematopoietic
cells (7-9). Loss-of-function mutations in Frizzled-4 (Fz4)
and the co-receptor LRP5, have been demonstrated in
familial exsudative vitreoretinopathy (FEVR) (10,11).
Robitaille and colleagues reported a function for Frizzled-4
in retinal angiogenesis and established the first association
between a Wnt-receptor and a human disease (11); a mutant
allele of Fz4, encoding a truncated protein that is retained in
the endoplasmic reticulum, is linked to the autosomal-dominant
retinal degenerative disease, ramilial exudative vitreore-
tinopathy (FEVR). Furthermore, this mutant form of Fz4
oligomerizes with wild-type Fz4, retains it in the endoplasmic
reticulum and inhibits its signalling (12). Xu et al showed
that Norrin, the protein product of the Norrie disease gene,
that is a secreted protein of unknown function, acts as ligand
for the Fz4 receptor and induces activation of the classical
Wnt pathway (10). Finally, the detailed expression pattern
analyses of different Wnts components in the murine small
intestine and colon and adenomas established distinct
expression patterns of Fzd4 in normal versus neoplastic
tissue (13).

Despite the known involvement in Wnt signalling,
relatively little is known about the role of Frizzleds in the
hematopoietic system. Previously, we identified a role for
canonical Wnt signalling in translocation product induced
pathogenesis of AML as well as in Flt3-ITD-mediated
leukemic transformation (14,15). Higher mRNA levels of
Frizzled-4 were observed in Flt3-ITD transformed murine
progenitor 32D cells compared to the wild-type. Over-
expression of signalling receptors is an established mechanism
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in oncogenic transformation (16). This let us hypothesize that
high levels of receptors for canonical Wnt ligands might act
as regulatory components in leukemic transformation.

Methods and methods

Patient samples. All samples were collected from patients
enrolled in a treatment optimization trial in Germany (17).
Written informed consent was obtained from all individuals.

Cell lines and protein purification and apoptosis. The IL3-
dependent murine myeloid progenitor cell line 32Dcl3 was
cultured in RPMI-1640 supplemented with 10% WEHI-
conditioned medium as a source of IL3 as described earlier
(18,19). For generating Frizzled-4 overexpressing cell lines,
32DFlt3-wild-type cells were retrovirally transduced with
pMY-Frizzled-4-IRES-EGFP. The EGFP positive cells were
sorted and cultured. Producing retroviral supernatants, 32DcKit
constructs and apoptosis assays were performed as described
(20).

Wnt3a conditioned medium was prepared from confluent
cultures of Wnt3a-producing L cells (stably transfected with
Wnt3a cDNA, ATCC) or control L cells (ATCC), grown in
supplemented DMEM. Culture supernatants were collected
after 3-4 days. Purified mouse Dkk-1, containing a His- and
a Flag-tag sequence was kindly provided by Dr Cati Logan
and Dr Calvin Kuo, Stanford, CA (21).

RNA-isolation, generation of cDNA and real-time RT-PCR.
Total RNA was isolated using Trizol reagent (Invitrogen,
Karlsruhe, Germany) according to the manufacturer's recom-
mendations. In brief, 1 μg total RNA was used for reverse
transcription. The cDNA was diluted to 200 μl with ddH2O,
and 2.5 μl were used for each PCR reaction. The quantitation
of mRNA levels was carried out using a real-time fluorescence
detection method as described previously (15,22). Relative
gene expression levels were calculated using standard curves
generated by the serial dilutions of cDNA from 32D cells.
All samples were independently analyzed at least twice for

each gene. The housekeeping gene GAPDH served as an
additional control for the cDNA quality.

For the analysis of Frz-4 expression in different hema-
topoietic cells, red cell-lysed bone marrow C57/bl6N wild-
type mice were incubated with the respective antibody (c-Kit,
B220, GR1, CD11b, Ter119, CD41, all BD Biosciences,
Franklin Lakes, NJ, USA) for 1 h on ice in the dark. Lineage
depletion was obtained using the Lineage cell depletion kit
mouse (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer's protocol. RNA from sorted
bone marrow subsets was isolated using Qiagen MicroRNAsy
kit (Hilden, Germany) according to the manufacturer's
recommendations.

Western blot analyses and antibodies. Cell lysates and
Western blotting were performed as described (14,20).
Frizzled-4 antibody was purchased from R&D Systems
(Wiesbaden, Germany), anti-ß-catenin mouse monoclonal
antibody was obtained from Transduction Laboratories
(Lexington, KY, USA), and the anti-mouse actin monoclonal
antibody was obtained from Sigma (Taufkirchen, Germany).
Horseradish peroxidase coupled goat anti-rabbit and goat
anti-mouse antibodies were purchased from Jackson Immuno
Laboratories (West Grove, PA, USA).

Statistics. All data were evaluated by the Mann-Whitney U test
and P≤0.05 were considered significant. All error bars represent
standard deviations.

Tissue array construction and immunohistochemistry analyses.
Tissue array construction with primary AML, CD34+ cells
of healthy donors and cell lines were performed as described
previously (23).

Microarray. Microarray expression analysis was performed
using the microarray analyser 1700 from ABI according to
the manufacturer's protocol (24). Total RNA (2 μg) were
reverse-transcribed and second-strand synthesis was performed.
Digoxigenin-UTP was included in the IVT-reaction to produce
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Figure 1. Frizzled-4 mRNA expression in cKit overexpressing cells and primary AML samples. (A) Bar diagrams show the relative Frizzled-4 mRNA
expression in stably transfected 32DcKit-ITD cells compared to 32DcKit-WT. Cells were starved overnight and then cultured either with no growth factor or
SCF (10 ng/nl) for 6 h. Retroviral transduction and real-time RT-PCR were performed as described (14,20). (B) Box plots represent the levels of Frizzled-4
mRNA expression as analyzed by microarray analyses in a cohort of 80 patients.
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DIG-labelled cRNA that after fragmentation was hybridized
to the Genome survey expression arrays (ABI). Detection
was performed by a chemiluminescent reaction with high
sensitivity and primary analyses were performed with the
1700 chemiluminescent microarray analyser (ABI).

Results

In prior studies, we described for the first time a role for Wnt
signalling in the pathogenesis of AML (14,15). We found

that Wnt signalling regulators were modified in their
expression by the presence of Flt3-ITD in the murine hema-
topoietic progenitor cell line 32D. Microarray analyses
revealed higher mRNA expression of Frizzled-4 in 32D/
Flt3ITD cells compared with 32D/Flt3-WT. These findings
were verified by quantitative real-time reverse transcription-
polymerase chain reaction and on the protein level.

Frizzled-4 receptor is expressed in AML patients compared to
normal bone marrow. We analyzed Frizzled-4 RNA levels in
stably transfected cKit-ITD expressing 32D cells. The amount
of Frizzled-4 RNA was significantly higher in cKit-ITD
expressing cells compared to WT transfected cells (Fig. 1A).
Next, we analyzed microarray data from blasts of 38 AML
patients. The data in Fig. 1B show that Frizzled-4 RNA is
widely expressed in AML patients regardless of the presence
or absence of Flt3 mutations. These data implicate, that
different mechanisms exist besides ITD-mutations in patients
that induce Frizzled-4 RNA.

To further confirm these findings bone marrow biopsies
from 143 patients as well as from 30 patients with normal
bone marrow, 10 CD34 positive samples and several leukemic
cell lines were prepared as tissue arrays and analyzed for
Frizzled-4 protein expression (Fig. 2A and B). Fig. 2A shows
examples for negative and positive staining for Frizzled-4
expression. The immunostaining indicated that blasts from
~80% of all AML patients expressed Frizzled-4 on the
protein level. Frizzled-4 was rarely expressed in normal bone
marrow (2/30, 6.7%). Frizzled-4 was also expressed in normal
CD34 positive hematopoietic progenitor cells with eight of
ten samples being positive for expression. This result indicates
a function of Frizzled-4 receptor in the stem cell compartment
as normal bone marrow samples contain low stem cell numbers
and were negative for Frizzled-4 staining, whereas CD34
positive cells are enriched for progenitor cells. The immuno-
histochemical distribution pattern of Frizzled-4 in a variety
of different cells is shown in Fig. 3. These data clearly show,
that Frizzled-4 protein is widely expressed in a variety of
leukemic cell lines. In line with these data are the experiments
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Figure 2. Frizzled-4 protein expression in primary AML samples. (A) The photos depict the immunohistochemical findings for Frizzled-4 negative or positive
staining of the tissue array. (B) Percentage of Frizzled-4 staining in a tissue array compared to normal bone marrow samples (AML, N=143; normal bone
marrow, N=30; CD34, N=10).

Figure 3. Distribution of Frizzled-4 protein expression in CD34 positive
cells and several cell lines. Different cells were immunohistochemically
analyzed for Frizzled-4 protein expression (-, negative; +, positive; ++,
highly positive).
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shown in Fig. 4A. Real-time RT-PCR analyses verified high
expression of Frizzled-4 in primitive hematopoietic progenitor
cells (lin-). Fig. 4B shows the Frizzled-4 distribution in
different FAB classes. Interestingly, Frizzled-4 expression
was lower in FAB classes M1-M3 and increased in mono-
cytic and erythroid leukemia development (FAB M4-M6).

Frizzled-4 overexpression in murine 32D cells and response
to Wnt3a. In order to understand the biological consequences
of high Frizzled-4 expression we established stable cell lines
overexpressing Frizzled-4 (Fig. 5A and B). Frizzled-4 surface
expression was verified by flow cytometry in transfected
cells whereas Frizzled-4 was undetectable in 32D wild-type
cells. Growth of the murine myeloid progenitor cell line
32Dcl3 depends on the presence of IL-3. Expression of Flt3-
WT in these cells allows IL-3 to be substituted by FL (18,25).
To analyze the effects of the presence of Frizzled-4 receptor
on the mediation of canonical Wnt-signaling, 32DFlt3WT-
PMY (control) or 32DFlt3WT/Frz-4 cells were incubated either
in control medium or in Wnt3a containing medium. The cells
were then assessed for ß-catenin protein levels (Fig. 6A-C).

We observed a consistent increase in basal ß-catenin protein
levels in both cell lines in comparison to non-stimulated cells
(Fig. 6A). Stimulation of Frizzled-4 expressing cells with
Wnt3a revealed a more prominent increase of ß-catenin
protein level than the control cell line. These data suggest
that the Frizzled-4 receptor mediates Wnt3a signalling via ß-
catenin stabilisation. To rule out non-specific induction of ß-
catenin protein levels we analyzed ß-catenin induction in
the presence of dkk-1, a potent inhibitor of Wnt ligands (26)
(Fig. 6B). In the presence of Wnt3a conditioned medium, the
addition of dkk-1 to the medium resulted in a reduction of
ß-catenin protein levels in both cell lines. These findings
suggested a specific Wnt3a ligand, Frizzled-4 receptor
interaction and induction of canonical Wnt-signalling. Next,
we performed a competitive antibody assay to verify the
specific interaction of Wnt3a with the Frizzled-4 receptor.
An anti-Frizzled-4 antibody that interacts with the cystein-
rich domain important for Wnt-binding was added to Wnt-
containing medium. All the experiments were carried out with
a control lacking Frizzled-4 antibody. The presence of anti-
Frizzled-4 antibody reduced Wnt3a initiated ß-catenin
induction (Fig. 6C). We conclude that Frizzled-4 is a receptor
for Wnt3a and thus can induce canonical Wnt signalling via
ß-catenin induction in hematopoietic cells.

The findings described so far provided evidence that
Frizzled-4 induce ß-catenin stabilization and thus sensitized
cells for Wnt3a stimulation. We wondered whether this
activation could result into any biological advantage for hema-
topoietic progenitor cells expressing Frizzled-4. Therefore,
we studied the consequences of Wnt3a exposure on apoptosis
of 32DFlt3WT/PMY or 32DFlt3WT/Frz4 cells. The cells were
either incubated with control conditioned medium or Wnt3a
conditioned medium and subsequently the apoptosis was
assessed at indicated time points. Fig. 6D depicts the fold
differences in viability of Wnt3a-treated cells of both cell lines
in comparison to control conditioned medium for indicated
time points. The fold viability in presence of Wnt3a compared
with control conditioned was higher in Frizzled-4 expressing
cells than in the control cell line. These data indicate that
Frizzled-4-mediated canonical Wnt signalling results in a
higher resistance against apoptosis.
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Figure 4. Frizzled-4 expression in sorted mouse bone marrow cells and distribution in FAB classes of AML-tissue arrays. (A) Taqman analyses of sorted
mouse bone marrow cells. (B) Bar diagrams represent the average Frizzled-4 presence in different FAB classes. Numbers above the bars represent the total
number of patients for each FAB class.

Figure 5. To establish Frizzled-4 overexpressing cell lines, 32D Flt3-wild-
type cells were retrovirally transduced with pMY-Frizzled-4-IRES-EGFP
(B) or empty vector (PMY, A). Frizzled-4 expression was determined by
flow cytometric Frizzled-4 surface expression.
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Discussion

The evolutionary highly conserved Wnt signalling pathway
has been described to be targeted by AML fusion proteins,
serves important functions in hematopoiesis and stem cell
self renewal and in Flt3-ITD-mediated transformation
(6,14,15,27). The mechanism of leukemic transformation and
the role of Wnt signalling have not yet been completely
analyzed. Prior to this study, we identified the Frizzled-4
receptor to be upregulated in Flt3-ITD over-expressing 32D
cells (14).

In this study, we analyzed the expression of Frizzled-4
receptor on RNA and protein level in AML patients. Ectopic
expression of Frizzled-4 in a cell line model revealed higher
inducibility of ß-catenin stabilisation when exposed to
Wnt3a, which undergoes with higher apoptosis resistance.
In addition, we demonstrated a specific Wnt3a-Frizzled-4
interaction, as Frizzled-4 was earlier described to interact
with Wnt5a, a different class of Wnt ligands.

Wnt signalling regulates a variety of adult and develop-
mental processes and misregulation of several components of
the canonical Wnt signal transduction pathway results in
tumorigenesis (1,2). Two different classes of Wnt ligands
have been described: ‘Wnt3a’ class, such as Wnt1 and Wnt3a,
which is sufficient to induce a secondary dorsal-ventral axis
in Xenopus embryos and morphologically transform mouse
mammary epithelial cells, and the ‘Wnt5a’ a class that is not
sufficient or acts even antagonistic to Wnts of the Wnt3a
class (28,29). The first association between a Wnt receptor
and human disease was reported from Robitaille and
colleagues (11), who found a function of Frizzled-4 in retinal
angiogenesis. In their study, Frizzled-4 activated calcium/
calmodulin-dependent protein kinase II (CAMII), components
of Wnt/calcium signalling pathway. In our studies, the
expression of Frizzled-4 in the murine hematopoietic
progenitor cell line and the exposure to Wnt3a was sufficient
to induce ß-catenin stability. The availability of Frizzled
receptors have been discussed where a model propose that
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Figure 6. (A and B) 32D cells retrovirally transduced either with Frizzled-4 or empty vector were grown for 12 h in the absence of IL3. Subsequently, cells
were stimulated with control or Wnt3a conditioned medium (50%) in the presence or absence of FL or dkk-1, a specific Wnt inhibitor, for 6 h. Western blot
analyses were performed with the indicated primary antibody. (C) Cells were starved overnight before addition of control or Wnt3a conditioned medium
(25%) for 6 hours either in the presence or absence of neutralizing Frizzled-4 antibody (+AB). ß-catenin Western blots verify the competition between Wnt
ligand and antibody. (D) 32D cells retrovirally transduced either with Frizzled-4 or empty vector were kept in 50% conditioned media. At the indicated time
point dead cells were identified by propidium-iodide staining. The fold viability, showing the ratio of Wnt3a/control conditioned medium of each construct, is
represented for indicated time points. A representative experiment is shown out of 3.
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receptor context dictates Wnt signalling output (30). In
addition, Mikels et al demonstrated, that Wnt5a can also
activate ß-catenin signalling in the presence of the appropriate
Frizzled receptor, Frizzled-4. Furthermore, another study
showed that vascular development in the retina and inner ear
is controlled by Norrin and Frizzled-4, a high-affinity ligand-
receptor pair (10). Based on these studies it is tempting to
speculate that regulation of Wnt signalling can also be
regulated by receptor availability besides Wnt proteins
themselves.

There are several indices described that argue for a role of
Wnt-signalling in hematopoietic stem cell self renewal and
differentiation (6,31-33). In addition, Zhong and colleagues
reported on a gene expression profile of murine long-term
reconstituting verses short-term reconstituting hematopoietic
stem cells (34). They identified 52 genes that had expression
patterns that correlated positively with LTR HSC activity.
These included two well characterized stem cell membrane
protein genes c-Kit and the thrombopoetin receptor cMpl.
Interestingly, another potential stem cell related membrane
protein identified was Frizzled-4. Therefore, Frizzled-4 is a
good candidate to play a role in stem cell activity.

In conclusion, we demonstrated Frizzled-4 receptor to be
increased in AML verses normal bone marrow and that the
expression of Frizzled-4 in a murine hematopoietic
progenitor cell line was sufficient to induce higher ß-catenin
levels in the presence of Wnt3a. Our results indicate a role
for Frizzled-4 in directing canonical Wnt signalling pathway
that itself is important in regulating hematopoiesis and in the
pathogenesis of AML. Based on our studies it is possible that
receptor availability is a major factor in hematopoietic cells
and is important in the pathogenesis of AML.
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