
 
 

   
 
 

UNIVERSITA’ DEGLI STUDI DI VERONA 
 
 

DEPARTMENT OF MEDICINE  
 

 
GRADUATE SCHOOL OF 

 
LIFE AND HEALTH SCIENCES 

 
 

DOCTORAL PROGRAM IN  
 

CLINICAL AND EXPERIMENTAL BIOMEDICAL SCIENCES 
 

 
Cycle 33rd / 2017 

 
 
 
 

The Wnt/β-catenin Signaling:  
A Microenvironmental Support 

To Chemoresistance In Acute Myeloid Leukemia 
 
 

S.S.D. MED/15 
 
 

 
Coordinator:  Prof. Giovanni Targher 
 
           

 
Tutor:   Prof. Mauro Krampera 
 
   
 
       

Ph.D. student: Riccardo Bazzoni 
 

                 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This work is licensed under a Creative Commons Attribution-Non-Commercial-No Derivs 3.0 Unported License, Italy.  
To read a copy of the licence, visit the web page: http://creativecommons.org/licenses/by-nc-nd/3.0/ 

 
Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were made.  
You may do so in any reasonable manner, but not in any way that suggests the licensor endorses you or your use. 

Non-Commercial — You may not use the material for commercial purposes. 

No Derivatives — If you remix, transform, or build upon the material, you may not distribute the modified material. 

                 
The Wnt/β-catenin Signaling: A Microenvironmental Support  

To Chemoresistance In Acute Myeloid Leukemia 
Riccardo Bazzoni 

PhD thesis 
 

Verona, Maggio 2021 

http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/


Sommario 
 

3 
 

SOMMARIO 

La via di segnalazione di Wnt/β-catenina è una via di trasduzione del segnale 

che svolge un ruolo chiave nella regolazione dei processi di differenziamento 

cellulare e di auto-rinnovamento. Per questo motivo, è considerata un componente 

essenziale dell’ematopoiesi e la sua alterazione può promuovere lo sviluppo della 

leucemia mieloide acuta (AML). Recentemente, è stato osservato che le cellule 

stromali mesenchimali del midollo osseo (hBM-MSC) offrono un vantaggio in 

termini di crescita e di chemio-resistenza alle cellule leucemiche, ma il loro 

contributo alla via di segnalazione di Wnt/β-catenina nei blasti leucemici non è 

ancora chiaro. In questo studio, abbiamo analizzato l’espressione dei componenti 

della via di segnalazione di Wnt/β-catenina e la loro correlazione con l'esito clinico 

dei pazienti affetti da AML, osservando alti livelli di espressione di β-catenina e 

della sua forma attiva (fosfo-Ser675) in campioni di pazienti a rischio intermedio 

ed avverso. I pazienti con una maggiore attivazione della via di segnalazione di 

Wnt/β-catenina hanno mostrato una minore sopravvivenza libera da progressione. 

In seguito, abbiamo dimostrato che le hBM-MSC aumentano l'attività di β-catenina 

nucleare nei blasti leucemici, confermando che la via segnalazione di Wnt è 

coinvolta nella comunicazione tra lo stroma midollare e le cellule leucemiche. 

Pertanto, abbiamo valutato gli effetti anti-leucemici di alcuni inibitori 

farmacologici di Wnt (Niclosamide e PNU-74654) o di GSK-3 (LiCl e AR-

A014418) in combinazione o meno con due classici farmaci anti-leucemici (Ara-C 

e Idarubicina). In vitro, gli inibitori di Wnt/GSK-3 riducono significativamente la 

proliferazione e la vitalità cellulare delle cellule tumorali, migliorandone la 

sensibilità agli agenti chemioterapici, sia in presenza che in assenza di hBM-MSCs. 

In vivo, PNU-74654, Niclosamide e LiCl, agendo sinergicamente con l’Ara-C, 

riducono drasticamente l'attecchimento delle cellule leucemiche umane CD45+, 

migliorando così la sopravvivenza degli animali. In conclusione, i nostri risultati 

suggeriscono come β-catenina possa rappresentare un fattore prognostico per 

predire l'esito clinico dei pazienti affetti da AML. La sua inibizione rappresenta 

quindi il razionale per lo sviluppo di una nuova potenziale strategia terapeutica al 

fine di migliorare l'esito della AML e superare la chemio-resistenza mediata dal 

microambiente tumorale. 
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ABSTRACT 

The Wnt/β-catenin signaling is an evolutionarily conserved pathway that plays 

a pivotal role in the regulation of cell differentiation and self-renewal. It is 

considered one of the main components of the hematopoiesis and its impairment 

can lead to the development of acute myeloid leukemia (AML). In the last years, it 

was reported that human bone marrow mesenchymal stromal cells (hBM-MSCs) 

support the growth and chemoresistance of leukemia cells, but their contribution to 

Wnt/β-catenin signaling in AML cells is still unclear. In this study, we first analyzed 

the expression pattern of Wnt/β-catenin components and their correlation with the 

clinical outcome of AML patients, observing high expression levels of β-catenin 

and its active form (phospho-Ser675) in intermediate and poor-risk groups of 

patients. Accordingly, patients with a lower activation of Wnt/β-catenin signaling 

showed longer progression-free survival. Then, we demonstrated that hBM-MSCs 

increase the activity of nuclear β-catenin in blast cells, suggesting that Wnt 

signaling could be involved in the crosstalk between bone marrow stroma and 

leukemia cells. Therefore, we investigated the anti-leukemia effects of 

pharmacological Wnt (Niclosamide and PNU-74654) or GSK-3 (LiCl and AR-

A014418) inhibitors in combination or not with classic anti-leukemia drugs (Ara-C 

and Idarubicin). In vitro, Wnt/GSK-3 inhibitors significantly reduced cell 

proliferation and cell viability, improving drug sensitivity of AML cells cultured 

alone or in presence of hMB-MSCs. In vivo, PNU-74654, Niclosamide, and LiCl, 

acting synergistically with Ara-C, dramatically reduced the engraftment of human 

CD45+ leukemic cells, thus improving animal survival. In conclusion, our results 

suggest that β-catenin could be useful as a prognostic marker for AML patients and 

its inhibition could represent a new potential therapeutic strategy to improve patient 

outcome and to overcome the chemoresistance mediated by tumor 

microenvironment. 
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1. INTRODUCTION 

1.1 Acute myeloid leukemia 

Acute myeloid leukemia (AML) is the most common acute leukemia in adults, 

characterized by a heterogeneous clonal disorder of haemopoietic stem cells, known 

as blasts, in which immature myeloid precursors lose the ability to normally 

differentiate, thus accumulating in the bone marrow (BM) and in peripheral blood 

[1, 2]. The incidence of AML increases with age, from 1.3 cases per 100,000 in 

patients less than 65 years old to 12.2 cases per 100,000 in those over 65 years [3]. 

AML is now curable in 35-40% of patients who are 60 years of age or younger and 

in 5-15% of patients who are older than 60 years of age [4].  

The genetic profile of AML is extremely complex and heterogenous, 

characterized by a wide range of chromosomal abnormalities, recurrent mutations, 

and epigenetic alterations [5]. Only a few mutations (e.g. FLT3, NPM1, and 

DNMT3A) are present in more than 25% of AML patients [6], underlying that the 

clinical diagnosis of AML encompasses a diverse group of genetically distinct 

malignancies. The first attempt to classify the different AML subtypes was the 

French-American-British (FAB) classification system, which defined AML in nine 

subtypes based on the morphological and cytochemical features of leukemia cells 

(Table 1) [7]. 

In the last twenty years, a new, more accurate classification system has been 

provided by the World Health Organization (WHO). The WHO classification (2016 

revision) divides AML in six subtypes, according to common and rare 

chromosomal abnormalities, cytofluorimetric and morphological analysis, and its 

relationship to other conditions or prior therapies (Table 2) [8]. 

As genetic abnormalities are powerful prognostic factors, AML patients were 

classified correlating their genetic alterations with their clinical characteristics and 

outcome. According to the European Leukemia Network (ELN), patients are 

divided in 3 risk groups: favorable or good, intermediate, and adverse or poor [4]. 

The main genetic characteristics of each risk group are summarized in Table 3. 

Given the high variability of AML-associated mutations, several signaling 

pathways result to be deregulated, including RAF/MEK/ERK, JAK/STAT, and 

PI3K/AKT/NFκB as well as development and stemness signaling pathways such as 
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Notch, Hedgehog, and Wnt [9, 10]. All these pathways are not only involved in 

leukemogenesis, but also in the chemoresistance mechanisms [11]. Moreover, 

leukemia cells are able to reprogram the bone marrow microenvironment in order 

to establish a niche acting as a sanctuary, in which blast cells acquire a therapy-

resistant phenotype [12]. 

FAB 
subtype Name Chromosomal 

translocation 
% of 
cases 

M0 Acute myeloblastic leukemia, 
minimally differentiated inv(3q26) and t(3;3) 3% 

M1 Acute myeloblastic leukemia, 
without maturation 

 15-20% 

M2 Acute myeloblastic leukemia, with 
granulocytic maturation t(8;21), t(6;9) 25-30% 

M3 Acute promyelocytic leukemia t(15;17), t(11;17), t(5;17) 5-10% 

M4 Acute myelomonocytic leukemia 11q23, inv(3q26) and 
t(3;3), t(6;9) 20% 

M4eo Acute myelomonocytic leukemia 
with abnormal eosinophils 

inv(16), t(16;16) 5-10% 

M5 Acute monocytic leukemia 11q23, t(8;16) 2-9% 

M6 Acute erythroid leukemia  3-5% 

M7 Acute megakaryoblast leukemia t(1;22) 3-12% 

Table 1 | FAB classification of AML. Reported data are from [7]. 

The management of AML patients generally consists of two phases. The first one, 

called induction therapy, aims at achieving the complete remission (defined as 

marrow with less than 5% blasts and neutrophil and platelet counts higher than 

1000/µL and 100.000/µL, respectively), preferably without evidence of minimal 

residual disease (MRD) [13, 14]. The standard care of the induction therapy consists 

of 7 days of cytarabine (Ara-C) combined with 3 days of anthracycline, such as 

idarubicin or daunorubicin (3+7 regimen) [14]. The second phase, known as 

consolidation therapy, aims at prolonging and maintaining the complete remission, 

without relapse occurrence [2, 14]. Generally, this phase provides 2-4 cycles of 

intermediate or high-dose cytarabine according to ELN genetic risk profile [4]. 
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AML with recurrent genetic abnormalities 
• AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1 
• AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 
• APL with PML-RARA 
• AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A 
• AML with t(6;9)(p23;q34.1); DEK-NUP214 
• AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM 
• AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1 
• Provisional entity: AML with BCR-ABL1 
• AML with mutated NPM1 
• AML with biallelic mutations of CEBPA 
• Provisional entity: AML with mutated RUNX1 

AML with myelodysplasia-related changes 
Therapy-related myeloid neoplasms 
AML, not otherwise specified (NOS) 

• AML with minimal differentiation 
• AML without maturation 
• AML with maturation 
• Acute myelomonocytic leukemia 
• Acute monoblastic/monocytic leukemia 
• Pure erythroid leukemia 
• Acute megakaryoblastic leukemia 
• Acute basophilic leukemia 
• Acute panmyelosis with myelofibrosis 

Myeloid sarcoma 
Myeloid proliferations related to Down syndrome 

• Transient abnormal myelopoiesis (TAM) 
• Myeloid leukemia associated with Down syndrome 

Table 2 | WHO classification of AML. Reported data are from [8]. 

In particular, for patients with a high risk of relapse, the autologous or allogenic 

hematopoietic stem cell transplantation (HSCT) is highly recommended [2, 15]. 

Although the aggressive treatments, AML is still characterized by a high rate of 

relapse and the complete remission rate is still of 60-90% in patients <60 years of 

age, whereas for elderly patients is only of 10 to 15% [14-16]. Therefore, new 

compounds targeting several cellular processes involved in AML pathogenesis have 

been investigated, such as tyrosine kinase inhibitors (e.g. midostaurin and 

dasatinib), cell cycle regulators (e.g. rigosertib), epigenetic regulators (e.g. 

vorinostat), monoclonal antibodies (e.g. gemtuzumab and ozogamicin), etc. [17, 
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18]. The highest response rates appear to be achieved only when new targeted 

therapies are combined with conventional induction chemotherapy [17]. 

Risk category Genetic abnormality 

Favorable 

• t(8;21)(q22;q22.1); RUNX1-RUNX1T1 
• inv(16)(p13.1;q22) or t(16;16)(p13.1;q22); CBFB-MYH11 
• Mutated NPM1 without FLT3-ITD or with FLT3-ITDlow 
• Biallelic mutated CEBPA 

Intermediate 

• Mutated NPM1 and FLT3-ITDhigh 
• Wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow 

(without adverse-risk genetic lesions) 
• t(9;11)(p21.3;q23.3); MLLT3-KMT2A 
• Cytogenetic abnormalities not classified as favorable or 

adverse 

Adverse 

• t(6;9)(p23;q34.1); DEK-NUP214 
• t(v;11q23.3); KMT2A rearranged 
• t(9;22)(q34.1;q11.2); BCR-ABL1 
• inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); 

GATA2,MECOM(EVI1) 
• −5 or del(5q); −7; −17/abn(17p) 
• Complex karyotype, monosomal karyotype 
• Wild-type NPM1 and FLT3-ITDhigh 
• Mutated RUNX1 
• Mutated ASXL1 
• Mutated TP53 

Table 3 | ELN risk stratification by genetics. Data reported are from [4]. 

1.2 Acute myeloid leukemia and bone marrow microenvironment 

One of the main factors responsible for the drug resistance in AML is the bone 

marrow microenvironment (BMM). BMM comprises blood vessels and several cell 

populations including mesenchymal stromal cells (hBM-MSCs), endothelial cells, 

fibroblasts, CXCL12-abundant reticular (CAR) cells, adipocytes, osteoblasts, and 

osteoclasts that either directly or indirectly contribute to the stimuli required for 

regulating normal hematopoiesis [19, 20]. Therefore, it is clear that alterations in 

BMM cell populations have a primary role in AML initiation. Recent findings also 

suggest that leukemia cells are able to reshape BMM leading to a permissive niche 

towards leukemia cell growth and disrupting normal hematopoiesis [21, 22]. 
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Controversial mechanisms and different signaling pathways are associated 

with BMM-mediated blast survival. For instance, leukemia cells promote the 

osteoblastic niche through either the activation of Smad1/5 signaling in hBM-MSCs 

or by a reduction of the sympathetic nervous system, which is critical for osteoblast 

differentiation and hematopoietic stem cells (HSCs) quiescence [23, 24]. Thus, the 

establishment of an osteoblastic niche contributes to tumor cell survival in AML 

progression. Additionally, hBM-MSCs upregulate PI3K/AKT/mTOR signaling in 

primary AML cells; consequently, its inhibition can effectively target blast cells 

within BMM [25, 26]. In contrast, the secretion of CCL3 by AML cells reduces the 

number of osteoblasts and expression levels of osteocalcin, leading to 

hematopoiesis deregulation and differentiation block of hBM-MSCs towards 

mature osteoblasts [27]. As reported by Jacamo et al., numerous adhesion 

molecules activate the proliferative and pro-survival pathways in AML cells [28]. 

Binding to VCAM-1, the cell surface ligand VLA-4 increases chemoresistance in 

leukemia cells through NF-κB pathway [28]. Notably, patients with VLA-4 

negative AML generally have a favorable outcome [29]. Besides adhesion 

molecules, AML cells are also regulated by soluble factors (such as Notch, CCL3, 

TGF-β, VEGF, CXCL12, Wnt, etc.) and extracellular vesicles secreted by BMM 

cells [19, 20, 30, 31]. In particular, both CXCL12/CXR4 axis and Wnt signaling 

are critical mediators in drug resistance in AML. In normal hematopoiesis, the 

binding of CXCL12, a chemokine secreted by hBM-MSCs, to its receptor CXCR4 

induces chemotaxis in leukocytes, whereas in tumor BMM retains leukemia cells 

in the BM and makes them more resistant to cytotoxic therapies [32-34]. A possible 

molecular mechanism for the chemoresistance induced by CXCL12/CXCR4 axis 

was explained by a study of Chen et al.: the authors found that CXCR4 induces 

AML chemoresistance by downregulating let-7a via YY1, resulting in 

transcriptional activation of MYC and BCL-XL [35]. Concerning the Wnt signaling, 

it regulates the cell development and self-renewal of several types of cells. Because 

Wnt signaling is active in AML cells and controls various biological processes in 

hBM-MSCs, it plays a crucial role in the BMM-mediate chemoresistance, as 

discussed in paragraph 1.5. 
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According to these findings, BMM can provide a shelter in which leukemia 

cells acquire a drug-resistant phenotype. However, as most data are based on in 

vitro experiments, the precise mechanisms used by leukemia cells to evade 

chemotherapy-induced death are not entirely clear yet. 

1.3 An overview of Wnt signaling pathways 

Wnt signaling pathway is a highly evolutionarily conserved group of signal 

transduction pathways involved in several fundamental biological processes 

including cell proliferation, cell survival, morphogenesis, cell migration, cell 

adhesion, tissue polarity as well as stem cell maintenance and cell fate [36, 37]. The 

human Wnt family is consists in 19 different secreted cysteine-rich glycoproteins 

acting as ligands for more than 15 receptors or co-receptors [38]. Wnt pathway is 

usually divided into one canonical or β-catenin-dependent (Wnt/β-catenin) pathway 

and two non-canonical or β-catenin-independent (planar cell polarity and Wnt/Ca2+ 

signaling) pathways (Figure 1 and 2) [39, 40]. Generally, Wnt-1, Wnt-3a, Wnt-8a, 

and Wnt-8b ligands are involved in the canonical Wnt pathway, while Wnt-4, Wnt-

5a, Wnt-5b, and Wnt-11 are associated with the non-canonical Wnt pathways [41]. 

Although it is not easy to classify Wnt ligands as ‘canonical’ or ‘non-canonical’, 

Wnt3a and Wnt5a are currently used as “model” ligands for the canonical and non-

canonical pathways, respectively [41]. All three pathways can co-exist inside the 

cell despite the events of non-canonical pathways are poorly defined since they 

overlap with other signaling pathways [42].  

The most well studied Wnt signaling is the canonical Wnt/β-catenin pathway 

(Figure 1). It can be found in two different functional states (inactive or active) 

according to the intracellular localization of β-catenin, the main effector of the 

pathway. The pathway results inactive when β-catenin is localized in the cytoplasm, 

whereas it is active when β-catenin translocates into the nucleus [43]. In order to 

trigger the intracellular cascade via the β-catenin nuclear migration, Wnt ligands 

need to bind to Frizzled (Fzd) receptors as well as the co-receptors low density 

lipoprotein receptor related protein 5/6 (LRP5/6). In the absence of Wnt ligands, 

cytoplasmic β-catenin is targeted by a degradation complex, which is composed by 

the tumor suppressor adenomatous polyposis coli (APC), the scaffolding protein 
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Axin, casein kinases (CK1α, -δ, and -ε), and glycogen synthase kinases 3 (GSK-3α 

and -β) [44, 45]. The two kinases can phosphorylate β-catenin at several conserved 

serine (Ser) and threonine (Thr) residues in its N-terminus (the most important 

inactive phosphorylation is in Ser33/37/Thr41) [46]. In this way, phosphorylated β-

catenin is recognized by β-transducin, a component of an ubiquitin ligase complex 

(E3 ubiquitin ligase), leading to the poly-ubiquitination and proteasomal 

degradation of β-catenin [47]. On the contrary, the binding of Wnt ligands to Fzd 

receptors and LRP5/6 co-receptors, induces the phosphorylation of dishevelled 

(Dvl), a cytoplasmic scaffolding protein, which subsequently recruits Axin to 

eventually deconstruct the degradation complex, stabilizing β-catenin and allowing 

its translocation into the nucleus [48]. To date, no mechanism by which β-catenin 

travels between the cytoplasm and the nucleus has been confirmed [49]. Once in 

the nucleus, the active form β-catenin (non-phospho-Ser33/37/Thr41 and phospho-

Ser675) binds to the N-terminus of members of the T-cell factor/lymphoid enhancer 

factor (TCF/LEF) transcription factor family and recruits the transcriptional co-

activators CBP/p300, BRG1, BCL9, and PYGO to transcribe Wnt target genes 

(such as c-Myc, cyclin D1, CD44, MMPs, etc.) [39, 46, 50-52]. Recent findings 

also suggested that β-catenin can also be actively transported back to the cytoplasm, 

by either an intrinsic export signal or as cargo of Axin or APC that shuttles between 

cytoplasm and nucleus [53, 54]. 
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Figure 1 | The canonical Wnt/β-catenin pathway. Left panel shows the molecular 

mechanisms involved in the inactive canonical pathway, while right panel shows the 

mechanisms leading to the activation of the pathway. Modified from [39].  

Concerning the two non-canonical Wnt pathways, Wnt ligands still bind Fzd 

receptors to activate Dvl but the downstream cascade does not involve β-catenin 

(Figure 2). The first type of β-catenin-independent pathway is the planar cell 

polarity (PCP), in which Wnt ligands bind Fzd and ROR/RYK receptors, which 

transmit the signal to VANGL2 inducing its phosphorylation [55]. In this way, Wnt 

ligands recruit and activate Dvl and Dvl-associated activator of morphogenesis 1 

(Daam1) in order to activate small GTPases, such as Ras homolog gene family 

member A (RhoA), Ras-related C3 botulinum toxin substrate (RAC) and cell 

division control protein 42 (CDC42) [39, 55, 56]. All these GTPases promote the 

activation of JNK and, therefore, regulate the transcription of genes involved in cell 

motility and tissue polarity through the recruitment of transcription factors like 

NFAT, JUN, and ATF2 [57, 58]. Finally, the last non-canonical Wnt pathway is 

related to Ca2+ signaling. The binding of Wnt ligands to the FZD and ROR/RYK 

receptors promotes the recruitment of Dvl in association with a small GTPase, 

which in turn activates phospholipase C (PLC) and leads to the production of 

inositol-3 phosphate (IP3) and di-acyl glycerol (DAG) from membrane-bound 
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phospholipid phosphatidyl inositol 4,5-bisphosphate (PIP2) [41, 52, 59]. Both IP3 

and DAG induces the intracellular release of Ca2+ from the endoplasmic reticulum 

and, therefore, activate protein kinase C (PKC), calmodulin-dependent protein 

kinase 2 (CaMK2), and calcineurin (Cn) [41, 52, 60]. All these events promote the 

nuclear translocation of transcription factors NFAT and NF-κB. Genes activated as 

a result of signaling through the Wnt/Ca2+ pathway regulate cell fate and cell 

migration [39, 52].  

 
Figure 2 | The non-canonical Wnt pathways. Left panel shows the molecular 

mechanisms related to the Wnt/PCP pathway, while right panel shows the mechanisms 

involved in the Wnt/Ca2+ pathway. Modified from [39]. 

1.4 The role of Wnt/β-catenin pathway in hematopoiesis 

HSCs are immature cells giving rise to all of the terminally differentiated blood 

cells in a process called hematopoiesis [61]. It is well known that Wnt/β-catenin 

signaling participates to hematopoiesis and HSC biology, but the exact mechanism 

through which it regulates the proliferation of progenitor cells and HSC self-

renewal is still controversial [62]. Numerous studies reported that the activation of 

Wnt signaling through the stabilization or the overexpression of β-catenin as well 

as the ectopic expression of Wnt-3a promote the self-renewal and expansion of 
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HSCs and even reconstitute the hematopoietic system of lethally irradiated mice 

[63-65]. As consequence, the inhibition of Wnt signaling through different ways 

(β-catenin depletion or mutation, overexpression of the antagonist Dkk1, addition 

of soluble form of Fzd receptors, and Wnt-3a deletion) results in loss of the long-

term self-renewal capacities and regenerative properties of HSCs [63, 66-70]. On 

the other hand, contradictory evidence for the role of Wnt/β-catenin signaling in the 

hematopoietic system has been reported. For instance, some groups observed that 

the overexpression of activated β-catenin induces a failure of HSC repopulation, 

blocks the multilineage differentiation, and even reverses the differentiation of 

committed hematopoietic cells [71-74]. These studies indicate that Wnt/β-catenin 

signaling is important not only in HSCs but also in more committed myeloid and 

lymphoid progenitor cells [75]. Surprisingly, Cobas et al. demonstrated that neither 

defects in hematopoiesis nor lymphopoiesis have been observed in irradiated mice 

when transplanted with β-catenin depleted HSCs, assuming that the β-catenin 

homologue γ-catenin (plakoglobin) compensated for the lack of β-catenin 

expression [76]. Indeed, Zheng et al. found that γ-catenin enhances cell cycle 

progression and re-plating capacity of HSCs [77]. However, further studies 

demonstrated that γ-catenin or double depletion of both γ-catenin and β-catenin do 

not affect both hematopoiesis and lymphopoiesis processes, suggesting that 

additional β-catenin-like proteins could substitute for β-catenin and γ-catenin in the 

HSCs [78-80].  

The complex role of Wnt/β-catenin signaling in hematopoiesis is further shown 

when considering not only the HSCs but also the entire hematopoietic niche. 

Indeed, several studies reported the activation of Wnt/β-catenin signaling in BMM 

components, including hBM-MSCs, endothelial cells, and osteoblasts [49, 75, 81-

83]. These observations suggest a loop, based on Wnt/β-catenin pathway, between 

BMM and HSCs for reciprocal support in development, maintenance, and 

homeostasis through a paracrine and autocrine mechanisms [84]. Taken together, 

these results show that Wnt signaling affects hematopoiesis in different ways and 

the effects of β-catenin on HSCs are dose-dependent.  
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1.5 The Wnt/β-catenin signaling pathway in acute myeloid leukemia 

The activation of Wnt/β-catenin signaling in AML seems to be mainly 

mediated by the overexpression of β-catenin and its migration into the nucleus, 

where it can explicate its transcriptional function. High expression levels of β-

catenin have been associated with unfavorable cytogenetics and poor prognosis 

[85]. Moreover, relapse samples and BM resident-leukemia cells show higher levels 

of β-catenin compared to samples from newly diagnosed and circulating blasts, 

respectively [85]. However, the activation of Wnt canonical pathway in AML is 

heterogenous even within cohorts of patients characterized by the same karyotype 

[86]. 

In contrast to other tumors, genetic mutations and rearrangements involving 

Wnt/β-catenin signaling components are rare in AML [87]. Therefore, other 

mechanisms must be involved in the activation of Wnt/β-catenin signaling pathway. 

The homologue of β-catenin, γ-catenin, is a crucial player in AML. Aberrant 

nuclear localization and overexpression of γ-catenin are frequently observed in 

AML samples. Moreover, it has been reported that several genes regulated by the 

fusion proteins PML/RARα, AML1/ETO, and PLZF1/RARα induce an 

upregulation of γ-catenin expression [77, 88, 89]. Interestingly, ectopic expression 

of Wnt-3a enhances the spatial proximity between AML1 and ETO, resulting in a 

generation of RUNX1-ETO translocation event [90]. However, high levels of γ-

catenin induce a greater stabilization of β-catenin that allow to both catenins to 

translocate into the nucleus resulting in a deregulate TCF-dependent transcription 

[89].  

Another Wnt component frequently overexpressed in AML is the transcription 

factor LEF1 [91, 92]. AML cells express the long isoform of LEF1 that is capable 

of binding 𝛽𝛽-catenin, while normal HSCs express the short LEF1 variant lacking 

the N-terminus and the 𝛽𝛽-catenin binding site [93]. Interestingly, patients with high 

levels of LEF1 were more likely to achieve a complete remission after the induction 

therapy in comparison to those with lower LEF1 levels [91].   

Other mechanisms related to the activation of Wnt/β-catenin in AML 

pathogenesis are represented by the epigenetic events. Promoter hypermethylation 

of Wnt antagonists SFRP1, SFRP2, SFRP4, SFRP5, DKK1, and DKK3 as well as 
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other pathway negative regulators, such as RUNX3, SOX17, WIF1, and CXXC5, has 

been observed both in AML cell lines and in AML primary samples, leading to 

pathway activation [94-97]. This suggests that the treatment of AML cells with 

demethylating agents may lead to a re-expression of Wnt antagonists or inhibitors 

resulting in re-inactivation of the pathway [96]. 

The activation of Wnt/β-catenin signaling is also due to the deregulation of 

noncoding RNAs, such as microRNAs (miRs). For example, miR-212-5p, which 

targets Fzd5, is downregulated in AML samples resulting in an increment of β-

catenin levels [98]. The expression of Fzd4 may be upregulated due to the 

downregulation of miR-150-5p, whose induction restores the low levels of Fzd4 

and reduces the activity of the canonical Wnt pathway [99]. 

The AML genetic mutation landscape also synergizes with Wnt/β-catenin 

signaling in myeloid transformation. Internal tandem duplications of FLT3 (FLT3-

ITD) regulates β-catenin nuclear localization and induces the expression of its target 

gene MYC [100, 101]. Moreover, AML samples with FLT3-ITD mutations 

expressed high β-catenin protein levels, whereas patients with wild-type FLT3 did 

not [100]. Concerning NPM1, it has been demonstrated that the silencing of NPM1 

mutant form (NPMc+) in AML cell lines decreases β-catenin stabilization [102]. 

Notably, Cocciardi et al. reported that some AML patients losing NPMc+ mutation 

at relapse show activated Wnt signaling at recurrence but not at presentation. This 

was probably due to the fact that samples with NPM1c+ loss diplayed less stem cell-

like features at diagnosis, as shown by the absence of Wnt signaling enrichment 

[103].  

Indirect mechanisms related to Wnt/β-catenin signaling activation involve 

phosphatase of regenerating liver-3 (PRL-3), Dvl-Axin domain-containing 1 

(DIXDC1) protein, and cyclooxygenase-2 (COX-2). The first two, (PRL-3 and 

DIXDC1) are highly expressed in AML samples, but absent in the normal 

counterpart cells [104, 105]. PRL-3, through its specific substrate LEO1, promotes 

β-catenin nuclear accumulation and transactivation of downstream target genes 

such as MYC and CCND1 [104], whereas DIXDC1 activates TCF-dependent 

transcription of Wnt target genes by interacting with Dvl and Axin [105]. Lastly, 
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COX-2, whose expression is induced by several oncogenes in HSCs, promotes Wnt 

signaling activation trough the prostaglandin E production [106]. 

Little is known about the role of Wnt/β-catenin pathway in the communication 

between the BMM and blast cells. The expression of BMP4, a member of TGF-β 

growth factor, whose downregulation can affect HSC function, is reduced in hMB-

MSC from AML patients (hMB-MSC*) by a less active Wnt/β-catenin signaling, 

suggesting that the deregulation of the pathway in the BMM could be related to 

leukemia transformation [107]. In parallel with this observation, a recent study 

demonstrated that AML-derived exosomes enhance the expression of Dkk1 in 

hBM-MSCs, inhibiting Wnt/β-catenin pathway and thus allowing AML cells to 

create a self-strengthening leukemia niche that promotes leukemia cell proliferation 

and survival [108]. Additionally, Hu et al. demonstrated that hBM-MSCs 

upregulate the expression levels of galectin-3 (gal-3), a protein without enzymatic 

activity involved in numerous tumor processes, in AML cells promoting β-catenin 

stabilization through GSK3-β phosphorylation [109]. In support of this, Bing et al. 

reported that hBM-MSCs are involved in drug resistance mediated by the BMM 

upregulating c-Myc [110]. Finally, a recent study observed a reduced secretion of 

the Wnt antagonist Sfrp4 from hBM-MSCs*, resulting in an activated Wnt 

signaling in leukemia cells [111]. 

From all these observations emerges how crucial Wnt/β-catenin pathway is in 

AML development and drug resistance as well as in the communication between 

leukemia niche and blast cells. Therefore, target the pathway with small inhibitor 

molecules could reduce the chemoresistance of leukemia cells and improve the 

prognosis of AML patients. 
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2. AIM OF THE STUDY 

Growing evidence from both preclinical and clinical studies reveals the critical 

role of Wnt/β-catenin signaling in the development and drug resistance of many 

cancers, including AML. Despite the aggressive treatments, AML is still 

characterized by a high relapse rate. The therapeutic failure in AML resides, at least 

in part, in the bone marrow microenvironment. It has been observed that the 

canonical Wnt pathway is functionally active in hBM-MSCs, suggesting a paracrine 

signal between hBM-MSCs and blast cells, although the hBM-MSC contribution to 

Wnt/β-catenin signaling in blast cells is still unclear. 

The aim of this work was to unravel the role of Wnt/β-catenin signaling 

pathway in the onset and maintenance of AML. In particular, we investigated the 

prognostic value of β-catenin by correlating its expression with the clinical outcome 

of AML patients, and the possible hBM-MSC-mediated increase of its activation. 

For this purpose, we interfered with the Wnt/β-catenin signaling by using small 

molecule inhibitors to sensitize blast cells, cultured alone or in presence of hBM-

MSCs, to chemotherapeutic agents both in vitro and in vivo. In this way, we provide 

the rational for the clinical development of novel therapeutic strategies for a better 

chance of AML cell eradication. 
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3. MATERIALS AND METHODS 

3.1 Patients, samples, and cell lines 

All primary samples were collected from healthy donors and AML patients 

after written informed consent. AML blast cells were obtained from BM aspirates 

or peripheral blood samples from patients with AML at diagnosis (>80% leukemia 

cells). AML patients’ characteristics are summarized in Table 4. Human AML cell 

line HL-60 (acute promyelocytic leukemia cell line), THP-1 (acute monocytic 

leukemia cell line), and U937 (myeloid histiocytic sarcoma cell line) were 

expanded in IMDM (Sigma-Aldrich, St. Louis, Missouri, USA) supplemented with 

20% FBS (Gibco, Altham, Massachusetts, USA), 1% 200 mM L-Glutamine and 

1% Penicillin/Streptomycin (both Sigma-Aldrich). All cell lines were purchased 

from American Type Culture Collection (ATCC, Manassas, Virginia, USA). hBM-

MSC were isolated from BM aspirates of healthy donors (n=12) and AML patients 

(n=18) and cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS 

(Gibco), 2% 200 mM L-Glutamine and 1% Penicillin/Streptomycin (both Sigma-

Aldrich). HEK293 cells were grown in complete DMEM. BM aspirates of healthy 

donors and AML patients were harvested from both posterior iliac crests using 

sterile technique under general and local anesthesia, respectively. Both BM 

aspirates of healthy donors and AML patients were kindly provided by Complex 

Operating Unit (UOC) of Hematology and Bone Marrow Transplant Center 

(CTMO) of the Hospital of the University of Verona. 
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Patients n=58 

Gender Female=23 
Male=35 

Median age 57 (16-74) 

FAB subtypes (n=57) 

M1/M0=14 
M2=13 
M3=3 
M4=16 
M5=5 
M6/M7=1 
AML-MDS=5 
Other=1 

Blood parameters 
Hb (g/dL)=8.7 (3.16-12.9) 
PLT (109/L)=67.500 (600-319.000) 
RBC (1012/L)=20.500 (500-21.800) 

ELN/WHO stratification (n=51) 
Good=22 
Intermediate=17 
Adverse=18 

Induction therapy 

7+3=26 
MICE=26 
FLAI=2 
Other=4 

HSCT transplantation (n=29) Three-year remission=10 
Relapse within 3 years=19 

Table 4 | Characteristics of AML patients. ELN: European Leukemia Network; WHO: 

World Health Organization; Hb: hemoglobin; PLT: platelets; RBC: red blood cells; 7+3 

protocol: 3 days of anthracycline + 7 days of Ara-C; MICE protocol: 3 days of 

Mitoxantrone and Etoposide + 7 days of Ara-C; FLAI protocol: 5 days of Fludarabine and 

Ara-C + 2 days of Idarubicin; HSCT: allogeneic hematopoietic stem cell transplantation; 

AML-MDS: AML secondary to myelodysplasia. 

3.2 Chemical and antibodies 

The Wnt/GSK-3 modulators used in in vitro assays were Wnt-3a (25 ng/mL), 

Wnt-5a (25 ng/mL), PNU-74654 (15 µM), Niclosamide (1 µM), Lithium Chloride 

(10 mM; LiCl), and AR-A014418 (15 µM) (all purchased from Sigma-Aldrich). 

Cytarabine (10 µM; Ara-C) and Idarubicin (0.5 µM; Ida) were provided by Hospital 

Pharmacy of the University of Verona.  

The antibodies used for leukemia cell identification by flow cytometry 

(FACSCanto II, Becton Dickinson, Franklin Lakes, New Jersey, USA) were: anti-
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human CD45 (VioBlue, APC, PerCP, PerCP-Vio700), anti-mouse CD45-

VioGreen, an anti-human CD34-PerCP, and anti-human CD117-APC (all from 

Miltenyi Biotec, Bergisch Gladbach, Germany). For Western blot analysis and 

intracytoplasmic staining by flow cytometry, the follow antibodies have been used: 

anti-APC, anti-mTOR, anti-STAT3, anti-phospho-STAT3 (pSTAT3), anti-AKT, 

anti-phospho-AKT (pAKT), anti-GSK-3β, anti-phospho-GSK-3β (pGSK-3β) 

(Ser9), anti-β-catenin, anti-phospho-β-catenin (pβ-catenin) (Ser675), anti-pβ-

catenin (Ser33/37/Thr41), anti-non-phospho-β-catenin (npβ-catenin) 

(Ser33/37/Thr41), anti-GSK-3α, anti-phospho-GSK-3α (pGSK-3α) (Ser21), anti-

NFκB, anti-phospho-NFκB (pNFκB), anti-MAPK (Erk1/2), anti-phospho-MAPK 

(pMAPK) (Erk1/2), anti-Bcl-2, anti-Bax, anti-GAPDH, anti-Histone H3, HRP-

conjugated secondary antibody against rabbit (for Western blot analysis) and Alexa 

Fluor 488-conjugated secondary antibody against rabbit (for flow cytometry 

analysis). All antibodies were rabbit monoclonal reactive against human and 

purchased from Cell Signaling Technology (Danvers, Massachusetts, USA) 

For cell death and cell viability analysis Propidium iodide (PI), FITC-

conjugated Annexin V (both Miltenyi Biotec), [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega, 

Madison, Wisconsin, USA), TOPRO-3 (Thermo Fisher) were used. For 

proliferation analysis carboxyfluorescein succinimidyl ester (CFSE; Life 

Technologies, Carlsbad, California, USA) was used. 

3.3 Flow cytometer analysis of Wnt signaling components 

AML cell lines and AML primary cells were fixed and permeabilized for 30 

min at 4°C. Permeabilized cells were probed with primary antibodies or their 

specific isotype for 1 h at room temperature (RT). Next, cells were washed and 

labelled with Alexa Fluor 488-conjugated secondary antibodies (Cell Signaling 

Technology). Protein expression was analyzed through flow cytometry and 

expressed as relative median of fluorescence intensity, defined as the ratio of the 

specific antibody fluorescence over the specific isotype fluorescence. 
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3.4 Immunofluorescence 

In order to evaluate cytoplasmic and nuclear localization of β-catenin, 

immunofluorescence assays were performed on AML cell lines. Briefly, 2x105 cells 

were seeded on 50 µg/mL poly-D-Lysine (Sigma-Aldrich) coated coverslips. Next, 

cells were fixed with 4% paraformaldehyde (PFA) for 10 min, washed and 

permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) for 10 min. After washes, 

cells were incubated with 1% bovine serum albumin (BSA), 22.52 mg/mL glycine 

in PBS + 0.1% Tween-20 (all from Sigma-Aldrich) for 30 min. Cells were 

incubated with primary anti-β-catenin antibody (1:800, Cell Signaling Technology) 

for 1 h at RT. After washes in PBS, cells were incubated with Alexa Fluor 594-

conjugated secondary antibody (Cell Signaling Technology) for 1 h at RT. After 

the incubation coverslips were incubated with 15 µM CellTracker Green BODIPY 

Dye (Thermo Fisher Scientific) for 30 min, mounted on the coverslide using 

1μg/mL Hoechst (Thermo Fisher) in PBS and then analyzed by confocal 

microscopy using a Leica TCS SP5 AOBS confocal microscope (Leica, Wetzlar, 

Germany).  

3.5 Western blotting 

Cells were lysed with an appropriate amount of RIPA buffer (25 mM Tris pH 

7.6, 150 mM NaCl, 1% NP40, 1% Na-deoxycholate, 0.1% SDS) for total protein 

extraction or with buffers from NE-PER Nuclear and Cytoplasmic Extraction 

Reagents Kit (Thermo Fisher Scientific) for the cytoplasmic and nuclear fraction 

extraction. All buffers were supplemented with Protease/Phosphatase Inhibitor 

Cocktail (Cell Signaling Technology). Proteins were quantified using BCA protein 

assay kit (Thermo Fisher Scientific). Equal concentrations of protein were separated 

on a 10% or 12% polyacrylamide gel. Subsequently, proteins were transferred onto 

nitrocellulose membrane (GE Healthcare, Chicago, Illinois, USA) and blocked with 

5% BSA (Sigma-Aldrich) in Tris-buffered saline (TBS) supplemented with 0.1% 

Tween-20 (TBS-T). Membranes were incubated with primary antibodies at 4°C 

overnight. After washing with TBS-T, membranes were incubated with HRP-

conjugated secondary antibodies for 1 hour at RT. Proteins were visualized using 

LiteAblot Plus and Turbo (both Euroclone, Milan, Italy) with a LAS4000 instrument 

(GE Healtcare). GAPDH was used as loading total and cytoplasmic control, while 
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Histone H3 was used as loading nuclear control. All primary samples subjected to 

immunoblotting contained more than 80% of blast cells. 

3.6 MTS assay 

To evaluate the specific relative sensitivity of AML cells to modulators of 

Wnt/β-catenin pathway, AML cell lines and hBM-MSCs were cultured for 72 hours 

(h) in presence of increasing concentrations of each inhibitor. To determine the 

IC50 dose for each inhibitor, we performed the colorimetric [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt; MTS] (Promega) assay. AML lines or hBM-MSCs were 

seeded in 96 wells plates, with increasing concentration of different drugs. Cell 

viability was then assessed by adding 10 µL of MTS into each well and keeping in 

incubator for 4 hours. The product was then measured at 490 nm in a 

spectrophotometric microplate reader (VICTORX4, PerkinElmer, Waltham, 

Massachusetts, USA). The viability was expressed as the percentage of optical 

density of treated cells compared to optical density of cells treated with the specific 

vehicle. The effective concentration to induce a 50% reduction of AML cells 

viability (IC50) derived from the equations that best fit the linear range of the dose-

response curve.  

3.7 Proliferation assay and TOPRO-3 viability assay 

Cell proliferation was evaluated by flow cytometry analysis after 

carboxyfluorescein succinimidyl ester (CFSE; Life Technologies) staining. In order 

to discriminate live cells population, samples were stained with TOPRO-3 (1µM; 

Thermo Fisher) and analyzed immediately on a FACSCanto II flow cytometer 

(Becton Dickinson). Relative cell proliferation was expressed as the percentage of 

CFSE median fluorescence of treated cells compared to the cells treated with the 

specific vehicle. 

3.8 Annexin V assay 

The apoptosis of AML cells was assessed using the Annexin V-Propidium 

Iodide (PI) staining kit (Miltenyi Biotec). Briefly, AML cells were seeded alone or 

in co-culture with hBM-MSCs for 48 h. After collecting, cells were resuspended in 

binding buffer (Miltenyi Biotec), and FITC-conjugated Annexin V (Miltenyi 
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Biotec) was added at 1 µg/mL final concentration. The mixture was incubated at 

room temperature for 15 min in the dark. Membrane integrity was assessed by PI 

staining immediately before flow cytometry analysis. 

3.9 ROS production evaluation 

Briefly, hBM-MSCs or hBM-MSC* were seeded in 96-wells plate. The day 

after AML cell lines or AML primary cells were seeded on the hBM-MSC 

monolayer in complete IMDM with 20 µM HEPES (all purchased from Sigma-

Aldrich). After 24 h, leukemia cells were collected, labelled with CM-H2DCFDA 

(ThermFisher Scientific) according to the manufacturer’s instructions and ROS 

activity was evaluated by flow cytometry.  

3.10 ELISA assay 

Concentration of soluble Wnt-1, Wnt-3a, Wnt-5a and Wnt-5a were evaluated 

by ELISA assay (Nordic Biosite, Täby, Sweden), according to manufacturer’s 

instructions, in the supernatant of both hBM-MSC and hBM-MSC*. 

3.11 Gene reporter assay 

To monitor Wnt/β-catenin transcriptional activity, THP-1 cells were 

transfected with reporter plasmids encoding for an inducible TCF/LEF responsive 

GFP reporter (Qiagen, Hilden, Germany) by using MACSfectin transfection 

reagent (Miltenyi Biotec) according to manufacturer’s instructions. GFP signal was 

quantitatively measured by flow cytometry. The Wnt/β-catenin pathway activity 

was determined by normalizing the activity of TCF/LEF-GFP to that of CMV-GFP 

plasmid. 

3.12 hBM-MSC differentiation 

Differentiation assays were performed on both hBM-MSC. Osteocyte 

differentiation was induced by using human StemMACS OsteoDiff Medium 

(Miltenyi Biotec). Adipocyte differentiation medium consisted in α-MEM (Sigma-

Aldrich) supplemented with 10% FBS (Gibco), 1% 200 mM L-Glutamine (Sigma-

Aldrich), 100 μg/mL IBMX, 1 μM Dexamethasone and 10 μg/mL Humulin. The 

experiment lasted 15 days and half medium was replaced twice a week. Cell 

differentiation was analyzed by specific stainings. For osteocyte differentiation, 
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cells were washed with PBS, fixed for 5 minutes with 4% paraformaldehyde, wash 

three times with deionized water and stained with 2% Alizarin (Sigma-Aldrich). 

For adipocyte differentiation, cells were washed with PBS and fixed with 60% 

isopropanol for 1 minute at room temperature, then stained with Oil-Red-O for 10 

minutes at room temperature. Oil-Red-O was removed and replaced with 60% 

isopropanol for 30 seconds. Images were taken using a Zeiss Axio Observer Z1 

microscope (Carl Zeiss, Oberkochen, Germany). 

3.13 Immunoregulation assay 

To assess the immunomodulatory properties of hBM-MSCs, PBMCs were 

stained with 5 μM 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) 

(Thermo Fisher Scientific). CFSE-labeled cells were seeded on hBM-MSC 

monolayer stimulated (ph-BMMSCs) with IFN-γ (10 ng/mL) and TNF-α (15 

ng/mL) (both R&D Systems, Minneapolis, Minnesota, USA). PBMCs were 

stimulated by adding 5 μg/ml phytohemagglutinin (PHA; Sigma-Aldrich) to the 

culture medium. After 96 h of co-culture, cells were harvested, washed and 

analyzed by flow cytometry. Relative cell proliferation was expressed as percentage 

of median CFSE fluorescence of treated cells compared to cells treated with the 

specific vehicle. 

3.14 Xenograft mouse model 

Animal care was performed in accordance with institution guidelines as 

approved by the Italian Ministry of Health. Parameters used for sample size are 

power of 80%, signal/noise ratio of 2 and significance level of 5% (p⩽0.05) using 

a two-sample t-test power calculation. These criteria lead to a minimum group sizes 

of 8-15 mice, but according to the 3Rs principles, the minimum groups size can be 

reduced to 5-12 mice.  

NOD/Shi-scid/IL-2Rγnull (NOG) male mice were purchased from Taconic 

(Germantown, NY, USA) and kept in pathogen-free conditions in the animal 

facility of the University of Verona. On day 1, U937 cells (1x106) were injected 

into the tail vein of 8-12 weeks old mice after total irradiation (1.2 Gy, 137Cesium 

source). Starting from day 9 post-engraftment, mice (randomly allocated) received 

for 5 days intraperitoneal daily injection of Ara-C (25 mg/kg) or each Wnt/GSK-3 
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inhibitors or their vehicle (DMSO). In case of combined treatment, Ara-C was 

associated with each Wnt/GSK-3β inhibitor the first two days, followed by three 

days of Ara-C only. Mice were sacrificed after 2 weeks following cell line injection, 

and bone marrow leukemia burden was evaluated as percentage of human CD45+ 

cells. Wnt/GSK-3 inhibitors used were Niclosamide (10 mg/kg), LiCl (25 mg/kg), 

and PNU-74654 (0.5 mg/kg). 

3.15 Statistical analysis 

Statistical analysis was performed using GraphPad Prism (La Jolla, CA, USA). 

Mann–Whitney and Kruskal–Wallis were used to compare two groups or more than 

two groups, respectively. All tests were one-sided. Pearson Chi-square analysis was 

used to test association among variables. Survival curves were calculated by the 

Kaplan Meier Method. Data were expressed as mean ± standard error mean (SEM).  
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4. RESULTS 

4.1 Wnt/β-catenin pathway is enriched in AML primary samples 

To determine whether Wnt/β-catenin signaling was represented in patient 

samples, we first used in silico analysis of RNA-seq data from 173 patients that 

were part of The Cancer Genome Atlas (TCGA) project on AML. We observed that 

several genes of the Wnt/GSK-3/β-catenin axis were enriched in AML samples, 

including AXIN, APC, CTNNB, FZD4, GSK-3A, GSK-3B, LRP5, TCF4, WNT3A, 

WNT5A, WNT5B, WNT10A, and WNT10B (Figure 3A). Then, we determined the 

Wnt expression pattern in a cohort of 58 AML patients (see Table 4 for patients’ 

characteristics), admitted to our Institution, by flow cytometry. Consistently with 

in silico analysis, we observed in our primary AML samples a robust expression of 

total β-catenin, GSK-3α, and GSK-3β and their phosphorylated forms (Figure 3B). 

However, expression levels of total β-catenin, pGSK-3β (Ser9), and pGSK-3α 

(Ser21) were heterogeneous amongst samples. To investigate whether this 

heterogeneous expression of Wnt molecules could have prognostic significance, the 

samples were classified according to the expression degree (high versus low) as 

compared to the mean values of expression for all samples. Then, we used Kaplan-

Meier analysis to determine patient survival in the two groups, censoring data after 

36 months. For all the proteins considered, no significant differences were observed 

either in overall survival (OS), or in progression free survival (PFS) (data not 

shown). By contrast, when we considered the activation of β-catenin pathway as 

the ratio between the non-active form pβ-catenin (Ser33/37/Thr41) and the total β-

catenin, patients with low activation status (high ratio) displayed a better PFS 

compared to patients presenting high activation status of the pathway (low ratio) 

(Figures 3C, D). No difference in protein expression levels between males and 

females, young (<65 years) and elderly (> 65 years) patients as well as across FAB 

subtypes was observed (data not shown). Spearman correlations showed a positive 

association between the expression levels of the different forms of β-catenin, GSK-

3β, and GSK-3α and hemogram parameters, such as leucocyte count (WBC), 

hemoglobin (Hb), and platelets (PLT) (Table 5). The European Leukemia Network 

(ELN) recommendations for diagnosis and management of AML in adults has 

proposed the stratification of AML patients according to genetic and molecular 
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characteristics, dividing patients into three risk categories that are relevant for 

clinical outcomes, i.e. good/favorable, intermediate, and poor/adverse [18]. 

Accordingly, based on the cytogenetics and mutational pattern of each patient, we 

classified patients in these three risk groups, observing that total β-catenin, active 

pβ-catenin (Ser675) as well as GSK-3α and pGSK-3α (Ser21) were preferentially 

expressed in adverse and intermediate risk groups (Figure 4). The remaining 

proteins are similarly expressed among the risk groups. All these observations 

suggested that Wnt/GSK-3 axis could be associated with AML cell 

chemosensitivity.   
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Figure 3 | Primary AML samples are enriched in Wnt components. (a) Wnt/β-catenin 

signaling expression data from AML samples (n=173) obtained from The Cancer Genome 

Atlas (TCGA) RNA-Seq database for AML. Gene expression data in Z-score format were 

downloaded from cBioPortal/cgdsr R package for the TCGA-LAML. Normalized data 

were used for Z-score calculation. For each mRNA, a sample showing a Z-score higher or 

lower than the average Z-score for the whole population was considered as having higher 

or lower expression respectively for the corresponding gene, Z ± 1.96 (p<0.05). (b) Flow 

cytometric analysis of Wnt components in AML primary samples (n=58). Samples were 

probed with specific primary antibody and labeled with Alexa Fluor 488-conjugated 

secondary antibodies. Data are represented as relative median of fluorescence intensity. (c, 
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d) The ratio between the inactive pβ-catenin (Ser33-37/Thr41) and total β-catenin was 

evaluated for each sample and classified as high or low ratio when they were above and 

below the mean ratio value for all samples, respectively. Gehan-Breslow-Wilcoxon 

analysis was used to establish the difference in overall survival (OS) and progression-free 

survival (PFS) among the groups. 

 

Figure 4 | β-catenin and GSK-3 expression in primary AML samples according to 

patient stratification.  Patient samples were classified according to their mutational status 

and their cytogenetics into 3 risks group as proposed by the ELN stratification: favorable 

risk (n=11), intermediated (n=12) and poor (n=13). Mann–Whitney test was used to 

analyze differences between two groups. *p<0.05, **p<0.01, ***p<0.001. 
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A 

WBC Total β-
catenin 

npβ-catenin 
(Ser33/37/Thr41) 

pβ-catenin 
(Ser675) 

pβ-catenin 
(Ser33/37/Thr41) GSK-3β pGSK-3β 

(Ser9) GSK-3α pGSK-3α 
(Ser21) 

r 0.2312 0.3205 0.4106 0.4311 0.3236 0.2414 0.1117 0.1109 
p-value 0.0870 0.0284 0.0064 0.0043 0.0271 0.0780 0.2583 0.2597 

 
B 

Hb Total β-
catenin 

npβ-catenin 
(Ser33/37/Thr41) 

pβ-catenin 
(Ser675) 

pβ-catenin 
(Ser33/37/Thr41) GSK-3β pGSK-3β 

(Ser9) GSK-3α pGSK-3α 
(Ser21) 

r 0.0028 0.0996 0.2092 0.1749 -0.0247 0.2041 -0.0266 0.1640 
p-value 0.4935 0.2816 0.1104 0.1538 0.4431 0.1162 0.4387 0.1696 

 
C 

PLT Total β-
catenin 

npβ-catenin 
(Ser33/37/Thr41) 

pβ-catenin 
(Ser675) 

pβ-catenin 
(Ser33/37/Thr41) GSK-3β pGSK-3β 

(Ser9) GSK-3α pGSK-3α 
(Ser21) 

r 0.1463 0.4430 0.4452 0.3730 0.2478 0.3473 0.2725 0.2366 
p-value 0.1972 0.0034 0.0033 0.0125 0.0726 0.0190 0.0539 0.0824 

 
Table 5 | Correlation between hemogram and Wnt/β-catenin signaling expression in AML blast cells. Spearman analysis was used to assess the 

correlation between Wnt/β-catenin signaling components in blast cells and hemogram parameters, including (a) white blood cells (WBC), (b) hemoglobin 

(Hb), and (c) platelets (PLT). r value: 1 = perfect correlation, 0 to 1 = the two variables tend to increase or decrease together, 0 = the two variables do not 

vary together at all, -1 to 0 = one variable increases as the other decreases, -1 = perfect negative or inverse correlation. Statistical significance when 

p<0.05. 
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4.2 AML cell lines express the Wnt/β-catenin signaling pathway 

After observing that canonical Wnt components are enriched in AML primary 

samples, we decided to evaluate the basal expression and activation of Wnt/β-

catenin pathway in three AML cell lines: HL-60 (acute promyelocytic leukemia cell 

line), THP-1 (acute monocytic leukemia cell line), and U937 (myeloid histiocytic 

sarcoma cell line). As reported in Table 6, several Wnt molecules, including total 

β-catenin, npβ-catenin (Ser33/37/Thr41), pβ-catenin (Ser675), pβ-catenin 

(Ser33/37/Thr41), GSK-3β, pGSK-3β (Ser9), GSK-3α, and pGSK-3α (Ser21) are 

heterogeneously expressed in all three cell lines. The phosphorylated form of β-

catenin (Ser675), GSK-3β (Ser9), and GSK-3α (Ser21) are the most expressed 

protein, suggesting a real activation of the pathway. Notably, THP-1 cells showed 

the highest expression of total β-catenin and its two active forms (npSer33/37/Thr41 

and pSer675) among the cell lines. Accordingly, the immunofluorescence and 

Western blot analysis of nuclear fraction confirmed the activation of the Wnt/β-

catenin pathway, since β-catenin was found in the nuclear lysate of each cell line, 

where it can explicate its function of transcription factor (Figures 5A, B). Again, 

THP-1 cell line showed the greatest activation of the pathway as it has been 

observed the highest expression of β-catenin in the nuclear fraction (Figure 5B).   

Protein 
Relative median of fluorescence intensity ± SEM 

HL-60 THP-1 U937 
Total β-catenin 2,466 ± 0.238 6,765 ± 1.508 2,781 ± 0.288 
npβ-catenin 
(Ser33/37/Thr41) 1,676 ± 0.058 2,360 ± 0.209 1,442 ± 0.068 

pβ-catenin (Ser675) 3,471 ± 0.202 7,847 ± 1.443 3,398 ± 0.566 
pβ-catenin 
(Ser33/37/Thr41) 2,135 ± 0.119 3,013 ± 0.395 2,232 ± 0.210 

GSK-3α 2,275 ± 0.161 2,654 ± 0.298 2,194 ± 0.180 
pGSK-3α (Ser21) 9,355 ± 1.641 16,40 ± 2.678 7,901 ± 1.643 
GSK-3β 2,217 ± 0.139 2,456 ± 0.293 1,713 ± 0.064 
pGSK-3β (Ser9) 4,600 ± 0.416 9,401 ± 3.046 3,935 ± 0.643 

Table 6 | Flow cytometric analysis of β-catenin and GSK-3 molecules in AML cell 

lines. HL-60, THP1, and U937 were probed with specific primary antibodies and labelled 

with Alexa 488-conjugated secondary antibody. Data are expressed as relative median of 

fluorescence intensity and reported as mean ± SEM of 6 independent experiments. 
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Figure 5 | β-catenin is expressed in the nuclear fraction of AML cell lines. The presence 

of nuclear β-catenin indicates an activation of canonical Wnt pathway. (a) 

Immunofluorescence analysis of β-catenin localization in HL-60, THP-1, and U937 cell 

lines. Blue staining (DAPI) identifies cell nuclei, green staining (CellTracker Green 

BODIPY Dye) identifies cytoskeleton, and red staining (Alexa Fluor 594) identifies β-

catenin. Bars=10 μm. (b) Western blot analysis of β-catenin in cytoplasmic and nuclear 

fraction of AML cell lines HL-60, THP-1, and U937. All data reported are representative 

of 3 independent experiments. 

 
4.3 Wnt/β-catenin signaling is functionally active in AML cell lines 

During the last years, several small molecule inhibitors have been developed 

in order to interfere with the Wnt/β-catenin signaling cascade and improve the 

prognosis of patients affected not only by AML but also other diseases. Among the 

several small molecule inhibitors developed, for this work two inhibitors of Wnt 

(PNU-74654 and Niclosamide) and two inhibitors of GSK-3 (Lithium Chloride and 

AR-A014418) have been chosen. To date, very few studies investigating the role of 

these inhibitors in AML are found in literature. PNU-74654 is a compound that act 

as a competitive antagonist of β-catenin preventing TCF from binding to β-catenin 
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[112]. Niclosamide is an FDA-approved anthelminthic drug which was found to 

inhibit Wnt/Frizzled-1 axis, downregulate Dvl-2, and induce LRP6 degradation 

[113]. Interestingly, Niclosamide has no reported toxicity against non-cancer cells 

[114]. Lithium Chloride (LiCl) was the first GSK-3 inhibitor to be discovered. The 

exact the mechanism by which LiCl inhibits GSK-3 is unknown, but two 

hypotheses were proposed: (i) lithium (Li+) is a competitive inhibitor of GSK-3 

with respect to magnesium (Mg2+), but neither competitive to substrate nor to ATP; 

(ii) lithium inhibits potassium deprivation. However LiCl is not a specifically GSK-

3 inhibitor [115]. AR-A014418 is a new small compound that inhibits GSK in an 

ATP-competitive manner and is able to sensitize cancer cells to apoptosis [116].  

Previously, in our lab a pharmacological approach was used to confirm the 

activation of the pathway in AML cell lines by adding soluble Wnt ligands (Wnt-

3a and Wnt-5a) or Wnt inhibitors (PNU-74654 and Niclosamide) or GSK-3 

inhibitors (LiCl and AR-A014418). Firstly, we assessed whether Wnt ligands 

modulate the proliferation or survival of AML cells. As reported in Figure 6A, no 

effect induced by soluble Wnt ligands was observed on cell proliferation and cell 

viability of HL-60 and THP-1 cell lines. Next, we treated cells with increasing 

concentrations of each Wnt/GSK-3 inhibitor and cell viability was assessed through 

MTS. The samples treated with all the Wnt/GSK-3Wnt inhibitors displayed 

reduction in cell viability in a dose-dependent manner (Figure 3B). As MTS assay 

cannot discriminate cell death or cell proliferation, cell lines were treated with a 

single concentration, close to the IC50, of each drug (PNU-74654 15 μM, 

Niclosamide 1 μM, LiCl 10 μM, and AR-A014418 15 μM), and then cell death and 

proliferation were analyzed using TOPRO-3 and CFSE staining, respectively. All 

Wnt/GSK-3 inhibitors slightly reduced the viability of each cell line, except 

Niclosamide which showed a strong effect (Figures 6C). Concerning the cell 

proliferation, all Wnt/GSK-3 inhibitors, except PNU-74654, dramatically 

decreased the proliferation of all AML cell lines (Figures 6D). 
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Figure 6 | Cell viability and proliferation of AML cell lines cultured in presence of 

Wnt/GSK-3 modulators. (a) Cell proliferation and viability of AML cell lines cultured in 

presence of Wnt ligands Wnt-3a (25 ng/mL) and Wnt-5a (25 ng/mL). (b) MTS analysis of 

AML cell lines treated with increasing concentrations of Wnt (PNU-74654 and 

Niclosamide) and GSK-3 (LiCl and AR-A014418) inhibitors. (c) Cell viability (TOPRO-3 

negative cells) and (d) cell proliferation (CFSE stained cells) of AML cell lines cultured in 

presence of PNU-74654 (15 μM), Niclosamide (1 μM), LiCl (10 μM), and AR-A014418 

(15 μM) was quantified by flow cytometry. Dot lines represent the control (untreated cells 
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for panel C; DMSO-treated cells for panel D). All data are reported as mean ± SEM of at 

least 5 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 

Next, we decided to investigate which microenvironmental pro-survival 

protein network was affected by Wnt/β-catenin pharmacological inhibition. We 

first analyzed how the Wnt/GSK-3/β-catenin axis was modulated in HL-60 and 

THP-1 cell lines treated with above inhibitors. As shown in Figure 7, the pattern of 

modulation was cell line-dependent, probably reflecting differential modulation of 

the pathway according to molecular features of each AML cell line. In particular, 

Niclosamide, PNU-74654, and LiCl reduced the expression of the active pβ-catenin 

(Ser675) in HL-60 cell line, whereas all Wnt/GSK-3 inhibitors were able to reduce 

the expression levels of both total β-catenin and its non-active form pβ-catenin 

(Ser33/37/Thr41) in THP1 cell line. Accordingly, AR-A014418 and Niclosamide 

reduced the expression of inactive pGSK-3α (Ser21) and pGSK-3β (Ser9) leading 

to an inactivation, and thus degradation, of β-catenin. In contrast, despite LiCl 

promotes a reduction of β-catenin expression, it reduced the levels of inactive forms 

of GSK-3. Finally, PNU-74654 treatment increased the expression levels of total β-

catenin, even if it reduced the inactive forms of GSK-3 (Figure 7).  

 
Figure 7 | Wnt/GSK-3 inhibitors modulate the expression of β-catenin and GSK-3 

molecules. Western blot analysis of β-catenin and GSK-3 molecules in AML cell lines HL-

60 and THP-1 treated for 48 h with Wnt or GSK-3 inhibitors, including AR-A014418 (15 

μM), Niclosamide (1 μM), LiCl (10 μM), and PNU-74654 (15 μM). Images are 

representative of 3 independent experiments. 
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Afterwards, we analyzed the expression and activation of several proteins 

involved in cell survival and apoptosis. As shown in Figure 8, a persistent 

modulation of Bax, Bcl-2, STAT3, AKT, NF-κB, MAPK, and mTOR was clearly 

evident. In particular, the phosphorylated (active) forms of STAT3, AKT, NF-κB, 

and MAPK was heterogeneously reduced by Wnt/GSK-3 inhibitors in each cell 

lines. In contrast, the total form of these proteins was overall less modulated. 

Concerning Bax and Bcl-2, contradictory results were obtained: no correlation 

between the pro-apoptotic Bax and the anti-apoptotic Bcl-2 was found. Finally, AR-

A014418 was the most effective modulating inhibitor, whereas LiCl seemed to be 

the less effective. 

 
Figure 8 | Wnt/GSK-3 inhibitors modulate the expression of pro-survival and anti-

apoptotic proteins in AML cell lines. Western blot analysis of several pro-survival 

proteins in HL-60 and THP-1 cell lines treated for 48 h with Wnt or GSK-3 inhibitors, 

including AR-A014418 (15 μM), Niclosamide (1 μM), LiCl (10 μM), and PNU-74654 (15 

μM). Images are representative of at least 3 independent experiments. 

In order to investigate whether the anti-proliferative and pro-apoptotic 

effects of Wnt/GSK-3 inhibitors were also due to their ability to increase the 

oxidative stress in leukemia cells, reactive oxygen species (ROS) were evaluated 
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after treating cells treatment with each inhibitor. As reported in Figure 9, no 

significant effect on ROS levels was observed in all cell lines, except for LiCl on 

U937 cells. 

 
Figure 9 | Wnt/GSK-3 inhibitors do not alter the redox system in AML cells. Flow 

cytometry analysis of ROS levels in in HL-60, THP-1, and U937 cell lines treated for 24 h 

with Wnt/GSK-3 inhibitors, including AR-A014418 (15 μM), Niclosamide (1 μM), LiCl 

(10 μM), and PNU-74654 (15 μM). Relative change in ROS levels was expressed as the 

percentage of ROS median fluorescence of treated cells compared to cells treated with 

DMSO. Dot lines represent the control (DMSO-treated cells). All data are reported as mean 

± SEM of at least 5 independent experiments. * p<0.05. 

4.4 hBM-MSCs support the activation of Wnt/β-catenin signaling in AML cells 

Considering the importance of bone marrow microenvironment in AML onset 

and recurrence, ex-vivo co-culture of leukemia cells on bone marrow stromal 

monolayer represents a good tool for evaluating drug sensitivity [117]. Bone 

marrow stromal cells from healthy donors (hBM-MSCs) and patients (hBM-MCs*) 

were analyzed for the expression of Wnt/GSK-3/β-catenin axis components. 

Western blot analysis highlighted that all hBM-MSCs (n=12) and hBM-MSCs* 

(n=18) samples homogenously expressed Wnt components (Figure 10A). Notably, 

the presence of active forms of β-catenin including npβ-catenin (Ser33/37/Thr41) 

and pβ-catenin (Ser675), revealed a constitutive activation of the Wnt/β-catenin 



Results 
 

42 
 

pathway in these cells. Moreover, both hBM-MSCs and hBM-MSCs* released in 

the extracellular space ligands Wnt-1, Wnt-3a, Wnt-5a, and Wnt-5b (Figure 10B), 

suggesting a possible paracrine signal between hBM-MSCs and leukemia cells.  

 
Figure 10 | Wnt/GSK-3 axis is expressed in hBM-MSCs. (a) Representative Western 

blot analysis of Wnt components in hBM-MSCs. Images are representative of 12 and 18 

samples from hBM-MSCs from healthy donors and AML patents, respectively. HEK293 

represents the positive control. (b) Expression of soluble ligands Wnt-1, Wnt-3a, Wnt-5a, 

and Wnt-5b in hBM-MSCs (n=10) and hBM-MSC* (n=10). Data are represented as mean 

± SEM of at least 3 independent experiments. * p<0.05. 

To assess whether the tumor microenvironment induces the activation of 

Wnt/β-catenin signaling in AML cells, a co-culture of hBM-MSCs and THP-1 cells 

expressing the CSL-TCF/LEF-GFP reporter gene has been performed. As the 

activity of the transcription factor TCF/LEF is tightly correlated with the activity of 

nuclear β-catenin [52], this assay is suitable for our aim. Transfected cells seeded 
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on hBM-MSCs showed enhanced GFP signal and the increase in TCF/LEF activity 

was similar to the one observed when cells were treated with the soluble ligand 

Wnt-3a (Figure 11). Consistently, treatment with Wnt inhibitors (PNU-74654 and 

Niclosamide) reduced GFP signal. 

 
Figure 11 | hBM-MSCs contribute to the activation of Wnt/β-catenin signaling in 

AML cells.  β-catenin activity according to GFP signal in THP-1 cell line expressing the 

CSL-TCF/LEF-GFP gene reporter. Transfected cells were cultured either alone or in 

presence of Wnt-3a (25 ng/mL), PNU-74654 (15 μM), and Niclosamide (1 μM), and hBM-

MSCs. Data are expressed as mean ± SEM of at least 3 independent experiments. 

4.5 Wnt/GSK-3 inhibitors reduce AML chemoresistance mediated by the 

tumor microenvironment 

As tumor microenvironment plays a crucial role in the onset and maintenance 

of AML [19, 21], we decided to investigated whether Wnt inhibitors could increase 

AML cell sensitivity to drugs normally used for AML therapy, such as Idarubicin 

or Ara-C. AML cells were cultured alone or in the presence of hBM-MSCs for 48 

or 96 hours, with or without Wnt modulators and chemotherapeutic agents. Cells 

were harvested, stained with Annexin V or TOPRO-3 and analyzed for apoptosis. 

Idarubicin and Ara-C significantly induced apoptosis of both AML cell lines and 

AML primary cells, while co-culture with hBM-MSCs led to a significant rescue 

effect (Figures 12A, B). The addition of Wnt inhibitors (PNU-74654 and 

Niclosamide) or GSK-3 inhibitors (LiCl or AR-A014418) significantly lowered the 

anti-apoptotic effect on AML cells mediated by hBM-MSCs, regardless their origin 

(healthy donor or AML patients) and the ELN risk classification of the AML 

patients (Figures 12A, B). 
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Figure 12 | Wnt/GSK-3 inhibitors enhance chemosensitivity of AML cells. (a) Primary 

AML blasts were treated with Ara-C (10 μM) or Idarubicin (0.5 μM) in presence or absence 

of hBM-MSCs and Wnt or GSK-3 inhibitors, including PNU-74654 (15 μM), Niclosamide 

(1 μM), LiCl (10 μM), and AR-A014418 (15 μM). After 48 h of incubation, cells were 

collected and stained with Annexin V/PI to evaluate cell apoptosis. Data are expressed as 

mean ± SEM of at least 3 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. (b) 

Comparison between the contribution of Wnt/GSK-3 modulators to HL-60 and THP-1 cell 

lines in presence or not of hBM-MSCs. After 96 h, viable cells (TOPRO-3 negative cells) 

were quantified by FACS analysis. Data are reported as mean ± SEM of at least 4 

independent experiments. 

The rescue effect exerted by hBM-MSCs seemed to be mediated, at least in 

part, by the reduction of ROS levels. As reported in Figure 13, the oxidative stress 
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induced by Idarubicin in leukemia cells was abolished by the presence of the tumor 

microenvironment cells such as hBM-MSCs independently from their origin 

(healthy donor or AML patients). These results suggested that hBM-MSCs could 

play a crucial role into prevention of oxidative stress induced by chemotherapeutic 

agents, promoting the survival of leukemia cells. Therefore, we decided to 

investigate whether the Wnt/GSK-3 inhibitors, in combination with Idarubicin, 

were able to restore the high levels of ROS observed in Idarubicin-treated cells. 

Unfortunately, the addition of Wnt/GSK-3 inhibitors did not increase the ROS 

levels, suggesting that anti-tumoral effects of our inhibitors do not interfere with 

the redox system of leukemia cells (Figure 14). 

 
Figure 13 | hBM-MSCs reduce the oxidative stress in AML cells induced by 

Idarubicin. Flow cytometry analysis of ROS levels in HL-60 and THP-1 cell lines as well 

as in AML primary samples after 24 h of treatment with Idarubicin (0.5 μM).  Relative 

change in ROS levels was expressed as the percentage of ROS median fluorescence of 

treated cells compared to untreated cells. Dot lines represent the control (untreated cells). 

All data are reported as mean ± SEM of at least 5 independent experiments. * p<0.05, ** 

p<0.01.   
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Figure 14 | Wnt/GSK-3 inhibitors do not restore the leukemia cell oxidative stress 

reduced by hBM-MSCs. Flow cytometry analysis of ROS levels in HL-60 and THP-1 cell 

lines as well as in AML primary samples after 24 h of treatment with Wnt/GSK-3 

inhibitors, including AR-A014418 (15 μM), Niclosamide (1 μM), LiCl (10 μM), and PNU-

74654 (15 μM). Relative change in ROS levels was expressed as the percentage of ROS 

median fluorescence of treated cells compared to cells treated with Idarubicin (0.5 μM). 

Dot lines represent the control (Idarubicin-treated cells). All data are reported as mean ± 

SEM of at least 5 independent experiments. 

As the inhibition of the Wnt/GSK-3/β-catenin axis could interfere with hBM-

MSC functions and thus furtherly alter the bone marrow microenvironment and the 

hematopoietic process, we assessed the hBM-MSC viability through MTS assay 

with increasing concentrations of Wnt/GSK-3 inhibitors. As reported in Figure 

15A, the hBM-MSCs viability was not altered by Wnt/GSK-3 inhibitors unless at 

very high concentrations. We also analyzed immunomodulatory properties as well 

as adipogenic and osteogenic differentiation of hBM-MSCs treated with Wnt or 

GSK-3 inhibitors for 48 hours. hBM-MSCs retained the same capability both to 

undergo differentiation into osteocyte and adipocytes (Figure 15B) and to suppress 

stimulated PBMC proliferation (Figure 15C). 

 



Results 
 

47 
 

 
Figure 15 | Wnt/GSK-3 inhibitors do not alter the hBM-MSC biological properties. 

(a) hBM-MSC viability in growth medium supplemented with increasing concentrations 

of Wnt and GSK-3 inhibitors. Data are representative of at least 4 independent experiments 

and reported as mean ± SEM. (b) Differentiation capabilities of hBM-MSCs in presence of 

Wnt/GSK-3β inhibitors, including PNU-74654 (15 μM), Niclosamide (1 μM), LiCl (10 

μM), and AR-A014418 (15 μM). Oil-red-Oil (left panel) and Alazarin red (red panel) 

staining of hBM-MSCs incubated for 14 days with adipogenic or osteogenic differentiation 

media, respectively. Bars = 100 μm. (c) Proliferation of activated PBMCs co-cultured with 

hBM-MSCs primed (phBM-MSCs) with IFN-γ (10 ng/mL) and TNF-α (15 ng/mL). Data 

are representative of at least 3 independent and reported as mean ± SEM. * p<0.05.   
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4.6 Wnt/β-catenin signaling inhibition prolongs survival of AML mouse model 

As our findings suggested that Wnt/β-catenin signaling is actively involved in 

AML, we assessed whether the anti-leukemia effect of Wnt/GSK-3 inhibitors could 

improve survival of transplanted mice. Therefore, we generated a xenograft mouse 

model of AML by injecting the U937 cell line in the tail vein of NOG mice, as 

described in paragraph 3.10. Notably, we failed to generate other AML xenograft 

mouse models injecting HL-60 or THP-1 cells into mice due to the poor 

engraftment capacity of these cell lines. Anyway, after 9 days from cells injection, 

mice were treated with either Ara-C or Wnt/GSK-3 inhibitors alone or Ara-C in 

combination with each inhibitor (except AR-A014418 due to its high toxicity in 

vivo). Treatment of engrafted mice with only Wnt/GSK-3 inhibitors was not able to 

change the levels of human CD45+ (hCD45+) in mouse bone marrow (Figure 16A), 

while Ara-C significantly reduced the leukemia burden (Figure 16B). The 

combination regiment of Wnt/GSK-3 inhibitors plus Ara-C drastically reduced the 

levels of leukemia cells in mouse bone marrow as compared to Ara-C alone (Figure 

16B). Accordingly, the median survival of mice treated with Wnt/GSK-3 inhibitors 

alone (median survival: LiCl 16 days; Niclosamide 16 days; PNU-74654 17 days,) 

was similar to that of the control group (median survival 16 days). Ara-C alone 

significantly improved mouse median survival (median survival 21 days), whereas 

the combination regiments revealed a survival advantage compared to Ara-C 

treatment (median survival: Ara-C + LiCl 27 days; Ara-C + Niclosamide 26 days; 

Ara-C + PNU-74654 27.5 days) (Figure 16C).  
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Figure 16 | Wnt/GSK-3 inhibitors reduced bone marrow leukemia burden and 

prolongs survival of the cell line-based AML xenograft mouse model. (a, b) Flow 

cytometry analysis of hCD45+ cells in bone marrow samples obtained from mice 

transplanted with AML cell line U937. Starting from day 9 post-engraftment, mice were 

treated for 2 days with one of the following schedules: DMSO (vehicle; ctrl), Ara-C alone 

(25 mg/kg), Wnt/GSK-3 inhibitors alone, or Ara-C + Wnt/GSK-3 inhibitors. Then Ara-C 

were administered for further 3 days in the groups receiving Ara-C (alone or in 

combination), while the other groups received DMSO. The concentrations of each inhibitor 

were: PNU-74654 0.5 mg/kg, Niclosamide 10 mg/kg, and LiCl 25 mg/kg. The assay was 

performed with at least 5 mice in each group. Data are reported as mean ± SEM. * p<0.05, 

*** p<0.001. (c) Survival curves of mice transplanted with U937 cells. Differences in 

survival curves were analyzed with the Log-rank (Mantel-Cox) test. a vs e p<0.001, a vs f 

p<0.05, a vs g p<0.001, b vs e p<0.0001, c vs f p<0.001, d vs g p<0.001. 
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5. DISCUSSION AND CONCLUSIONS 

AML is a hematologic neoplasm characterized by proliferation of poorly 

differentiated myeloid progenitor cells [118]. Despite several aggressive 

treatments, AML is still characterized by a high rate of relapse and a low complete 

remission rate, especially in elderly patients (>60 years old) [119]. The lack of a 

successful response to therapies is due to two main factors: first AML is an 

extremely complex disorder from a molecular point of view, thus making difficult 

to develop successful therapeutic approaches; second, the BMM is actively 

involved in the AML onset and chemoresistance. Indeed, several studies 

demonstrate how the BMM supports the proliferation of leukemia cells, triggering 

in these cells a number of mechanisms of chemoresistance and immune escape 

[120-122]. Being involved in the cell differentiation and self-renewal, Wnt/β-

catenin signaling pathway has lastly emerged as crucial player in the pathogenesis 

of hematological disorders, including AML [86]. For this reason, new compounds, 

called small molecule inhibitors, have been developed against Wnt/β-catenin 

signaling in order to improve the supportive care and the long-term survival of 

AML patients [123]. 

Therefore, in this study we investigated the role of Wnt/β-catenin signaling 

pathway in the pathogenesis of AML and its interaction with tumor stroma, trying 

to enhance the effectiveness of chemotherapeutic agents through the inhibition of 

Wnt/β-catenin signaling with some specific small molecule inhibitors. 

Through in silico and flow cytometric analysis, we confirmed the β-catenin 

expression in AML primary samples in a variable phosphorylated status, including 

the active pβ-catenin (Ser675) and non-phospho-pβ-catenin (Ser33/37/Thr41). To 

analyze the Wnt/β-catenin activation in AML primary cells, we considered the non-

active pβ-catenin (Ser33/37/Thr41)/total β-catenin ratio as a surrogate for assessing 

Wnt/β-catenin activation, demonstrating that the pathway is constitutively active in 

a large portion of patients. Notably, patients with low pathway activation (high 

ratio) showed a better PFS compared to those patients presenting high activation 

status (low ratio), suggesting that the activation of Wnt/β-catenin signaling could 

be considered a prognostic marker for AML patients related to the persistence of 

residual leukemia cells along the treatment course. In support of this, we found an 
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increased expression of total β-catenin and its active form pSer675 in patients 

classified as poor and intermediate-risk group compared to favorable-risk group, 

according to WHO and ELN classification [4, 8]. These findings highlight how the 

Wnt/β-catenin signaling activation correlates not only with AML adverse molecular 

events (for example wild-type NPM1 and FLT3-ITDhigh) but also with other 

cytogenetic abnormalities not classified as favorable like wild-type NPM1 without 

FLT3-ITD or t(9;11)(p21.3;q23.3); MLLT3-KMT2A [4]. Accordingly, Jiang et al. 

demonstrated that the anti-leukemia activity mediated by impaired Wnt/β-Catenin 

signaling synergizes with FLT3 inhibition in FLT3-mutant AML [85]. However, no 

correlation between β-catenin expression and FAB subtypes as well as patient 

gender was observed, but this was probably due to the low number of patients 

analyzed.  

The results obtained in AML primary samples were furtherly confirmed in 

three AML cell lines. The binding of Wnt ligands to Fzd receptors triggers a 

signaling cascade that allowing the stabilization of β-catenin and its translocation 

from cytoplasm to nucleus, where it can act as a transcription factor together with 

TCF/LEF [49]. Through immunofluorescence and Western blot analysis we found 

that total β-catenin was expressed in the nucleus of all the tested AML cell lines, 

confirming the activation of the pathway observed in AML primary samples. 

Moreover, the active form pβ-catenin (Ser675) seemed to be mostly involved in the 

stabilization of β-catenin, since it was the most expressed active form in all AML 

cell lines. 

As both isoforms of GSK-3 (α and β) are considered a negative regulator of β-

catenin [124], we investigated their expression in AML primary cells. It has been 

observed that GSK-3α and GSK-3β are mutually exclusive. All samples showed a 

robust expression of the inactive forms pGSK-3β (Ser9) and pGSK-3β (Ser21). 

Moreover, GSK-3α and pGSK-3α (Ser21) was found significantly upregulated in 

poor and intermediate-risk group, confirming that a high active β-catenin 

expression.  

Overall, these data indicate that a higher activation of Wnt/β-catenin pathway 

may be associated with enhanced drug resistance, while the lack of significant 

activation correlates with the response to induction chemotherapy. 
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Targeted treatments using small molecule inhibitors are extensively studied as 

promising strategy to eradicate drug resistance in cancer, including AML [123, 

125]. The small molecule inhibitors chosen for this work can interfere at different 

levels of Wnt/β-catenin signaling, i.e. ligand and receptors (Niclosamide), GSK-3 

(AR-A014418 and LiCl), and TCF/LEF complex (PNU-74564) [112, 113, 115, 

116].  

To evaluate the contribution of Wnt/β-catenin pathway to the biology of AML 

cell, we first treated AML cells with soluble ligands Wnt-3a or Wnt-5a. We found 

that the activation of Wnt/β-catenin signaling after exogenous stimulation caused 

neither increase of AML proliferation nor modulation in cell viability. This was in 

accordance with other studies in which Wnt-3a and Wnt-5a did not promote, or 

even reduce, leukemia cell growth [126, 127]. Next, we assessed the contribution 

of our inhibitors to the biology of AML cells. Concerning Wnt inhibitors, 

Niclosamide dramatically reduced cell viability and proliferation of all AML cell 

lines, whereas PNU-74654 failed to reproduce the suppressive effects of 

Niclosamide. The discrepancy among the inhibitors in terms of cytotoxicity can be 

explained by the mechanisms triggered by each inhibitor: Niclosamide interferes 

with the co-receptor LRP6, while PNU-74654 inhibits the formation of the 

transcription complex β-catenin/TCF/LEF [112, 113]. Moreover, γ-catenin, the 

homologue protein of β-catenin, is frequently overexpressed in AML and could 

compensate for the Wnt/β-catenin signaling inhibition [89, 128]. Concerning GSK-

3 inhibitors, both LiCl and AR-A014418 induced a significant reduction of cell 

viability and proliferation even in the most resistant cell line U937. This was in 

contrast to our expectations because the inhibition of GSK-3β is often used as an 

indirect strategy to stabilize nuclear β-catenin [129]. Nevertheless, we report here 

that GSK-3 inhibitors reduced cell viability, similarly to Wnt inhibition. Evidence 

from literature showed that GSK-3 is not only involved in the Wnt/β-catenin 

signaling, but also interacts with numerous pathways that control cell proliferation 

and survival, including PI3K/AKT/mTOR, Ras/Raf/MEK/ERK, Notch, Hedgehog, 

etc. [130-132]. As the role of GSK-3 cannot be only related to Wnt/β-catenin 

signaling, we cannot exclude the involvement of a GSK-3-independent Wnt/β-

catenin signaling in AML pathogenesis. However, the greatest effect exerted by 
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Wnt/GSK-3 inhibitors was observed on cell proliferation rather on cell viability. 

Indeed, other studies reported that Wnt/β-catenin signaling inhibition is mainly 

involved in cell proliferation [133, 134].  

To better understand the Wnt/β-catenin-dependent molecular mechanisms 

involved in AML chemoresistance, we investigated which microenvironmental 

pro-survival and proliferating pathways was affected by Wnt/GSK-3 inhibition. 

Initially, we focused our analysis on Wnt/GSK-3/β-catenin axis, observing 

contradictory results. Both GSK-3 inhibitors and Niclosamide downregulated the 

expression of the active pβ-catenin (Ser675) in HL-60 cell line, whereas no 

modulation has been found in THP-1 cell line. Moreover, no correlation between 

the active and non-active forms of β-catenin has been observed in both cell lines. 

Notably, all inhibitors reduced the expression levels of total β-catenin in all cell 

lines, except for PNU-74654. As demonstrated by another study, PNU-74654 

treatment induced increased levels of total β-catenin [135]. This effect could be 

related to the accumulation of the protein in the cytoplasm because, inhibiting the 

TCF/β-catenin complex, PNU-74654 decreases the nuclear β-catenin accumulation 

[135]. Concerning GSK-3β and GSK-3α, the total forms were not modulated by 

AR-A014418, Niclosamide, and PNU-74654, whereas the phosphorylated forms 

were downregulated, suggesting that Wnt/GSK-3 inhibitors reduced the inactive 

status of both isoforms of GSK-3. In this way, GSK-3 was able to phosphorylate β-

catenin in Ser33/37/Thr41, promoting its degradation [46]. These observations were 

in contrast with the results obtained for the inactive pβ-catenin (Ser33/37/Thr41) as 

its expression was reduced by Wnt/GSK-3 inhibitors. This further confirmed that 

GSK-3 inhibition leads to an activation of the pathways as well as the possible 

involvement of a GSK-3-independent Wnt/β-catenin signaling in AML 

leukemogenesis. Finally, as reported by other studies, LiCl increased the expression 

of total GSK-3 and its phosphorylated forms [136]. Finally, we assessed the 

contribution of Wnt/GSK-3 inhibitors on numerous pathways related to Wnt/β-

catenin signaling, including STAT3, AKT/mTOR, Bax/Bcl-2, MAPK, and NF-κB, 

which are generally are deregulated in several cancers, including AML [137]. 

Through Western blot analysis we confirmed the anti-tumoral effects of Wnt/GSK-

3 inhibitors. The active forms of pro-survival proteins were significant reduced in 
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HL-60 and THP-1 cell lines, while the expression of pro-apoptotic molecules was 

slightly enhanced. Again, the modulation of analyzed proteins were heterogenous 

among the cell lines due to the different molecular mechanisms of each inhibitors 

as well as the different cytogenetical abnormalities of each cell line. Finally, no 

correlation between the anti-tumoral effects of Wnt/GSK-3 inhibitors alone and 

oxidative stress was observed in AML cell lines, despite other works reported a 

reduction of ROS levels induced by a Wnt/GSK-3 inhibition [138, 139]. 

Participating in the establishment of hematopoietic niche, hBM-MSCs provide 

a critical support for leukemia cells [140]. Although both hBM-MSCs and hBM-

MSCs* expressed Wnt/β-catenin signaling components without any significant 

changes, the expression of the two active forms of β-catenin confirmed a 

constitutive activation of this pathway in the bone marrow microenvironment. Next, 

we analyzed the secretion of four Wnt ligands by hBM-MSCs and hBM-MSCs* by 

ELISA assay. No significant difference between the two types of hBM-MSCs was 

observed, excepted for Wnt-5b which was mostly secreted by hBM-MSCs*. This 

suggests that tumor stroma could support the canonical Wnt/β-catenin pathway in 

blast cells through a paracrine mechanism. Indeed, according to other studies [107, 

111], we observed that the presence of tumor stroma increased the functional 

activity of β-catenin in AML cells as much as the ectopic expression of soluble 

ligand Wnt-3a. In support of this, Kode et al. demonstrated that an activating 

mutation of β-catenin in osteoblasts can impair the differentiation potential of 

myeloid and lymphoid progenitors leading to development of AML [141]. 

Moreover, two drugs normally used for AML treatment, such as Ara-C and 

Idarubicin, were clearly able to reduce the cell viability of blast cells, whereas the 

presence of hBM-MSCs reduced the effects of chemotherapeutic agents, supporting 

the hypothesis that the tumor stroma support the pathogenesis and survival of 

leukemia cells [142]. Given these observations, the Wnt/β-catenin inhibition may 

sensitize AML cells to therapies already used in clinic by both targeting directly 

resistant cells and interfering with stromal cell support towards leukemia cells that 

is necessary for the persistence and selection of resistant clones [20]. Accordingly, 

we found that both Wnt and GSK-3 inhibitors increased the chemosensitivity of 

AML primary cells and cell lines towards Ara-C and Idarubicin, regardless the 
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origin of hBM-MSCs (healthy donor or AML patients). These results are consistent 

with previous studies in which GSK-3 inhibition, and thus indirectly also the Wnt/β-

catenin signaling inhibition, may enhance the effect of anti-leukemia drugs in AML, 

suggesting that a combined treatment including GSK-3 inhibitors and anti-leukemia 

drug is a promising and safety strategy in AML [143, 144]. The mechanisms 

involved in Ara-C or Idarubicin-induced cell death include the modulation of many 

pathways, such as mTor/AKT, Erk, NF-KB, stat3, Bax/Bak etc. [145-147]. These 

observations, together with the modulation of these proteins by Wnt/GSK-3 

inhibitors, support a synergistic activity between our inhibitors and the 

chemotherapeutic agents used in this study. However, we cannot exclude the 

interaction with others specific mechanisms of drug resistance, but Wnt/β-catenin 

signaling seems to play a pivotal role in this phenomenon. 

As we demonstrated, the protective support of hBM-MSCs towards blast cells 

was due, at least in part, to the reduction of oxidative stress in blast cells. As 

consequence, we investigated whether the adding of Wnt/GSK-3 inhibitors were 

able to restore the ROS levels induced by drugs. Unfortunately, the combined 

treatment did not increase ROS levels in blast cells in presence of hBM-MSCs, 

suggesting that the mechanism of action of our inhibitors does not interfere with 

redox system.  

As hBM-MCSs, whose correct behavior is essential for a successful cell 

engraftment and immunological chimerism following the hematopoietic stem cell 

transplantation, are multipotent stem cells in which Wnt/β-catenin signaling 

controls different biological processes [148-150], we decided to investigate whether 

the inhibition of Wnt/β-catenin pathway could impair some properties of hBM-

MSCs, thus compromising the bone marrow microenvironment. We observed that 

all the tested Wnt/GSK-3 inhibitors did not interfere with viability, 

immunosuppression features as well as the adipogenic and osteogenic 

differentiation of hBM-MSCs, supporting our hypothesis that inhibition of Wnt/β-

catenin signaling may be a promising therapeutic strategy for AML therapy as 

Wnt/GSK-3 inhibitors selectively act on tumor cells. 

Finally, we assessed whether the anti-leukemia effect of Wnt/GSK-3 inhibitors 

could improve the survival of a xenograft mouse model of AML. As expected by 
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in vitro data, Wnt/GSK-3 inhibitors alone (except AR-A014418 due to its high 

toxicity in vivo) was not able to reduce the leukemia burden in the bone marrow of 

U937 cell-transplanted mice. In contrast, the combination regiment with Wnt/GSK-

3 inhibitors and the chemotherapeutic agent Ara-C dramatically reduced the 

number of leukemia cells in mouse bone marrow with a significant of the animal 

survival.  

Taken together, our data showed that Wnt/β-catenin signaling is expressed in 

AML cells and its activation represents a poor prognostic marker for AML patients. 

The inhibition of Wnt/GSK-3/β-catenin axis was capable of reducing leukemia cell 

viability and chemoresistance mediated by hBM-MSCs, repressed tumor 

engraftment, and prolonged animal survival. Therefore, Wnt/β-catenin signaling 

inhibition could represent a potential therapeutic strategy to improve AML 

treatment and overcome bone marrow stromal-mediated anti-apoptotic and 

chemoresistance effects. However, further investigations are necessary to deeply 

understand the heterogeneous AML response to Wnt/GSK-3 inhibitors both in vitro 

and in other AML animal models.  
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