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Abstract: Acute myeloid leukaemia (AML) is a group of malignant diseases of the haematopoietic
system. AML occurs as the result of mutations in haematopoietic stem/progenitor cells, which
upregulate Wnt signalling through a variety of mechanisms. Other mechanisms of Wnt activation
in AML have been described such as Wnt antagonist inactivation through promoter methylation.
Wnt signalling is necessary for the maintenance of leukaemic stem cells. Several molecules involved
in or modulating Wnt signalling have a prognostic value in AML. These include: (3-catenin, LEF-1,
phosphorylated-GSK33, PSMD2, PPARD, XPNPEP, sFRP2, RUNX1, AXIN2, PCDH17, CXXC5, LLGL1
and PTK?. Targeting Wnt signalling for tumour eradication is an approach that is being explored in
haematological and solid tumours. A number of preclinical studies confirms its feasibility, albeit,
so far no reliable clinical trial data are available to prove its utility and efficacy.
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1. Introduction

Acute myeloid leukaemia (AML) constitutes a heterogeneous group of clonal haematopoietic
malignant disorders in which failure to differentiate and over-proliferation in the stem
cell/progenitor compartment result in accumulation of non-functional myeloblasts known as blasts [1].
The morphological heterogeneity of AML is underlain by the diversity of genotypes encountered [2].

Non-random chromosomal abnormalities are present in approximately 52% of all adult primary
AML patients and have long been considered the genetic events that cause and drive the neoplasm [1].
The four most common rearrangements in AML include: t(15;17), £(8;21), inv(16) and translocations
involving the 11q23 locus and have frequencies between 3% and 10%. In AML, translocations
give rise to gene fusions that encode specific oncogenic chimeric proteins, often acting as aberrant
transcription factors. The translocations listed above encode promyelocytic leukaemia/retinoid receptor
alpha (PML/RARw), acute myeloid leukaemia 1/eight-twenty-one (AML1/ETO), subunit B of core
binding factor/myosin heavy chain 11 (CBFB/MYH11), and numerous mixed lineage leukaemia
(MLL)-oncofusion proteins, respectively [1]. By contrast, about 40-50% of all AML cases presents with
cytogenetically normal blast karyotype when assessed by conventional methods [3]. Although this
group has an intermediate risk of relapse, a huge heterogeneity in terms of clinical outcome occurs in
this population [2]. In recent years, significant advances have been made in defining genomic variations
in normal karyotype AML patients, with the mutation status of nucleophosmin (NPM1), Fms-like
tyrosine kinase 3 (FLT3), CCAAT/enhancer-binding protein alpha (CEBPA), isocitrate dehydrogenase
1/2 (IDH1/2), TET methylcytosine dioxygenase 2 (TET2) genes, etc. shown to be relevant [2,3]. Genes
mutated in AML fall into several functional categories: transcription factors (e.g., oncofusions,
mutated AMLI), signalling genes (e.g., FLT3-ITD, mutated c-KIT), DNA-methylation-associated
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genes (e.g., DNA methyltransferase 3A gene (DMNT3A), IDH1/2, TET2), chromatin-modifying genes
(e.g., MLL-oncofusions), molecular chaperones (NPM1), tumour suppressor genes (e.g., TP53), and
spliceosome- and cohesion-complex genes [4]. Both, networks controlling normal haematopoiesis
(RAF/MEK/ERK, JAK/STAT, PI3K/AKT/NFKB) and evolutionary conserved pathways (Notch, Wnt or
Hedgehog) are deregulated or hijacked by the neoplastic clones [5].

In AML, there is a hierarchical cellular organization, somewhat analogous to normal
haematopoiesis [6]. Only a minor fraction of self-renewing leukaemic stem cells (LSCs) at the
apex of this hierarchy can maintain the disease long-term [6]. From the perspective of a successful
treatment, the cancer stem cell model implies that in order to eradicate the disease and achieve long-term
remissions, the LSC population must be eliminated [6]. Notably, Notch-, Wnt- and Hedgehog-signalling
pathways, are of particular importance to the LSC biology [5].

Here we review the role of Wnt signalling in the pathogenesis of acute myeloid leukaemia (AML)
and analyse its potential as a therapeutic target for the treatment of AML. Although distinct from other
AML subtypes in terms of biology and therapy, for the purpose of this review t(15;17)-bearing acute
promyelocytic leukaemia (APL) has not been separated from the other subgroups.

2. Wnt-Signalling Pathway

Wnt signalling constitutes a group of signal transduction pathways involved in development. In
particular, Wnt signalling is important for the morphogenesis and cellular movements at the basis of
organ formation. The name Wnt is a portmanteau made up of the words: Wingless and Int-1, denoting
the phenotype identified in the fruit fly with Wntl mutations and the site of viral integration linked to
carcinogenesis, respectively [7]. Signalling by the Wnt family of secreted glycolipoproteins controls
embryogenesis and organogenesis, but is inactive in most adult tissues.

Three distinct signalling cascades have been described: one referred to as canonical and two
non-canonical (Figure 1). The canonical Wnt pathway becomes engaged upon binding of secreted Wnt
proteins (e.g., Wntl, Wnt3a) to a surface receptor complex consisting of Frizzled (FZD) receptors and
lipoprotein receptor-related protein (LRP) co-receptors. LRP receptors are then phosphorylated by
casein kinase 1 alpha (CK1x) and glycogen synthase kinase 3 beta (GSK3f3), which recruits Dishevelled
(DVL) proteins to the plasma membrane where they polymerise and become activated. In the
absence of Wnt, (3-catenin, the key effector molecule of the canonical pathway, is inactivated by the
so-called “destruction complex”, consisting of axin, adenomatous polyposis coli (APC), GSK3f and
CK1, which phosphorylates (3-catenin leading to its proteasomal degradation. The DVL polymers
inactivate the destruction complex resulting in the accumulation of unphosphorylated active 3-catenin.
Unphosphorylated 3-catenin translocates into the nucleus where it displaces transcriptional repressors
(e.g., TLE/Groucho) and binds to the members of the T-cell factor/lymphoid enhancer-binding factor
(TCF/LEF) transcription factor family, thereby converting them from transcriptional repressors into
activators [8]. In addition, 3-catenin recruits transcriptional coactivators, e.g., CAMP response element
binding (CREB)-binding protein (CBP), and other members of the transcriptional machinery and
histone modifiers to form an active transcriptional complex [9].

The non-canonical planar cell polarity pathway (Wnt/PCP) regulates the cytoskeleton and
thus impacts on cellular shape and migration, while the non-canonical Wnt/calcium (Wnt/Ca®*)
pathway regulates calcium levels inside the cell [10]. The main difference between the canonical and
non-canonical pathways is the independence from (3-catenin of the two latter cascades although the
distinction is not clear cut and some of the proteins formally linked to non-canonical Wnt signalling
influence the canonical pathway. Non-canonical Wnt/PCP ligands bind to FZD receptors associated
with diverse co-receptors (e.g., pseudo tyrosine kinase 7 (PTK?), receptor-like tyrosine kinase (RYK),
receptor tyrosine kinase-like orphan receptor 1 (ROR1/2), Flamingo) and cytoplasmic adaptors (DVL,
Prickle planar cell polarity protein, Diego) distributed asymmetrically upon the cell surface. Wnt/PCP
signals are converted into actin cytoskeletal dynamics by signalling through Ras-related C3 toxin
substrate (RAC) and Ras homologous (RHO) G-proteins. RHO activates RHO-associated kinase
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(ROCK), which is one of the major regulators of the cytoskeleton. Signalling through RAC and RHO
results also in JNK-dependent transcriptional activation [11]. Wnt/Ca?* signalling induces cytosolic
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Figure 1. Canonical and non-canonical Wnt signalling.

Ca’* increase by causing its release from the endoplasmic reticulum (ER) or influx from outside
the cell. The Wnt/Ca?" pathway is initiated by Wnt ligands engaging the FZD receptors, often without
a co-receptor binding, and then DVL followed by G protein-induced activation of phospholipase
C-beta (PLC-beta), which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into 1,2-diacylglycerol
(DAG) and inositol 1,4,5-triphosphate (IP3). IP3 causes the release of Ca?* from ER while DAG and
IP3 together activate protein kinase C (PKC), the calcium/calmodulin-dependent protein kinase type
II (CaMKII)-TGF-beta-activated kinase 1 (TAK1)-Nemo-like kinase (NLK) pathway and calcineurin
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phosphatase and transcription activation. Genes activated as a result of signalling through the Wnt/Ca?*
pathway regulate cell fate and cell migration [12].

Wnt antagonists belong to small protein families, such as secreted Frizzled-related proteins (sFRP),
Dickkopf (DKK), Wnt inhibitory factors (WIF), sclerostin domain containing 1 (Wise)/sclerostin (SOST),
Cerberus, insulin-like growth factor binging protein (IGFBP), Shisa, trophoblast glycoprotein also
known as Waifl, APC down-regulated 1 (APCDD1), and TRAB domain containing 2a also known as
Tikil (Table 1) [13]. Their common feature is to antagonise Wnt signalling by competitively displacing
certain WNT ligands from their receptors or preventing Wnt receptor maturation [13].

Table 1. Wnt antagonists.

Wnt . . Canonical/Non-Canonical
Antagonist Name Target Mechanism of Action Signalling Inhibition
SFRP Wnt Sequestration of Wnt Both
FZD Binding to FZD receptor
DKK 1,2 LRP6 Disruption of FZD-LRP6 complex Canonical
2 and 4 Induction of LRP6 endocytosis
§ WIF Wnt Sequestration of Wnt Both
@ Wise/SOST LRP6 Disruption of FZD-LRP6 complex Canonical
Cerberus Wnt Sequestration of Wnt Both
IGFBP LRIE;SHd Disruption of FZD-LRP6 complex Canonical
% Waifl LRP6 Disruption of FZD-LRP6 complex Canonical
-
S
g APCDD1 Wa;;;d Sequestration of Wnt Canonical
B
n . . .
= Tikil Wnt Removal of eight amino-terminal Both
&= residues from Wnt

Deregulation of Wnt proteins and their downstream signal transduction components has been
associated with various tumour types (for example, reviewed in [8,10]). Most notably, truncating
mutations in the APC gene are found in up to 85% of colorectal cancer cases [10]. Last but not least,
Wnt signalling is also one of the effector pathways involved in the epithelial-to-mesenchymal transition
(EMT) [14]. EMT is physiologically relevant during organogenesis and is chiefly pertinent to cancer
progression and metastasis.

3. Wnt Signalling in the Pathogenesis of Acute Myeloid Leukaemia (AML)

3.1. Canonical Wnt Signalling

Activation of Wnt signalling is a frequent although heterogenous feature of AML; Wnt signalling
activation has been found to be present or absent even within cohorts characterised by the same
genotype. Using transfection of a TCF/LEF reporter construct into primary AML cells, increased
reporter activity was found in 16/25 leukaemia samples [15]. Moreover, a significant proportion of AML
cases show aberrant expression of the Wnt pathway components such as WNT1, WNT2b and LEF-1 [15].
There is evidence for the involvement of the Wnt/3-catenin pathway in the pathogenesis of AML
through a number of mechanisms that will be discussed here. Figure 2 summarises the mechanisms of
Wnt signalling activation in AML and its outcomes, while Figure 3 maps the Wnt-related proteins and
targets implicated in AML.

Translocation products. Translocation products, such as PML/RAR«x, AML1/ETO or PLZF1/RAR«
regulate genes associated with Wnt signalling [16]. Shared target genes of these fusion proteins have
been identified in transfected U937 cells using high-density gene expression microarray analyses.
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Several of the genes regulated by all three fusion proteins were associated with Wnt signalling.
Y-catenin, also known as plakoglobin, was one of the positive transcriptional regulators strongly
induced on the mRNA and protein level by all three fusion proteins in U937. Its promoter was cloned
and shown to be induced by AML1-ETO in 32D cells [17]. Primary blast cells carrying one of the fusion
proteins also significantly overexpressed plakoglobin in vivo [16]. The crucial role of plakoglobin in
increasing the self-renewal of haematopoietic stem cells (HSCs) upon expression of AML-associated
translocation products was demonstrated by the abrogation of replating efficiency upon depletion
of plakoglobin and its increase upon plakoglobin overexpression. Irradiated recipient mice injected
with plakoglobin-transduced HSCs developed AML. These data provided evidence that the aberrant
activation of Wnt signalling by the translocation products decisively contributes to the pathogenesis of
AML [17].

Plakoglobin expression was associated with {3-catenin stabilisation and nuclear localization both
in AML blasts and in ectopic plakoglobin expression settings [18]. Two mechanism explaining the role
of plakoglobin in Wnt signalling activation in AML have been proposed. First, 3-Catenin knockdown
demonstrated that plakoglobin induces TCF-dependent transcription. Interestingly, normal cells
exclude plakoglobin and {3-catenin from the nucleus, a level of regulation that is lost in the majority of
AMLs. Second, the stability of both proteins is regulated by the destruction complex. High levels of
plakoglobin may saturate the system and indirectly lead to 3-catenin stabilisation [18].

More recently, it has been proposed that Wnt signalling induces the expression of AML1 and ETO
genes, enhances their spatial proximity and generates translocation events [19].
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Figure 2. Mechanisms activating Wnt signalling in acute myeloid leukaemia (AML) and their
consequences for the disease outcome.
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Figure 3. Wnt signalling in AML. The proteins in coral red have been specifically implicated in AML.
Thin red bar-headed arrows indicate where investigational inhibitors act, while thick red bar-headed
arrows show the targets of agents used in clinical trials. ER—endoplasmic reticulum.

LEF-1, the transcriptional factor of 3-catenin is frequently overexpressed in AML [20-22]. Primary
AML samples with (8;21) or t(15;17) express higher levels of LEF-1 than those without either
translocation [20] although another study found high LEF-1 expression also in a subset of cytogenetically
normal AML patients [21]. Ectopic expression of wild-type LEF-1 or of a constitutively-active Lef-1
mutant in murine bone marrow led to the onset of AML in transplanted mice [23]. Moreover, LEF-1
determines the nuclear localisation of (3-catenin [22]. The relative levels of nuclear LEF-1 and (3-catenin
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are tightly correlated in both cell lines and in primary AML blasts as found in a 3-catenin interactome
mass spectrometry screen [22].

Further evidence for the crucial importance of Wnt signalling in the pathogenesis of AML
was provided by experiments involving the MLL/ENL oncofusion, HOX9a and MEIS1 oncogenes.
Wnt signalling was shown to be required for HOX gene- and MLL/ENL-driven transformation of
haematopoietic stem/progenitor cells as AML did not form in the absence of (3-catenin [24]. Indeed,
Wnt/-catenin signalling pathway is required for self-renewal of LSCs derived from either HSCs or
more differentiated granulocyte macrophage progenitors [24]. A study of gene expression networks in
AML LSCs derived from patients with primary and secondary AML (de novo and relapsed) confirmed
that Wnt signalling was activated in LSCs compared to HSCs. Upregulated Wnt genes in LSCs included
axin, CK2 and APC, while c-Jun and WIF1 were downregulated [25].

NPM]1. We found that the leukaemogenic NPMc+ mutant activates canonical Wnt signalling during
zebrafish development by causing an expansion of the haematopoietic progenitor pool in primitive
zebrafish haematopoiesis. Wnt-signalling activation was indeed responsible for the myeloproliferative
phenotype, since it was rescued by the overexpression of the dkklb Wnt inhibitor. In addition,
we established that canonical Wnt signalling is active in the patient derived OCI-AMLS3 cell line bearing
NPMc+ and in AML blasts expressing NPMc+ [26].

In a study concerning clonal evolution patterns in AML with NPMc+, a series of 129 paired
diagnosis-relapse samples were analysed [27]. Eleven patients lost the NPMc+ mutation at relapse
and showed a diverse pattern of mutations and signalling pathway activation as uncovered through
whole exome and RNA sequencing of paired samples. In a proportion of NPMc+ persistent cases,
Wnt signalling was active in both diagnostic and relapse samples. By contrast, for NPMc+ loss patients,
Wnt signalling was absent at presentation, but activated at the disease recurrence. A possibility exists
that NPM1c+ loss samples showed less stem cell-like phenotypic features at diagnosis as underscored
by the absence of the enrichment of the Wnt signalling, a key transduction pathway in the biology
of LSCs, the therapy was successful in terms of total leukaemia eradication and that the relapse
represented, in fact, a second de novo or treatment-related AML [27]. AML blasts from the majority
of cases with NPMc+ mutation show morphological signs of differentiation and the CD34-CD33+
phenotype associated with common myeloid progenitors rather than with stem cells supporting the
notion of dichotomous Wnt activation in this AML subtype [28,29].

FLT3. Activating FLT3 mutations occur in about 30% of patients with AML. The interaction
between oncogenic FLT3-ITD mutations and Wnt signalling was studied in the myeloid progenitor cell
line 32D [30]. Higher mRNA expression of FZD-4 receptor in 32D/FLT3-ITD than in 32D/FLT3-WT
cells was found by microarray analysis, verified by real-time polymerase chain reaction (RT-PCR)
and Western blotting. 32D/FLT3-ITD cells, compared to the control, showed increased 3-catenin
protein levels, irrespective of their exposure to Wnt3a ligand. Moreover, 5/7 AML samples with
FLT3-ITD mutations expressed high 3-catenin protein levels, whereas patients with wild-type FLT3
did not. FLT3-ITD induced TCF-dependent transcription, e.g., an increase of Wnt target gene mRNAs.
In the presence of FLT3-WT or FLT3-ITD signalling, Wnt3a increased slightly 32D cell proliferation.
The results indicate that FLT3-ITD and Wnt-dependent signalling pathways synergise in myeloid
transformation [30].

Other mechanisms of Wnt signalling activation. Valencia et al. [31] found that Wnt activation is
achieved in AML through methylation of Wnt antagonists. A methylation-specific polymerase chain
reaction approach was used to analyse the promoter methylation status of the sFRP1, sFRP2, sFRP4,
sFRP5, DKK1 and DKK3 Wnt antagonists. Aberrant methylation of Wnt antagonists was detected in
up to 64% of AML marrow samples [31]. In the case of AML with (8;21), the fusion protein binds to
the sFRP1 promoter and represses its transcription via a consensus AML1-bining site [32]. Treatment
of AML cell lines with 5-aza-2’-deoxycytidine, a demethylating agent, and the resulting re-expression
of Wnt antagonists led to an inactivation of the Wnt pathway as detected through the Wnt pathway
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genes (e.g., cyclin D1), TCF1 and LEF1 downregulation and by the reduction of nuclear localization of
[-catenin [31].

GSK3a/p3 removal lead to the occurrence of an aggressive AML. The canonical Wnt pathway
was the most prevalently activated signalling cascade in the LSCs of GSK3«/f3 double knock-out
mice. In this setting, Wnt signalling together with AKT and mTOR were responsible for the onset of
AML [33].

A genetic rearrangement in blast cells involving intron 1 (IVS1) of the WNT10B locus flanked
at the 5" end by non-human DNA represents yet another mechanism of Wnt activation [34]. The
resulting WNT10B!VS! transcript was expressed mainly in intermediate/unfavourable risk AML
patients [34]. The establishment of a primary cell culture of AML cells expressing AC133 stem
cell marker demonstrated that leukaemia cells synthesise and secrete WNT10B ligand, a HSC
regenerative-associated molecule, in response to which the levels of dephosphorylated 3-catenin
in vivorise [35]. This suggests that AC133(bright) LSCs are promoted by misappropriating homeostatic
haematopoietic regeneration Wnt programmes [35]. In addition, the expression of WNT10B in zebrafish
embryos promotes the accumulation of haematopoietic precursors [34].

A recent report indicated that Wnt signalling might be upregulated in AML through the
overexpression of dishevelled-axin domain containing 1 (DIXDC1) protein [36]. DIXDC], involved in
the progression and development of various tumours, is a scaffold protein shown to be highly expressed
in AML cell lines and primary blasts but not in normal counterpart cells. It activates TCF-dependent
transcription of Wnt target genes by interacting with DVL and axin [36].

Cyclooxygenase-2 (COX-2) is a key enzyme in the prostaglandin production that has been
implicated in cancer [37]. COX-2 activates Wnt signalling through the prostaglandin E. A variety of
oncogenes can induce expression of COX-2 in haematopoietic cells, indeed, circulating AML blasts
express COX-2 [38].

Phosphatase of regenerating liver-3 (PRL-3) also known as protein tyrosine phosphatase 4A3
(PTP4A3) promotes key steps of cancer metastasis [39]. PRL-3 is expressed in 43% of AML samples,
absent in normal haematopoietic cells [40] and implicated in LSC formation [41]. LEO1, a direct and
specific substrate of PRL-3, binds to (3-catenin, promoting its nuclear accumulation and transactivation
of downstream target genes such as c-myc and cyclin D1 [42]. AML cells expressing PRL-3 displayed
increased sensitivity to 3-catenin inhibition implying their addiction to Wnt signalling [42].

Cell-extrinsic mechanisms. HSCs and LSCs inhabit haematopoietic niches that are composed
of a variety of cell types including osteoblasts, macrophages, mesenchymal stromal-, endothelial-,
CXCL12-abundant reticular-, non-myelinating Schwann cells and sympathetic neurons that influence
HSCs/LSCs both by direct contact and through secreted molecules [43]. Early studies demonstrated that
Wnt signalling regulated haematopoiesis through stromal cells as Wnt3a-conditioned medium did not
affect the generation of myeloid and B-cells in their absence [44]. However, LSCs, but not preleukaemic
LSCs, activate cell-intrinsically Wnt signalling, rendering them independent of niche-derived signals
and constraints applying to HSCs [45]. Curiously, AML can be induced by activating mutations in
the f3-catenin gene in osteoblasts [46]. Activated (-catenin stimulates expression of the Notch ligand,
Jagged-1, in osteoblasts. Subsequent activation of Notch signalling in haematopoietic progenitors
induces the transformation through altered differentiation potential. At the molecular level, FoxO1
interacts with 3-catenin in osteoblasts to induce Jagged-1 expression [47]. Nuclear accumulation and
increased (-catenin signalling in osteoblasts were detected in 38% of patients with myelodysplastic
syndrome/AML [46]. Human bone marrow-mesenchymal stem cells induce galectin-3 expression
in Kasumi-1 cell line and in primary AML blasts when co-cultured subsequently promoting GSK3#
phosphorylation and (3-catenin stabilization [48]. Adhesion of AML blasts to E-selectin expressed
by endothelial cells in the vascular niche enhances their survival by Wnt activation as seen through
quantitative PCR arrays validated by a Wnt-reporter assay performed on cells from 40 AML patients
grown on E-selectin coated plates [49]. Vascular niche E-selectin induces mesenchymal-epithelial
transition and Wnt activation in solid cancer cells [50].



Cells 2019, 8, 1403 90f 18

3.2. Non-Canonical Wnt Signalling

Non-canonical planar cell polarity pathway WNT5A is considered an almost “purely” non-canonical
Wnt ligand. Mice heterozygous for Wnt5a develop chronic myeloid leukaemia or B-cell disorders,
while the analysis of 10 AML samples revealed deletion of the WNT5A gene and/or loss of WNT5A
expression in a fraction of samples. The two notions suggest that Wnt5a suppresses hematopoietic
malignancies [51].

Recent data suggest that Scribble 1 (SCRIB1) polarity complex, consisting of SCRIB1, VANGLE1
and lethal-giant-larvae 1 and 2 (LLGL1/2) proteins is involved in HSC polarity and AML biology.
In mice, LIgl1 knockout leads to an expansion of the HSC pool, albeit without any evidence of AML
development. A LIgl17~ gene signature identified upon conditional deletion of LIg/1 in mice was found
in circa 25% of AML patients [52]. LIgl2 mutations, instead, seem to be important in the transformation
of severe congenital neutropoenia to AML [53].

The pseudo kinase receptor 7 (PKT7) is a pseudo kinase involved in the planar cell polarity pathway
through the interaction with the FZD-DVL complex. PTK7 is expressed in ~70% of AML patients [54],
while Ptk7-deficient mice have a decreased pool of HSCs resulting from aberrant proliferation and
migration [55]. In AML, PTK7 plays a role in cell migration and increases resistance to apoptosis [54].

Non-canonical Wnt calcium pathway Zang et al. showed that 6-benzylthioinosine- and all-trans
retinoic acid (ATRA)-induced differentiation of HL60 cells occurs through activation of the non-canonical
Wnt/CaZ* signalling pathway as treatment caused an elevation of intracellular calcium levels and led
to the phosphorylation of CaMKII and PKC. The authors went on to analyse the expression levels
of 4 genes: FZD4, FZD5, WNTb5a and RHOU in the bone marrow mononuclear cells from 30 newly
diagnosed AML patients and found their significant downregulation compared to normal controls and
complete remission samples [56]. However, strict assignment of FZD receptor and Wnt ligand pairs
to canonical versus non-canonical signalling is hard as the same receptors and ligands may mediate
either pathway.

4. Clinical Implications—Prognosis and Therapeutic Approaches

4.1. Prognostic Impact

Several molecules involved in or modulating Wnt signalling have a prognostic value in AML
(Table 2). Following the discovery of Wnt pathway activation in AML, it was ascertained that a high
quantity of 3-catenin was of prognostic significance in the disease. High levels of 3-catenin expression
in AML detected in Western blot analysis were found to be predictive of poor event-free survival
(EFS), shortened overall survival (OS) and enhanced clonogenic activity [57]. Similarly, the finding
of nuclear non-phosphorylated (3-catenin occurrence by immunohistochemistry was associated with
low complete remission (CR) rate and poor prognosis [58]. The prognostic role of f-catenin was
further confirmed and its high expression levels linked to unfavourable-risk karyotypes in a study that
retrospectively analysed a cohort of newly-diagnosed patients by immunohistochemistry [59]. Nuclear
localization of 3-catenin resulted more frequent in AML patients at relapse in paired diagnosis/relapse
samples, with the caveat of an extremely small cohort analysed [60]. Similarly, plakoglobin expression
in AML patients has a clinical significance [61]. Plakoglobin expression levels were significantly higher
in AML patients with lower white blood cells (<30 x 10%/L) than in those with higher white blood cells
(=30 x 10°/L) and in AML patients with mutated CEBPA. AML patients with lower plakoglobin levels
were more likely to achieve CR compared with patients with high plakoglobin levels [61].

High expression of LEF1 has been identified as a favourable prognostic factor in cytogenetically
normal acute myeloid leukaemia [21]. Such a counterintuitive finding was confirmed by a further
study, which determined that a high LEF-1 level was associated with better OS in patients with
intermediate-risk cytogenetics and a favourable relapse-free survival in patients with unmutated
FLT3 [20]. However, it should be stressed that high LEF1 levels are not necessarily equivalent to Wnt
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signalling activation, as LEF1 performs Wnt-independent functions, e.g., plays a role in granulocyte
differentiation [62].

Patients with high levels of phosphorylated GSK3 (i.e., inactive form) had a shorter OS compared
to those with low levels of this phospho-kinase in the total AML population [63]. High levels of
phospho-GSK3 (pGSK3) correlated with adverse OS and lower CR incidence. This held true for patients
with intermediate-, but not for those with unfavourable cytogenetics. Patients with intermediate
cytogenetics and FLT3-ITD also displayed a better outcome when pGSK3 was low compared to
counterparts with high levels of pGSK3 [63].

The prognostic significance of epigenetic regulation of Wnt pathway components in AML was
studied by Valencia et al. In a subgroup of patients 60 years of age or younger with newly diagnosed
AML and intermediate-risk cytogenetics, abnormal methylation of Wnt antagonists was associated
with decreased 4-year relapse-free survival (28 vs. 61%, respectively, p = 0.03). Recently, an integrated
computational approach of gene expression and DNA-methylation profiles of Wnt signalling genes
was used to search for novel prognostic markers in AML [64]. Three novel prognostic factors (PSMD2,
PPARD, XPNPEP) for OS and EFS were identified and a further four (LEF1, sFRP2, RUNX1, AXIN2)
confirmed, all but PSMD2 and PPARD being negative prognostic factors [64]. Also, the epigenetic
regulation of non-canonical Wnt signalling seems to have a prognostic value: WNT5A, a putative
tumour suppressor gene in AML, is silenced by methylation in this disease that leads to the upregulation
of cyclin D1 expression and confers poor prognosis in AML patients [65].

Protocadherin 17 (PCDH17) functions as a tumour suppressor downregulating Wnt/(3-catenin
signalling and cell metastasis and is frequently methylated in breast cancer [66]. Low PCDH17
expression is an independent, poor prognostic factor in AML and has an additional prognostic
value in stratifying molecularly defined subgroups. Furthermore, low PCDH17 expressing patients
were characterised by a gene-expression signature reflecting the deregulation of EMT- and Wnt
pathway-related genes. Such deregulations likely contribute to the adverse outcome observed in
patients with low PCDH17 levels [67].

A surprising and not fully understood prognostic association was made between the levels of
CXXC-type zinc finger protein 5 (CXXC5) and AML. CXXCS5 inhibits Wnt signalling and is a candidate
tumour suppressor in AML [68-70]. However, despite the clear attenuation of Wnt signalling induced
by CXXC5, it is its downregulation in primary patients” samples that predicts a better prognosis in
AML. Indeed, patients with low CXXC5 had a lower relapse rate and better OS and EFS at 5 years,
independent of cytogenetics risk groups or other prognostic factors. Moreover, its low expression was
associated with known prognostic factors such as frequency of MLL rearrangements, t(8;21) and lower
frequency of FLT3 mutations [68-70].

Of the non-canonical Wnt signalling pathway mediators, the LLGL1 gene and PTK7 protein
expression levels have a prognostic value in AML. Reduced LLGL1 expression was associated with
significantly decreased OS patients [52], while high expression of PTK7 by flow cytometry in AML
correlated with core-binding factor aberrations ((8;21), inv(16); 19/20 cases) and was also common in
AML with 5g- and -7 (21/24 patients) or in cases with normal karyotype (56/65 patients), so in low,
intermediate and high cytogenetic risk groups. PTK7-positive leukaemias showed low circulating
blast counts, were more resistant to anthracycline-based frontline therapy and showed a reduced
relapse-free survival [54].
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Table 2. Wnt signalling and Wnt signalling-modifying or target molecules with prognostic value.

Prognostic Factor Number of Cases Age (Median) AML Type Therapy Technology Used Prognosis Reference
82 57 De novo Induction + consolidation WB [57]
54 53 De novo Not specified THC [58]
High B-catenin Induction + anthracycline Poor
59 59.6 De novo ¥ THC [59]
or low dose cytarabine
21 65 De novo/relapse Not specified Flow cytometry [60]
101 47 De novo Untreated RT-qPCR [20]
. L Microarrays and
High LEF-1 406 <60 De novo Induction + consolidation RT-qPCR Good [21]
. - Genome-wide mRNA
344 48 De novo/relapse/  Induction + COI‘ISOl‘ldatIOI‘I and DNA-methylation [64]
secondary + transplantation - *
profiling data
High . Reverse-phase protein
phosphorylated-GSKB 511 65.7 De novo Not specified analysis Poor [63]
Low PSMD2 Good
High PPARD Good
; 48 . - Genome-wide mRNA
High XP P P,
ig NPE 344 De novo/;elapse/ Indufttlon + iontsotl.ldatlon and DNA-methylation oor [64]
Low sFRP2 secondary + transplantation profiling data * Poor
Hypermethylated RUNX1 Poor
Low AXIN2 Poor
Low WNT5A 250 57 De novo Induction + consol‘ldatlon Methylation-specific Poor [65]
+ transplantation PCR
Low PCDH17 626 52 De novo Induction + consolidation RT-qPCR Poor [67]
+ transplantation
27 64 De novo % Induction + consolidation RT-qPCR [68]
High CXXC5 Poor
De novo/ i 9
67 64 secondary $ Not specified RT-qPCR [69]
Induction + consolidation Microarray and
Low CXXC5 529 46 De novo + transplantation RT-qPCR Good [70]
Low LLGL1 83 <60 Normal karyotype Not specified RT-qPCR Poor [52]
High PTK7 184 63 De Induction + consolidation Flow cytometry Poor [54]

novo/secondary *

+ transplantation

11 0f 18

*_bioinformatic approach, *—plus two published cohorts, *—unselected consecutive patients, [HC—immunohistochemistry, WB—Western blotting, RT-qPCR—real-time quantitative

polymerase chain reaction.
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4.2. Treatment

The rationale for targeting Wnt signalling seems obvious given that it is prominently involved
in a number of processes that contribute to leukaemogenesis as shown above. Many of the studies
published to date are still at the level of preclinical feasibility testing of Wnt inhibition in AML. Figure 3
illustrates the known compounds modulating Wnt signalling.

Preclinical investigations. The effect of CGP049090 and PFK115-584, two compounds that specifically
inhibit the binding between 3-catenin and LEF1, was evaluated in Kasumi-1 and HL-60 AML cell
lines, primary AML blasts and healthy peripheral blood mononuclear cells as a control. The treatment
resulted in a significant apoptosis of AML cell lines and primary blasts, but not of control cells [71].

To circumvent the Wnt inhibitor promoter methylation that is common in AML [31], a sequential
combination of decitabine, a demethylating agent, and idarubicin was used. The combined treatment
induced synergistic cell death of U937, HEL, SKM-1 cell lines and primary AML blasts. Subcutaneous
tumour growth inhibition exerted by the sequential combination was higher than that of the single agent
or control treatment in vivo. The Wnt pathway activation abrogation upon treatment was confirmed
in both AML cell culture and animal studies through the demethylating of Wnt inhibitors [72].

The efficacy of combined therapy with the BC2059 (3-catenin antagonist and histone deacetylase
inhibitor was determined in AML cell lines [73]. BC2059, an anthraquinone oxime-analogue, is known
to attenuate -catenin levels through the disruption of its binding to the transducin (3-like 1 (TBL1)
scaffold protein and subsequent proteasomal degradation. BC2059 treatment induced dose-dependent
apoptosis in cultured and primary AML blasts. Treatment with BC2059 also significantly improved
the median survival of immunodeficient mice engrafted with either cultured or primary AML blasts.
Co-treatment with panobinostat, a pan-histone deacetylase inhibitor, and BC2059 synergistically
induced apoptosis of cultured and primary AML blasts and further improved the survival of mice,
underscoring the promising potential of BC2059 [73].

SKLB-677, a novel FLT3 inhibitor was found to repress Wnt signalling, in contrast to the known
first and second generation FLT3 inhibitors [74]. AML cell lines and primary AML blasts bearing
FLT3 mutation showed higher sensitivity to SKLB-677 than AML with wild-type FLT3 or solid
tumour cell lines. The compound considerably suppressed LSCs in vitro [74]. A similar result was
obtained when combining C-82/PRI-724, a small molecule antagonist of the 3-catenin/CBP complex,
with sorafenib or quizartinib FLT3 inhibitors [75]. The inhibition of Wnt signalling suppressed AML
cell growth, induced apoptosis, abrogated stromal protection, and synergised with FLT3 inhibitors
in FLT3-mutated AML cells and stem/progenitor cells in vitro. The combination also improved
the survival of AML-xenografted mice and impaired leukaemia engraftment. 3-catenin inhibition
abrogated the protection of the leukaemic stem/progenitor cells provided by the microenvironment [75].

COX-2 inhibitors, such as celecoxib, have been tested on a panel of AML cell lines and primary
AML blasts. The effect of the combined celecoxib and doxorubicin treatment on the HL60 cell line and
in primary AML blasts has also been analysed [76]. Both celecoxib alone and the combination induce
apoptosis in leukaemic cell lines and AML blasts [38,76,77].

A less-encouraging picture emerged from the study by Griffith et al. [60]. The authors used
multispectral imaging flow cytometry to identify AML samples with nuclear localization of (3-catenin,
a hallmark of Wnt activation, in order to select patients most likely to benefit from pharmacological Wnt
inhibition. Primary samples were treated in vitro with iCRT3, a compound that blocks the interaction
between {3-catenin and TCFE. Although, de novo AML samples with nuclear 3-catenin responded the
best in terms of cell death upon treatment, both differentiated and CD34+ cell populations increased in
iCRT3-treated samples [60].

Clinical trials.  Relatively few clinical trials concerning the use of Wnt signalling
inhibitors/modifying molecules have been conducted, most of them in the initial (I, II) phases
(Table 3). Of the five trials registered in the ClinicalTrials.gov database (accessed 10/08/2019) of privately
and publicly funded clinical studies conducted around the world, the results are available for just
one and are not encouraging. Indeed, although the treatment was found to be tolerable, no complete
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or partial remissions were recorded. There is hope in the trial that has been posted in March of the
current year, in which the treatment will be tailored to the mutational status encountered. One of the
combinations to be explored in the new trial involves the use of the aforementioned celecoxib.

Table 3. Clinical trials involving Wnt signalling inhibitory/modulating compounds.

Clinical Trial Phase
Compound Target (Number) Status Results
. Phase Ib .
Celecoxib COX-2 (NCT03878524) Not yet recruiting NA
3-catenin Phase I
CWP232291 degradation (NCT01398462) Completed No results posted
Phase I Well tolerated
LY2090314 GSK3p (NCT01214603) Completed No CR or PR
. Phase I
PRI-724 [3-catenin/CBP (NCT01606579) Completed No results posted
Sulindac PDZ domain of Phase II Withdrawn No results posted
DVL (NCTO01843179) (lack of funding) p

CR—complete remission; PR—partial remission.

5. Conclusions

The role of Wnt signalling in the pathogenesis of AML is clear and has been linked to both
initiation and progression of AML and it is required for LSCs’ survival and self-renewal. Although,
there are no doubts regarding the activation of Wnt signalling in AML, one should bear in mind that
many, especially early studies, used as a readout the expression of genes that are not specific to Wnt
signalling (e.g., c-myc, cyclin D1), i.e., regulated by a myriad of factors. In the era of next-generation
sequencing, such an issue has ceased to be a problem. Wnt signalling in AML is deregulated at all levels
of signal transduction: receptors, ligands, intermediate signal transducers, 3-catenin stabilisation and
nuclear translocation and transcription activation. Although a lot less studied, also the non-canonical
pathways are deregulated in patients with this malignancy.

AML remains a deadly disease for which current treatments are unsatisfactory [78]. In the era
of targeted therapies, no opportunities for disease cure must be missed. Wnt signalling continues to
be explored as no single satisfactory Wnt-signalling inhibition exists. The Wnt-signalling pathway
has always proved difficult to target because of its complexity, the variety of outcomes as well as
cross-talk with other signalling pathways. There are questions that await an answer. What exactly
should be inhibited? The receptors? (3-catenin stabilisation/nuclear translocation? LEF/TCF-dependent
transcription? Is Wnt inhibition going to be a universal therapeutic approach in AML, or do we
need to select the right patient population that will most likely benefit from it? Multiple strategies
for targeting Wnt signalling—ranging from small molecules to blocking antibodies, and peptide
ago-/antagonists—are being developed and researched, thus paving the way for future clinical
trials in cancer patients. In particular, there are hopes that Wnt inhibition could provide a way of
eradicating LSCs.

Taken together, although the modulation in Wnt signalling may offer an important opportunity
for future targeted therapy in AML, further work is warranted.

Author Contributions: All authors have contributed to the conceptualisation, writing and approved the final
version of this manuscript.
Funding: This research received no external funding.

Acknowledgments: The authors thank Gianmaria Frige, Paul Massa and Marco Saia for the critical reading of the
manuscript. AMG is supported by the Fondazione Istituto Europeo di Oncologia-Centro Cardiologico Monzino.

Conflicts of Interest: The authors declare no conflict of interest.



Cells 2019, 8, 1403 14 0f 18

References

1.  Saultz, ].N.; Garzon, R. Acute Myeloid Leukemia: A Concise Review. J. Clin. Med. 2016, 5, 33. [CrossRef]
[PubMed]

2. Dohner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute Myeloid Leukemia. N. Engl. |. Med. 2015, 373, 1136-1152.
[CrossRef] [PubMed]

3. Gaidzik, V.; Dohner, K. Prognostic implications of gene mutations in acute myeloid leukemia with normal
cytogenetics. Semin. Oncol. 2008, 35, 346-355. [CrossRef] [PubMed]

4. Bullinger, L.; Dohner, K.; Dohner, H. Genomics of Acute Myeloid Leukemia Diagnosis and Pathways. J. Clin.
Oncol. 2017, 35, 934-946. [CrossRef] [PubMed]

5. Heidel, EH.; Arreba-Tutusaus, P.; Armstrong, S.A.; Fischer, T. Evolutionarily conserved signaling pathways:
Acting in the shadows of acute myelogenous leukemia’s genetic diversity. Clin. Cancer Res. 2015, 21, 240-248.
[CrossRef] [PubMed]

6.  Dick, J.E. Acute myeloid leukemia stem cells. Ann. N'Y Acad. Sci. 2005, 1044, 1-5. [CrossRef]

7. Nusse, R,; Varmus, H. Three decades of Wnts: A personal perspective on how a scientific field developed.
EMBO J. 2012, 31, 2670-2684. [CrossRef]

8. Anastas, ].N.; Moon, R.T. WNT signalling pathways as therapeutic targets in cancer. Nat. Rev. Cancer 2013,
13, 11-26. [CrossRef]

9. Ono, M,; Lai, KK.Y.; Wu, K.; Nguyen, C.; Lin, D.P.; Murali, R.; Kahn, M. Nuclear receptor/Wnt beta-catenin
interactions are regulated via differential CBP/p300 coactivator usage. PLoS ONE 2018, 13, e0200714.
[CrossRef]

10. Zhan, T; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2017, 36, 1461-1473. [CrossRef]

11. Daulat, A.M,; Borg, ].P. Wnt/Planar Cell Polarity Signaling: New Opportunities for Cancer Treatment. Trends.
Cancer 2017, 3, 113-125. [CrossRef] [PubMed]

12.  De, A. Wnt/Ca?* signaling pathway: A brief overview. Acta. Biochim. Biophys. Sin. (Shanghai) 2011, 43,
745-756. [CrossRef] [PubMed]

13. Cruciat, C.M.; Niehrs, C. Secreted and transmembrane wnt inhibitors and activators. Cold Spring Harb
Perspect Biol. 2013, 5, a015081. [CrossRef] [PubMed]

14. Gonzalez, D.M.; Medici, D. Signaling mechanisms of the epithelial-mesenchymal transition. Sci. Signal. 2014,
7, re8. [CrossRef] [PubMed]

15.  Simon, M.; Grandage, V.L.; Linch, D.C.; Khwaja, A. Constitutive activation of the Wnt/beta-catenin signalling
pathway in acute myeloid leukaemia. Oncogene 2005, 24, 2410-2420. [CrossRef] [PubMed]

16. Muller-Tidow, C.; Steffen, B.; Cauvet, T.; Tickenbrock, L.; Ji, P.; Diederichs, S.; Sargin, B.; Kohler, G.; Stelljes, M.;
Puccetti, E.; et al. Translocation products in acute myeloid leukemia activate the Wnt signaling pathway in
hematopoietic cells. Mol. Cell Biol. 2004, 24, 2890-2904. [CrossRef]

17.  Zheng, X.; Beissert, T.; Kukoc-Zivojnov, N.; Puccetti, E.; Altschmied, J.; Strolz, C.; Boehrer, S.; Gul, H.;
Schneider, O.; Ottmann, O.G.; et al. Gamma-catenin contributes to leukemogenesis induced by
AML-associated translocation products by increasing the self-renewal of very primitive progenitor cells.
Blood 2004, 103, 3535-3543. [CrossRef]

18. Morgan, R.G.; Pearn, L.; Liddiard, K.; Pumford, S.L.; Burnett, A.K.; Tonks, A.; Darley, R.L. gamma-Catenin
is overexpressed in acute myeloid leukemia and promotes the stabilization and nuclear localization of
beta-catenin. Leukemia 2013, 27, 336-343. [CrossRef]

19. Ugarte, G.D.; Vargas, M.F,; Medina, M.A.; Leon, P.; Necunir, D.; Elorza, A.A.; Gutierrez, S.E.; Moon, R.T;
Loyola, A.; De Ferrari, G.V. Wnt signaling induces transcription, spatial proximity, and translocation of
fusion gene partners in human hematopoietic cells. Blood 2015, 126, 1785-1789. [CrossRef]

20. Fu, Y,; Zhu, H.; Wu, W,; Xu, J.; Chen, T.; Xu, B.; Qian, S.; Li, J.; Liu, P. Clinical significance of lymphoid
enhancer-binding factor 1 expression in acute myeloid leukemia. Leuk Lymphoma 2014, 55,371-377. [CrossRef]

21. Metzeler, K.H.; Heilmeier, B.; Edmaier, K.E.; Rawat, V.P,; Dufour, A.; Dohner, K.; Feuring-Buske, M.; Braess, J.;

Spiekermann, K.; Buchner, T.; et al. High expression of lymphoid enhancer-binding factor-1 (LEF1) is a novel
favorable prognostic factor in cytogenetically normal acute myeloid leukemia. Blood 2012, 120, 2118-2126.
[CrossRef] [PubMed]


http://dx.doi.org/10.3390/jcm5030033
http://www.ncbi.nlm.nih.gov/pubmed/26959069
http://dx.doi.org/10.1056/NEJMra1406184
http://www.ncbi.nlm.nih.gov/pubmed/26376137
http://dx.doi.org/10.1053/j.seminoncol.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18692685
http://dx.doi.org/10.1200/JCO.2016.71.2208
http://www.ncbi.nlm.nih.gov/pubmed/28297624
http://dx.doi.org/10.1158/1078-0432.CCR-14-1436
http://www.ncbi.nlm.nih.gov/pubmed/25593343
http://dx.doi.org/10.1196/annals.1349.001
http://dx.doi.org/10.1038/emboj.2012.146
http://dx.doi.org/10.1038/nrc3419
http://dx.doi.org/10.1371/journal.pone.0200714
http://dx.doi.org/10.1038/onc.2016.304
http://dx.doi.org/10.1016/j.trecan.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28718442
http://dx.doi.org/10.1093/abbs/gmr079
http://www.ncbi.nlm.nih.gov/pubmed/21903638
http://dx.doi.org/10.1101/cshperspect.a015081
http://www.ncbi.nlm.nih.gov/pubmed/23085770
http://dx.doi.org/10.1126/scisignal.2005189
http://www.ncbi.nlm.nih.gov/pubmed/25249658
http://dx.doi.org/10.1038/sj.onc.1208431
http://www.ncbi.nlm.nih.gov/pubmed/15735743
http://dx.doi.org/10.1128/MCB.24.7.2890-2904.2004
http://dx.doi.org/10.1182/blood-2003-09-3335
http://dx.doi.org/10.1038/leu.2012.221
http://dx.doi.org/10.1182/blood-2015-04-638494
http://dx.doi.org/10.3109/10428194.2013.805759
http://dx.doi.org/10.1182/blood-2012-02-411827
http://www.ncbi.nlm.nih.gov/pubmed/22815426

Cells 2019, 8, 1403 150f18

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Morgan, R.G.; Ridsdale, J.; Payne, M.; Heesom, K.J.; Wilson, M.C.; Davidson, A.; Greenhough, A.; Davies, S.;
Williams, A.C.; Blair, A.; et al. LEF-1 drives aberrant beta-catenin nuclear localization in myeloid leukemia
cells. Haematologica 2019, 104, 1365-1377. [CrossRef] [PubMed]

Petropoulos, K.; Arseni, N.; Schessl, C.; Stadler, C.R.; Rawat, V.P.; Deshpande, A.].; Heilmeier, B.;
Hiddemann, W.; Quintanilla-Martinez, L.; Bohlander, S.K.; et al. A novel role for Lef-1, a central transcription
mediator of Wnt signaling, in leukemogenesis. J. Exp. Med. 2008, 205, 515-522. [CrossRef] [PubMed]
Wang, Y.; Krivtsov, A.V,; Sinha, A.U.; North, T.E.; Goessling, W.; Feng, Z.; Zon, L.I,; Armstrong, S.A. The
Wnt/beta-catenin pathway is required for the development of leukemia stem cells in AML. Science 2010, 327,
1650-1653. [CrossRef] [PubMed]

Majeti, R.; Becker, M.W,; Tian, Q.; Lee, T.L.; Yan, X.; Liu, R.; Chiang, ].H.; Hood, L.; Clarke, M.E,; Weissman, I.L.
Dysregulated gene expression networks in human acute myelogenous leukemia stem cells. Proc. Natl. Acad.
Sci. USA 2009, 106, 3396-3401. [CrossRef] [PubMed]

Barbieri, E.; Deflorian, G.; Pezzimenti, F.; Valli, D.; Saia, M.; Meani, N.; Gruszka, A.M.; Alcalay, M.
Nucleophosmin leukemogenic mutant activates Wnt signaling during zebrafish development. Oncotarget
2016, 7, 55302-55312. [CrossRef]

Cocciardi, S.; Dolnik, A.; Kapp-Schwoerer, S.; Rucker, EG.; Lux, S.; Blatte, T.].; Skambraks, S.; Kronke, J.;
Heidel, EH.; Schnoder, T.M.; et al. Clonal evolution patterns in acute myeloid leukemia with NPM1 mutation.
Nat. Commun. 2019, 10, 2031. [CrossRef]

Reikvam, H.; Aasebo, E.; Brenner, A.K,; Bartaula-Brevik, S.; Gronningsaeter, .S.; Forthun, R.B.; Hovland, R.;
Bruserud, O. High Constitutive Cytokine Release by Primary Human Acute Myeloid Leukemia Cells Is
Associated with a Specific Intercellular Communication Phenotype. J. Clin. Med. 2019, 8, 970. [CrossRef]
Tsykunova, G.; Reikvam, H.; Hovland, R.; Bruserud, O. The surface molecule signature of primary human
acute myeloid leukemia (AML) cells is highly associated with NPM1 mutation status. Leukemia 2012, 26,
557-559. [CrossRef]

Tickenbrock, L.; Schwable, J.; Wiedehage, M.; Steffen, B.; Sargin, B.; Choudhary, C.; Brandts, C.; Berdel, W.E,;
Muller-Tidow, C.; Serve, H. FIt3 tandem duplication mutations cooperate with Wnt signaling in leukemic
signal transduction. Blood 2005, 105, 3699-3706. [CrossRef]

Valencia, A.; Roman-Gomez, J.; Cervera, J.; Such, E.; Barragan, E.; Bolufer, P.; Moscardo, F.; Sanz, G.F;
Sanz, M.A. Wnt signaling pathway is epigenetically regulated by methylation of Wnt antagonists in acute
myeloid leukemia. Leukemia 2009, 23, 1658-1666. [CrossRef] [PubMed]

Cheng, C.K,; Li, L; Cheng, S.H.; Ng, K.; Chan, N.P; Ip, RK.; Wong, R.S.; Shing, M.M.; Li, CK.; Ng, M.H.
Secreted-frizzled related protein 1 is a transcriptional repression target of the t(8;21) fusion protein in acute
myeloid leukemia. Blood 2011, 118, 6638—-6648. [CrossRef] [PubMed]

Guezguez, B.; Almakadi, M.; Benoit, Y.D.; Shapovalova, Z.; Rahmig, S.; Fiebig-Comyn, A.; Casado, FL.;
Tanasijevic, B.; Bresolin, S.; Masetti, R.; et al. GSK3 Deficiencies in Hematopoietic Stem Cells Initiate
Pre-neoplastic State that Is Predictive of Clinical Outcomes of Human Acute Leukemia. Cancer Cell 2016, 29,
61-74. [CrossRef] [PubMed]

Lazzaroni, F.; Del Giacco, L.; Biasci, D.; Turrini, M.; Prosperi, L.; Brusamolino, R.; Cairoli, R.; Beghini, A.
Intronless WNT10B-short variant underlies new recurrent allele-specific rearrangement in acute myeloid
leukaemia. Sci. Rep. 2016, 6, 37201. [CrossRef] [PubMed]

Beghini, A.; Corlazzoli, F.; Del Giacco, L.; Re, M.; Lazzaroni, F.; Brioschi, M.; Valentini, G.; Ferrazzi, F;
Ghilardi, A.; Righi, M.; et al. Regeneration-associated WNT signaling is activated in long-term reconstituting
AC133bright acute myeloid leukemia cells. Neoplasia 2012, 14, 1236-1248. [CrossRef]

Xin, H.; Li, C.; Wang, M. DIXDC1 promotes the growth of acute myeloid leukemia cells by upregulating the
Wnt/beta-catenin signaling pathway. Biomed. Pharmacother 2018, 107, 1548-1555. [CrossRef]

Hashemi Goradel, N.; Najafi, M.; Salehi, E.; Farhood, B.; Mortezaee, K. Cyclooxygenase-2 in cancer: A review.
J. Cell Physiol. 2019, 234, 5683-5699. [CrossRef]

Lilly, M.B.; Drapiza, L.; Sheth, M.; Zemskova, M.; Bashkirova, S.; Morris, ]. Expression of Cyclooxygenase-2
(COX-2) in Human Leukemias and Hematopoietic Cells. Blood 2004, 104, 4336.

Duciel, L.; Monraz Gomez, L.C.; Kondratova, M.; Kuperstein, I.; Saule, S. The Phosphatase PRL-3 Is Involved
in Key Steps of Cancer Metastasis. ]. Mol. Biol. 2019. [CrossRef]


http://dx.doi.org/10.3324/haematol.2018.202846
http://www.ncbi.nlm.nih.gov/pubmed/30630973
http://dx.doi.org/10.1084/jem.20071875
http://www.ncbi.nlm.nih.gov/pubmed/18316418
http://dx.doi.org/10.1126/science.1186624
http://www.ncbi.nlm.nih.gov/pubmed/20339075
http://dx.doi.org/10.1073/pnas.0900089106
http://www.ncbi.nlm.nih.gov/pubmed/19218430
http://dx.doi.org/10.18632/oncotarget.10878
http://dx.doi.org/10.1038/s41467-019-09745-2
http://dx.doi.org/10.3390/jcm8070970
http://dx.doi.org/10.1038/leu.2011.243
http://dx.doi.org/10.1182/blood-2004-07-2924
http://dx.doi.org/10.1038/leu.2009.86
http://www.ncbi.nlm.nih.gov/pubmed/19387464
http://dx.doi.org/10.1182/blood-2011-05-354712
http://www.ncbi.nlm.nih.gov/pubmed/22031861
http://dx.doi.org/10.1016/j.ccell.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26766591
http://dx.doi.org/10.1038/srep37201
http://www.ncbi.nlm.nih.gov/pubmed/27853307
http://dx.doi.org/10.1593/neo.121480
http://dx.doi.org/10.1016/j.biopha.2018.08.144
http://dx.doi.org/10.1002/jcp.27411
http://dx.doi.org/10.1016/j.jmb.2019.06.008

Cells 2019, 8, 1403 16 of 18

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhou, J.; Bi, C.; Chng, WJ.; Cheong, L.L.; Liu, S.C.; Mahara, S.; Tay, K.G.; Zeng, Q.; Li, J.; Guo, K,; et al. PRL-3,
a metastasis associated tyrosine phosphatase, is involved in FLT3-ITD signaling and implicated in anti-AML
therapy. PLoS ONE 2011, 6, €19798. [CrossRef]

Zhou, J.; Chan, Z.L,; Bi, C.; Lu, X.; Chong, P.S.; Chooi, ].Y.; Cheong, L.L.; Liu, S.C.; Ching, Y.Q.; Zhou, Y.; et al.
LIN28B Activation by PRL-3 Promotes Leukemogenesis and a Stem Cell-like Transcriptional Program in
AML. Mol. Cancer Res. 2017, 15, 294-303. [CrossRef] [PubMed]

Chong, PS.Y.; Zhou, J.; Chooi, ].Y.; Chan, Z.L.; Toh, SH.M.; Tan, T.Z.; Wee, S.; Gunaratne, J.; Zeng, Q.;
Chng, W.J. Non-canonical activation of beta-catenin by PRL-3 phosphatase in acute myeloid leukemia.
Oncogene 2019, 38, 1508-1519. [CrossRef] [PubMed]

Behrmann, L.; Wellbrock, J.; Fiedler, W. Acute Myeloid Leukemia and the Bone Marrow Niche-Take a Closer
Look. Front. Oncol. 2018, 8, 444. [CrossRef] [PubMed]

Yamane, T.; Kunisada, T.; Tsukamoto, H.; Yamazaki, H.; Niwa, H.; Takada, S.; Hayashi, S.I. Wnt signaling
regulates hemopoiesis through stromal cells. J. Immunol. 2001, 167, 765-772. [CrossRef] [PubMed]

Lane, S.W.; Wang, Y.J.; Lo Celso, C.; Ragu, C.; Bullinger, L.; Sykes, S.M.; Ferraro, F.; Shterental, S.; Lin, C.P;
Gilliland, D.G.; et al. Differential niche and Wnt requirements during acute myeloid leukemia progression.
Blood 2011, 118, 2849-2856. [CrossRef] [PubMed]

Kode, A.; Manavalan, J.S.; Mosialou, I.; Bhagat, G.; Rathinam, C.V.; Luo, N.; Khiabanian, H.; Lee, A;
Murty, V.V.; Friedman, R.; et al. Leukaemogenesis induced by an activating beta-catenin mutation in
osteoblasts. Nature 2014, 506, 240-244. [CrossRef] [PubMed]

Kode, A.; Mosialou, I.; Manavalan, S.J.; Rathinam, C.V,; Friedman, R.A.; Teruya-Feldstein, J.; Bhagat, G.;
Berman, E.; Kousteni, S. FoxO1-dependent induction of acute myeloid leukemia by osteoblasts in mice.
Leukemia 2016, 30, 1-13. [CrossRef]

Hu, K; Gu, Y;; Loy, L,; Liu, L.; Hu, Y.; Wang, B.; Luo, Y,; Shi, J.; Yu, X.; Huang, H. Galectin-3 mediates bone
marrow microenvironment-induced drug resistance in acute leukemia cells via Wnt/beta-catenin signaling
pathway. |. Hematol. Oncol. 2015, 8, 1. [CrossRef]

Chien, S.; Haq, S.U.; Pawlus, M.; Moon, R.T.; Estey, E.H.; Appelbaum, ER.; Othus, M.; Magnani, J.L.;
Becker, P.S. Adhesion of Acute Myeloid Leukemia Blasts to E-Selectin In The Vascular Niche Enhances Their
Survival By Mechanisms Such As Wnt Activation. Blood 2013, 122, 61. [CrossRef]

Esposito, M.; Mondal, N.; Greco, T.M.; Wei, Y.; Spadazzi, C.; Lin, S.C.; Zheng, H.; Cheung, C.; Magnani, J.L.;
Lin, S.H.; et al. Bone vascular niche E-selectin induces mesenchymal-epithelial transition and Wnt activation
in cancer cells to promote bone metastasis. Nat. Cell Biol. 2019, 21, 627-639. [CrossRef]

Liang, H.; Chen, Q.; Coles, A.H.; Anderson, S.J.; Pihan, G.; Bradley, A.; Gerstein, R.; Jurecic, R.; Jones, S.N.
Wntba inhibits B cell proliferation and functions as a tumor suppressor in hematopoietic tissue. Cancer Cell
2003, 4, 349-360. [CrossRef]

Heidel, EH.; Bullinger, L.; Arreba-Tutusaus, P.; Wang, Z.; Gaebel, J.; Hirt, C.; Niederwieser, D.; Lane, SW.;
Dohner, K.; Vasioukhin, V.; et al. The cell fate determinant LIgl1 influences HSC fitness and prognosis in
AML. J. Exp. Med. 2013, 210, 15-22. [CrossRef] [PubMed]

Beekman, R.; Valkhof, M.G.; Sanders, M.A.; van Strien, PM.; Haanstra, J.R.; Broeders, L.;
Geertsma-Kleinekoort, W.M.; Veerman, A.J.; Valk, P].; Verhaak, R.G; et al. Sequential gain of mutations in
severe congenital neutropenia progressing to acute myeloid leukemia. Blood 2012, 119, 5071-5077. [CrossRef]
[PubMed]

Prebet, T.; Lhoumeau, A.C.; Arnoulet, C.; Aulas, A.; Marchetto, S.; Audebert, S.; Puppo, F; Chabannon, C.;
Sainty, D.; Santoni, M.].; et al. The cell polarity PTK?7 receptor acts as a modulator of the chemotherapeutic
response in acute myeloid leukemia and impairs clinical outcome. Blood 2010, 116, 2315-2323. [CrossRef]
[PubMed]

Lhoumeau, A.C.; Arcangeli, M.L.; De Grandis, M.; Giordano, M.; Orsoni, J.C.; Lembo, F; Bardin, F;
Marchetto, S.; Aurrand-Lions, M.; Borg, ].P. Ptk7-Deficient Mice Have Decreased Hematopoietic Stem Cell
Pools as a Result of Deregulated Proliferation and Migration. J. Immunol. 2016, 196, 4367-4377. [CrossRef]
[PubMed]

Zang, S.; Liu, N.; Wang, H.; Wald, D.N.; Shao, N.; Zhang, J.; Ma, D.; Ji, C.; Tse, W. Wnt signaling is involved
in 6-benzylthioinosine-induced AML cell differentiation. BMC Cancer 2014, 14, 886. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0019798
http://dx.doi.org/10.1158/1541-7786.MCR-16-0275-T
http://www.ncbi.nlm.nih.gov/pubmed/28011885
http://dx.doi.org/10.1038/s41388-018-0526-3
http://www.ncbi.nlm.nih.gov/pubmed/30305722
http://dx.doi.org/10.3389/fonc.2018.00444
http://www.ncbi.nlm.nih.gov/pubmed/30370251
http://dx.doi.org/10.4049/jimmunol.167.2.765
http://www.ncbi.nlm.nih.gov/pubmed/11441081
http://dx.doi.org/10.1182/blood-2011-03-345165
http://www.ncbi.nlm.nih.gov/pubmed/21765021
http://dx.doi.org/10.1038/nature12883
http://www.ncbi.nlm.nih.gov/pubmed/24429522
http://dx.doi.org/10.1038/leu.2015.161
http://dx.doi.org/10.1186/s13045-014-0099-8
http://dx.doi.org/10.1182/blood.V122.21.61.61
http://dx.doi.org/10.1038/s41556-019-0309-2
http://dx.doi.org/10.1016/S1535-6108(03)00268-X
http://dx.doi.org/10.1084/jem.20120596
http://www.ncbi.nlm.nih.gov/pubmed/23277453
http://dx.doi.org/10.1182/blood-2012-01-406116
http://www.ncbi.nlm.nih.gov/pubmed/22371884
http://dx.doi.org/10.1182/blood-2010-01-262352
http://www.ncbi.nlm.nih.gov/pubmed/20558616
http://dx.doi.org/10.4049/jimmunol.1500680
http://www.ncbi.nlm.nih.gov/pubmed/27183644
http://dx.doi.org/10.1186/1471-2407-14-886
http://www.ncbi.nlm.nih.gov/pubmed/25428027

Cells 2019, 8, 1403 17 of 18

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ysebaert, L.; Chicanne, G.; Demur, C.; De Toni, E; Prade-Houdellier, N.; Ruidavets, J.B.; Mansat-De Mas, V.;
Rigal-Huguet, F; Laurent, G.; Payrastre, B.; et al. Expression of beta-catenin by acute myeloid leukemia cells
predicts enhanced clonogenic capacities and poor prognosis. Leukemia 2006, 20, 1211-1216. [CrossRef]

Xu, J.; Suzuki, M.; Niwa, Y.; Hiraga, ].; Nagasaka, T.; Ito, M.; Nakamura, S.; Tomita, A.; Abe, A.; Kiyoi, H.;
et al. Clinical significance of nuclear non-phosphorylated beta-catenin in acute myeloid leukaemia and
myelodysplastic syndrome. Br. ]. Haematol. 2008, 140, 394-401. [CrossRef]

Chen, C.C.; Gau, J.P; You, J.Y.; Lee, K.D.; Yu, Y.B.; Lu, C.H.; Lin, ].T,; Lan, C.; Lo, W.H.; Liu, ].M.; et al.
Prognostic significance of beta-catenin and topoisomerase Ilalpha in de novo acute myeloid leukemia. Am. J.
Hematol. 2009, 84, 87-92. [CrossRef]

Griffiths, E.A.; Golding, M.C.; Srivastava, P,; Povinelli, B.].; James, S.R.; Ford, L.A.; Wetzler, M.; Wang, E.S.;
Nemeth, M.J. Pharmacological targeting of beta-catenin in normal karyotype acute myeloid leukemia blasts.
Huaematologica 2015, 100, e49—e52. [CrossRef]

Xu, J.; Wu, W,; Shen, W.; Liu, P. The clinical significance of gamma-catenin in acute myeloid leukemia. Onco.
Targets Ther. 2016, 9, 3861-3871. [CrossRef] [PubMed]

Skokowa, J.; Cario, G.; Uenalan, M.; Schambach, A.; Germeshausen, M.; Battmer, K.; Zeidler, C.; Lehmann, U.;
Eder, M.; Baum, C.; et al. LEF-1 is crucial for neutrophil granulocytopoiesis and its expression is severely
reduced in congenital neutropenia. Nat. Med. 2006, 12, 1191-1197. [CrossRef] [PubMed]

Ruvolo, PP; Qiu, Y.; Coombes, K.R.; Zhang, N.; Neeley, E.S.; Ruvolo, V.R.; Hail, N., Jr.; Borthakur, G.;
Konopleva, M.; Andreeff, M.; et al. Phosphorylation of GSK3alpha/beta correlates with activation of AKT
and is prognostic for poor overall survival in acute myeloid leukemia patients. BBA Clin. 2015, 4, 59-68.
[CrossRef] [PubMed]

Taskesen, E.; Staal, FJ.; Reinders, M.J. An integrated approach of gene expression and DNA-methylation
profiles of WNT signaling genes uncovers novel prognostic markers in acute myeloid leukemia. BMC
Bioinformatics 2015, 16 (Suppl. 4), S4. [CrossRef]

Martin, V.; Valencia, A.; Agirre, X.; Cervera, ].; San Jose-Eneriz, E.; Vilas-Zornoza, A.; Rodriguez-Otero, P.;
Sanz, M.A_; Herrera, C.; Torres, A.; et al. Epigenetic regulation of the non-canonical Wnt pathway in acute
myeloid leukemia. Cancer Sci. 2010, 101, 425-432. [CrossRef] [PubMed]

Yin, X,; Xiang, T.; Mu, J.; Mao, H.; Li, L.; Huang, X; Li, C.; Feng, Y.; Luo, X.; Wei, Y.; et al. Protocadherin 17
functions as a tumor suppressor suppressing Wnt/beta-catenin signaling and cell metastasis and is frequently
methylated in breast cancer. Oncotarget 2016, 7, 51720-51732. [CrossRef]

Xu, Z.J.; Ma, ].C; Zhou, ].D.; Wen, X.M.; Yao, D.M.; Zhang, W.; Ji, R.B.; Wu, D.H,; Tang, L.J.; Deng, Z.Q.;
et al. Reduced protocadherinl? expression in leukemia stem cells: The clinical and biological effect in acute
myeloid leukemia. . Transl. Med. 2019, 17, 102. [CrossRef]

Astori, A.; Fredly, H.; Aloysius, T.A.; Bullinger, L.; Mansat-De Mas, V.; de la Grange, P.; Delhommeau, F.;
Hagen, K.M.; Recher, C.; Dusanter-Fourt, I.; et al. CXXC5 (retinoid-inducible nuclear factor, RINF) is a
potential therapeutic target in high-risk human acute myeloid leukemia. Oncotarget 2013, 4, 1438-1448.
[CrossRef]

Bruserud, O.; Reikvam, H.; Fredly, H.; Skavland, J.; Hagen, KM.; van Hoang, T.T.; Brenner, A.K.; Kadi, A.;
Astori, A.; Gjertsen, B.T.; et al. Expression of the potential therapeutic target CXXC5 in primary acute
myeloid leukemia cells - high expression is associated with adverse prognosis as well as altered intracellular
signaling and transcriptional regulation. Oncotarget 2015, 6, 2794-2811. [CrossRef]

Kuhnl, A; Valk, PJ.; Sanders, M.A_; Ivey, A; Hills, RK.; Mills, K.I.; Gale, R.E.; Kaiser, M.E,; Dillon, R.;
Joannides, M.; et al. Downregulation of the Wnt inhibitor CXXC5 predicts a better prognosis in acute myeloid
leukemia. Blood 2015, 125, 2985-2994. [CrossRef]

Minke, K.S.; Staib, P; Puetter, A.; Gehrke, I.; Gandhirajan, R.K.; Schlosser, A.; Schmitt, E.K.; Hallek, M.;
Kreuzer, K.A. Small molecule inhibitors of WNT signaling effectively induce apoptosis in acute myeloid
leukemia cells. Eur. J. Haematol. 2009, 82, 165-175. [CrossRef] [PubMed]

Li,K;; Hu, C.; Mei, C.; Ren, Z,; Vera, ].C.; Zhuang, Z.; Jin, ].; Tong, H. Sequential combination of decitabine and
idarubicin synergistically enhances anti-leukemia effect followed by demethylating Wnt pathway inhibitor
promoters and downregulating Wnt pathway nuclear target. J. Transl. Med. 2014, 12, 167. [CrossRef]
[PubMed]


http://dx.doi.org/10.1038/sj.leu.2404239
http://dx.doi.org/10.1111/j.1365-2141.2007.06914.x
http://dx.doi.org/10.1002/ajh.21334
http://dx.doi.org/10.3324/haematol.2014.113118
http://dx.doi.org/10.2147/OTT.S105514
http://www.ncbi.nlm.nih.gov/pubmed/27390526
http://dx.doi.org/10.1038/nm1474
http://www.ncbi.nlm.nih.gov/pubmed/17063141
http://dx.doi.org/10.1016/j.bbacli.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26674329
http://dx.doi.org/10.1186/1471-2105-16-S4-S4
http://dx.doi.org/10.1111/j.1349-7006.2009.01413.x
http://www.ncbi.nlm.nih.gov/pubmed/19874313
http://dx.doi.org/10.18632/oncotarget.10102
http://dx.doi.org/10.1186/s12967-019-1851-1
http://dx.doi.org/10.18632/oncotarget.1195
http://dx.doi.org/10.18632/oncotarget.3056
http://dx.doi.org/10.1182/blood-2014-12-613703
http://dx.doi.org/10.1111/j.1600-0609.2008.01188.x
http://www.ncbi.nlm.nih.gov/pubmed/19067737
http://dx.doi.org/10.1186/1479-5876-12-167
http://www.ncbi.nlm.nih.gov/pubmed/24923330

Cells 2019, 8, 1403 18 of 18

73.

74.

75.

76.

77.

78.

Fiskus, W.; Sharma, S.; Saha, S.; Shah, B.; Devaraj, S.G.; Sun, B.; Horrigan, S.; Leveque, C.; Zu, Y;; Iyer, S.; et al.
Pre-clinical efficacy of combined therapy with novel beta-catenin antagonist BC2059 and histone deacetylase
inhibitor against AML cells. Leukemia 2015, 29, 1267-1278. [CrossRef] [PubMed]

Ma, S.; Yang, L.L.; Niu, T.; Cheng, C.; Zhong, L.; Zheng, M.W.,; Xiong, Y.; Li, L.L.; Xiang, R.; Chen, L.J.;
et al. SKLB-677, an FLT3 and Wnt/beta-catenin signaling inhibitor, displays potent activity in models of
FLT3-driven AML. Sci. Rep. 2015, 5, 15646. [CrossRef] [PubMed]

Jiang, X.; Mak, P.Y;; Mu, H.; Tao, W.; Mak, D.H.; Kornblau, S.; Zhang, Q.; Ruvolo, P; Burks, ] K.; Zhang, W.;
et al. Disruption of Wnt/beta-Catenin Exerts Antileukemia Activity and Synergizes with FLT3 Inhibition in
FLT3-Mutant Acute Myeloid Leukemia. Clin. Cancer Res. 2018, 24, 2417-2429. [CrossRef]

Chen, C.; Xu, W.; Wang, C.M. Combination of celecoxib and doxorubicin increases growth inhibition and
apoptosis in acute myeloid leukemia cells. Leuk Lymphoma 2013, 54, 2517-2522. [CrossRef]

Casanova, I; Bosch, R; Lasa, A; Parreno, M., Cespedes, M.V,; Brunet, S.; Nomdedeu, J.F;
Mangues, M.A.; Sierra, J.; Mangues, R. A celecoxib derivative inhibits focal adhesion signaling and
induces caspase-8-dependent apoptosis in human acute myeloid leukemia cells. Int. J. Cancer 2008, 123,
217-226. [CrossRef]

Winer, E.S.; Stone, RM. Novel therapy in Acute myeloid leukemia (AML): Moving toward targeted
approaches. Ther. Adv. Hematol. 2019, 10, 2040620719860645. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/leu.2014.340
http://www.ncbi.nlm.nih.gov/pubmed/25482131
http://dx.doi.org/10.1038/srep15646
http://www.ncbi.nlm.nih.gov/pubmed/26497577
http://dx.doi.org/10.1158/1078-0432.CCR-17-1556
http://dx.doi.org/10.3109/10428194.2013.781170
http://dx.doi.org/10.1002/ijc.23516
http://dx.doi.org/10.1177/2040620719860645
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Wnt-Signalling Pathway 
	Wnt Signalling in the Pathogenesis of Acute Myeloid Leukaemia (AML) 
	Canonical Wnt Signalling 
	Non-Canonical Wnt Signalling 

	Clinical Implications—Prognosis and Therapeutic Approaches 
	Prognostic Impact 
	Treatment 

	Conclusions 
	References

