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RESUMO - METABOLISMO E SUA SINALIZAÇÃO NA LEUCEMIA MIELOIDE AGUDA 

A leucemia mieloide aguda (LMA) é um grupo heterogéneo de doenças caracterizado por 

alterações na diferenciação e/ou proliferação de células mieloides imaturas. A terapia usada na 

LMA tem aplicabilidade limitada nos idosos, a população mais afetada, tornando critica a 

elucidação dos mecanismos subjacentes a esta doença. Alterações no metabolismo energético, 

vias de sinalização celular (AMPK, mTORC1 e AKT) e/ou macroautofagia (doravante denominado 

autofagia) têm sido identificadas na LMA, com dados controversos reportados. Este trabalho 

caracterizou o perfil energético, metabólico e autofágico, bem como a sua interligação, em 

diferentes subtipos de LMA. Linhas celulares de LMA representativas de subtipos desta doença, 

HL-60 (FAB-M2), NB-4 (FAB-M3) e KG-1 (FAB-M6), foram usadas. Um fenótipo de fosforilação 

oxidativa associado a co-ativação do AMPK e mTORC1 e autofagia aumentada foi exibido pelas 

células KG-1, enquanto as células NB-4 e HL-60 apresentaram um fenótipo glicolítico associado a 

ativação do AKT/mTORC1 e autofagia diminuída. A inibição do AKT reduziu a viabilidade das 

células NB-4 e HL-60. Adaptações metabólicas distintas parecem, portanto, ocorrer entre 

diferentes subtipos de LMA, sendo o AKT um potencial alvo terapêutico em alguns cenários de 

LMA. Esta tese também caracterizou o padrão de expressão de genes autofágicos em subtipos 

distintos de LMA, usando mRNA da medula óssea de pacientes com LMA. Ao categorizar os 

pacientes com LMA de acordo com o subtipo FAB, grupo de risco citogenético ou cariótipo, uma 

expressão diferencial de genes autofágicos foi notada entre os grupos testados. Este estudo 

suporta, portanto, a ocorrência de perfis autofágicos distintos entre diferentes subtipos de LMA. A 

diabetes mellitus tipo 2 (doravante denominada DM) tem sido associada à ocorrência de LMA e a 

alterações nas células estromais da medula óssea (CEMO). Esta tese também avaliou o impacto 

que as alterações induzidas pela glucose nas CEMO têm na patogénese de diferentes subtipos de 

LMA. As células NB-4, HL-60 e KG-1 foram expostas de forma aguda ou crónica a meio 

condicionado produzido por CEMO com uma concentração de glucose normal ou elevada (CM-RG 

or CM-HG). Um fenótipo tumorigénico aumentado foi exibido pelas células NB-4, seguidas pelas 

células HL-60 e KG-1, após exposição crónica ao meio condicionado produzido pelas CEMO com 

concentração elevada de glucose. A exposição crónica às alterações promovidas pela glucose no 

secretoma das CEMO parece, portanto, contribuir para a patogénese de diferentes subtipos de 

LMA. O tratamento da LMA deve passar por uma terapia personalizada adaptada à 

heterogeneidade deste grupo de doenças.  

PALAVRAS-CHAVE: Autofagia ▪ Leucemia mieloide aguda (LMA) ▪ Metabolismo ▪ Medula óssea 
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ABSTRACT - METABOLIC NETWORKS AND METABOLISM IN ACUTE MYELOID LEUKEMIA 

Acute myeloid leukemia (AML) is a heterogeneous group of disorders characterized by arrested 

differentiation and/or uncontrolled proliferation of immature myeloid progenitor cells. Intensified 

therapy has limited applicability among elderly, the most affected population, making critical the 

elucidation of the mechanisms underlying AML pathogenesis. Altered energy metabolism, nutrient-

sensing pathways, as AMPK, mTORC1 and AKT, and/or macroautophagy (hereinafter called 

autophagy) have been identified in AML, with controversial data reported. This work characterized 

the energetic, metabolic and autophagic profile as well as its crosstalk in distinct AML subtypes. 

Human AML cell lines HL-60 (FAB-M2 subtype), NB-4 (FAB-M3 subtype) and KG-1 (FAB-M6 

subtype), representative of AML subtypes, were used. An oxidative metabolism associated with an 

AMPK and mTORC1 co-activation and an increased autophagy was displayed by KG-1 cells, while 

NB-4 and HL-60 cells exhibited a glycolytic phenotype associated with an AKT/mTORC1 activation 

and a decreased autophagy. Inhibition of AKT significantly reduced the NB-4 and HL-60 cells 

survival. Distinct metabolic adaptations seem therefore to occur among different AML subtypes, 

being AKT a potential therapeutic target in some AML scenarios. This work also characterized the 

expression pattern of autophagy-related genes in distinct AML subtypes, using mRNA samples from 

the bone marrow mononuclear cells of AML patients. By categorizing AML patients according to 

their FAB subtype, cytogenetic risk group or karyotype, a differential expression of autophagy-

related genes was noticed among the tested groups. This study supports the occurrence of distinct 

autophagic signatures among different AML subtypes, highlighting the heterogeneity of AML. Type 

2 diabetes mellitus (hereinafter called DM) has been associated with AML occurrence and bone 

marrow mesenchymal stromal cells (BM-MSCs) disturbances. This thesis also assessed the impact 

of glucose-induced changes in the BM-MSCs on the pathogenesis of distinct AML subtypes. NB-4, 

HL-60 and KG-1 cells were acutely or chronically exposed to the conditioned medium produced by 

human BM-MSCs under regular or high glucose concentrations (CM-RG or CM-HG). An increased 

tumorigenic phenotype was displayed by all tested AML cells upon chronic exposure to CM-HG, 

with NB-4 cells exhibiting the highest tumorigenic profile followed by HL-60 and KG-1 cells. Long-

term exposure to high glucose promotes alterations in the BM-MSCs secretome that seem to 

contribute to the pathogenesis of distinct AML subtypes. The AML therapeutic approach must pass 

through personalized therapy adapted to the heterogeneity of this group of disorders.  

KEYWORDS: Acute myeloid leukemia (AML) ▪ Autophagy ▪ Bone marrow niche ▪ Metabolism 
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OBJECTIVES AND SCOPE OF THE THESIS 

 

Acute myeloid leukemia (AML) comprises a group of clonal hematopoietic disorders characterized 

by an excessive proliferation of immature myeloid progenitor cells that fail to differentiate normally, 

leading to hematopoietic failure. Current AML therapies result in poor outcomes among the elderly, 

the most affected population, making critical the elucidation of the mechanisms underlying the 

AML pathogenesis. Alterations in the cellular energy metabolism, nutrient-sensing pathways, as 

AMPK, mTORC1 and AKT, and macroautophagy (hereinafter called autophagy) have been identified 

in the AML scenario. However, their exact role in the AML pathogenesis is still controversial. 

Accordingly, the work presented in this thesis aimed to obtain new insights on the contribution of 

these metabolic adaptations to the AML development. 

The presence of type 2 diabetes mellitus (hereinafter called DM) has been associated with the 

occurrence and poor prognosis of AML, however, the molecular mechanisms underlying this 

association are still unclear. DM has also been identified as promoting disturbances in the function 

of bone marrow mesenchymal stromal cells (BM-MSCs). Accordingly, the present thesis also aimed 

to clarify the impact of glucose-induced changes in the BM-MSCs on the AML pathogenesis. 

To drive the reader through the main achievements, this thesis was organized in five chapters:   

In chapter 1, a general introduction focused on the broad knowledge about AML, including 

epidemiology, etiology, clinical presentation, diagnosis, therapy and outcomes, will be given. A 

review of current knowledge on cellular energy metabolism, nutrient-sensing pathways and 

autophagy will be also presented. Recent data on the contribution of energy metabolism, nutrient-

sensing pathways and autophagy to AML initiation, progression and therapy resistance will be also 

discussed. 

In chapter 2, entitled “Interplay between energy metabolism, nutrient-sensing pathways and 

autophagy on distinct acute myeloid leukemia cell types”, the energetic, metabolic and autophagic 

signatures, as well as its crosstalk and regulation, were assessed in three different AML cell lines. 

An exclusive energetic, metabolic and autophagic network was proposed for each subtype of AML. 

AKT was pointed as a potential therapeutic target in specific AML subtypes, since the 

pharmacological inhibition of this metabolic player promoted a drastic reduction in the viability of 

both NB-4 and HL-60 cells. 

In chapter 3, entitled “Autophagy in acute myeloid leukemia patients: a retrospective cohort study”, 

the expression pattern of critical autophagy-associated genes was determined in distinct subtypes 
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of AML. The gene expression of core autophagy players was shown to be decreased in the BM-

MNCs of all tested FAB AML subtypes, but a differential expression of autophagy-related genes was 

also noticed among the BM-MNCs of the different tested FAB AML subtypes, cytogenetic risk groups 

or karyotypes. Autophagy was also referred as a promising target for therapeutic intervention in 

AML, due to the reduced expression of autophagy-related genes displayed by the BM-MNCs of the 

AML subjects. 

In chapter 4, entitled “Human bone marrow mesenchymal stromal cells under high glucose 

concentrations: impact on the tumorigenicity of distinct acute myeloid leukemia cell types”, the 

impact of glucose-induced changes in the BM-MSCs secretome on the pathogenesis of distinct 

AML subtypes was evaluated. NB-4, HL-60 and KG-1 cells were acutely and chronically exposed to 

the conditioned medium produced by non-diabetic human BM-MSCs under regular or high glucose 

levels. Chronic exposure to the changes promoted by high glucose levels in the secretome of BM-

MSCs was identified as a contributor to the pathogenesis of different AML subtypes. 

All the materials and methods used in this work will be referred within chapter 2, chapter 3 and 

chapter 4.   

Finally, the chapter 5 will comprise an integrative discussion focused on the main contributions of 

the present work combined with future perspectives. 
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CHAPTER 1 

General introduction 
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1. LEUKEMIA 

Leukemia (White blood, from Greek) comprises a group of clonal hematopoietic disorders 

characterized by an uncontrolled expansion of hematopoietic stem cells (HSCs) and/or committed 

myeloid/lymphoid progenitor cells that fail to differentiate normally, resulting in the accumulation 

of nonfunctional immature hematopoietic cells in the bone marrow (BM) with subsequent 

dissemination into the blood circulation and other organs [1-3]. In addition to the proliferative 

advantages, malignant cells also acquire enhanced self-renewal capacity [4, 5].      

The first case of leukemia was reported in 1845 by the pathologist John Bennett, who called this 

disease as “leucocythaemia” (white cell blood) [6]. Nevertheless, only in 1847, the pathologist 

Rudolph Virchow used the term “leukemia” (white blood) for the first time after observing an 

absence of red blood cells and an excess of white/colorless cells in a patient who presented fatigue, 

nosebleeds and swelling on legs and abdomen [6, 7]. A few years later, discoveries of the 

pathologist Paul Ehrlich (1877) and the hematologist Otto Naegeli (1900) allowed a significant 

advance in the classification of leukemia by dividing it into two classes according to the origin of 

the cells: leukemia evolving from myeloblasts was termed myeloid leukemia, whereas lymphoblasts 

were identified as giving rise to lymphoid leukemia (Fig. 1) [6]. By the end of the 19th century, 

leukemia was no longer recognized as a single disease but rather as four distinct entities depending 

on the cell of origin and its stage of development: acute/chronic myeloid leukemia (AML/CML) and 

acute/chronic lymphoid leukemia (ALL/CLL) (Fig. 1) [6, 7]. Chronic leukemias are derived from 

more mature blasts than acute leukemias [7]. This thesis will focus on AML. 

 

 

 

 

 

 

 

 

 

  
  
Fig. 1. Schematic representation of the major subtypes of leukemia. From the late 19th century to the present, leukemia 

has been grouped into four major subtypes: acute myeloid leukemia (AML), chronic myeloid leukemia (CML), acute 

lymphoid leukemia (ALL) and chronic lymphoid leukemia (CLL).     
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1.1. ACUTE MYELOID LEUKEMIA 

1.1.1. ETIOLOGY, EPIDEMIOLOGY AND CLINICAL PRESENTATION  

AML is a clonal hematopoietic disorder characterized by an impaired differentiation, exacerbated 

proliferation and enhanced self-renewal of the HSCs and/or committed myeloid precursor cells, 

leading to the accumulation of leukemic myeloblasts in the BM and consequent failure of the 

normal blood cells production [8-11]. Three possible scenarios have been postulated for the 

transformation of normal hematopoietic cells into leukemic myeloblasts: i) a normal HSC 

undergoes an initial mutation that leads to the formation of a pre-leukemic stem cell (pre-LSC), 

which suffers secondary mutation(s) giving rise to a LSC (Fig. 2i); ii) an initial mutation occurs at 

the HSC level resulting in the formation of a pre-leukemic myeloid progenitor cell, which generates 

a LSC upon secondary mutation(s) (Fig. 2ii) and iii) a normal HSC differentiates into a normal 

myeloid progenitor cell, which undergoes primary and secondary mutations to ultimately originate 

a LSC (Fig. 2iii) [3]. In all three scenarios, the generation of a LSC with arrested differentiation, 

excessive proliferation, increased self-renewal capacity and resistance to death signals leads to the 

development and accumulation of leukemic myeloblasts in the BM (Fig. 2) [3]. This accumulation 

reduces the BM’s ability to produce healthy white and red blood cells as well as platelets [8-11]. 

Throughout the disease progression, the accumulation of leukemic myeloblasts occurs not only in 

the BM but also in the blood and organs such as brain, skin and gums [8-11]. The AML symptoms 

are nonspecific and include loss of appetite and weight, weakness and fatigue, anemia, lethargy, 

dyspnea, fever and bleeding as a result of erythropenia, neutropenia and thrombocytopenia [12, 

13]. Pain in the bones may also occur due to the BM infiltration with leukemic myeloblasts [12, 

13]. Common physical features may include pallor, epistaxis, gingivitis, splenomegaly, 

hepatomegaly and bone tenderness [12].  
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Fig. 2. Schematic representation of the models for the acute myeloid leukemia development. Three possible scenarios 

have been described for the evolution of acute myeloid leukemia (AML)(i-iii). Hematopoietic stem cells (HSCs) or 

normal myeloid progenitor cells bearing a single mutation are termed “pre-leukemic cells”, which upon undergoing 

subsequent mutations give rise to leukemic stem cells (LSCs), which in turn generate leukemic myeloblasts.  

 

AML can arise de novo or secondarily, either due to the progression of other malignancies (such 

as myelodysplastic syndrome (MDS) or chronic BM stem cell disorders) [10, 14] or due to the 

treatment with cytotoxic agents or radiotherapy (10-15% of patients with AML develop this disorder 

after treatment with chemotherapy used against solid tumors) [15, 16].  

AML comprises the most common type of acute leukemia in adults, being rarely diagnosed in the 

childhood [17-19]. Indeed, the AML incidence augments with age, presenting a marked increase 

after the 40 years and displaying a median age of diagnosis of 65 years (Fig. 3, 4) [17-19]. From 

2011 to 2015, the United States AML incidence in the <65 years age group was 2.0 cases per 

100.000 individuals, whereas in the ≥65 years age group was 20.1 cases per 100.000 individuals 

(Fig. 3) [17]. In Portugal, data published in 2015 and referring to 2010 reported an AML incidence 

of 2.1 and 9.4 cases per 100.000 individuals in the <65 and ≥65 years age group, respectively 

(Fig. 4) [19]. In AML, a slight male predominance was also registered (Fig. 3, 4) [17, 19]. In the 

United States (2011 to 2015), the AML incidence in the females and males group was 3.6 and 

5.2 cases per 100.000 individuals, respectively (Fig. 3) [17]. In Portugal (2010), 3.1 and 3.8 AML 

cases per 100.000 individuals were reported in the females and males group, respectively (Fig. 4) 

[19]. Although AML is the most common type of leukemia in adults and presents elevated incidence 
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rates, this malignancy still has the lowest survival rate among all leukemias [18]. The AML 

incidence is expected to increase in the future in line with the population’s age [18, 20]. 

 

 

 

  

 

 
 

 

 

 

 

 

 
Fig. 3. Acute myeloid leukemia: Age-specific incidence rates by gender in the United States population, 2011-2015. 

The graph represents the most recent published data [17]. The horizontal axis shows 5-year age intervals. The vertical 

axis shows the frequency of new AML cases per 100.000 individuals in a given age and sex-group. Blue, pink and 

brown lines represent males, females and both, respectively.  

     
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Acute myeloid leukemia: Age-specific incidence rates by gender in the Portuguese population, 2010. The graph 

represents the most recent published data [19]. The horizontal axis shows 5-year age intervals. The vertical axis shows 

the frequency of new AML cases per 100.000 individuals in a given age and sex-group. Blue, pink and brown lines 

represent males, females and both, respectively.  

   

1.1.2. DIAGNOSIS AND CLASSIFICATION  

The two systems commonly used in the classification of AML are the French-American-British (FAB) 

system, initially proposed in 1976 [21], and the World Health Organization (WHO) system, 

introduced for the first time in 1999 [13, 22] and reviewed in 2016 [23]. The FAB classification 
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system is based on the morphology, cytochemistry and maturation degree of the malignant blasts 

[24, 25], whereas the 2016 WHO classification system combines not only morphological and 

cytochemical features but also genetic, immunophenotypic, biological and clinical information [23]. 

The WHO classification system is therefore more complete, with the FAB classification system 

falling into disuse. Eight subtypes of AML (M0 to M7) are recognized by the FAB classification 

system (Table 1) [12, 24], while the 2016 WHO classification system identifies four main groups 

(AML with recurrent genetic abnormalities; AML with multilineage dysplasia; therapy-based AML; 

those that do not fall into any of these groups) that are further categorized into innumerous and 

complex AML subclasses [23]. While the current WHO classification system recognizes 20% of 

malignant blasts as the cutoff for a diagnosis of AML [23], the FAB classification system assumes 

30% [12, 24]. 

 

Table 1. Classification of acute myeloid leukemia according to the French-American-British classification system [13]. 
  

 

FAB subtype Morphological classification 

M0 Undifferentiated acute myeloid leukemia 

M1 Acute myeloid leukemia with minimal maturation 

M2 Acute myeloid leukemia with maturation 

M3 Acute promyelocytic leukemia 

M4/M4 eos Acute myelomonocytic leukemia/with eosinophilia 

M5 Acute monocytic leukemia 

M6 Acute erythroid leukemia 

M7 Acute megakaryoblastic leukemia 

 

1.1.3. CYTOGENETIC ABNORMALITIES    

AML comprises a heterogeneous hematological malignancy with respect to chromosome 

abnormalities, gene mutations and changes in the expression of multiple genes and microRNAs 

[13]. By correlating these cytogenetic/molecular genetic alterations with the patient’s clinical data, 

four different genetic risk groups were established: favorable, intermediate I, intermediate II and 

adverse (Table 2) [26]. Approximately 50-60% of the newly diagnosed AML individuals present 

cytogenetic abnormalities [27], most of them associated with non-random chromosomal 
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translocations [28]. Such translocations often result in gene rearrangements leading to the 

expression of fusion proteins which, by changing the expression of myeloid development-related 

genes, contribute to AML transformation [28, 29]. t(15; 17) and t(8; 21), with an incidence of 10%, 

and inv(16), with an incidence of 5%, constitute the most described chromosomal translocations 

in AML [13, 27]. The t(15; 17), t(8; 21) and inv(16) result in the expression of PML-RARα , RUNX1-

RUNX1T1 (also called AML1-ETO [30]) and CBFβ-MYH11 oncofusion proteins, respectively. These 

proteins, through different mechanisms [13, 27, 30], act as transcriptional repressors that interfere 

with the expression of differentiation-related genes, impairing the normal maturation of myeloid 

hematopoietic cells [31-35]. AML individuals presenting these chromosomal translocations are 

included into the favorable genetic risk group (Table 2) [27]. Around 40-50% of AML patients have 

a normal karyotype [36]. However, although without karyotype alterations, not all of these patients 

exhibit the same response to treatment, mainly due to a large variability of gene mutations. These 

mutations are normally clustered into two classes: I and II [13]. The class I includes mutations in 

signal transduction pathways responsible for the survival and/or proliferation of hematopoietic 

myeloid progenitor cells. Mutations in KIT (feline sarcoma viral oncogene homolog), FLT3 (Fms-

like tyrosine kinase 3) and RAS (rat sarcoma viral oncogene homolog) fall into this group [13]. The 

class II comprises mutations that affect transcription factors and components of the cell cycle 

machinery, blocking the normal myeloid differentiation. Mutations in MLL (mixed lineage leukemia), 

BAAL (brain and acute leukemia), WT1 (wilms tumor 1), CEBPα (enhancer-binding protein α) and 

NPM1 (nucleoplasmin 1) belong to this group [13]. The cytogenetic/molecular genetic analysis of 

AML has become critical for disease diagnosis, classification, prognostic stratification and 

treatment guidance.  
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Table 2. Genetic risk groups established through the correlation between the cytogenetic/molecular genetic alterations 

of AML and the patient’s clinical data [26].  
 

  

Genetic risk group Genetic alterations 

Favorable 

t(8;21)(q22;q22); RUNX1-RUNX1T1  

inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11  

Mutated NPM1 without FLT3-ITD (normal karyotype)  

Mutated CEBPA (normal karyotype) 

Intermediate I 

Mutated NPM1 and FLT3-ITD (normal karyotype)  

Wild-type NPM1 and FLT3-ITD (normal karyotype)  

Wild-type NPM1 without FLT3-ITD (normal karyotype) 

Intermediate II 
t(9;11)(p22;q23); MLLT3-MLL  

Cytogenetic abnormalities not classified as favorable or adverse 

Adverse 

inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 

t(6;9)(p23;q34); DEK-NUP214 

 t(v;11)(v;q23); MLL rearranged 

  − 5 or del(5q); − 7; abnl(17p); Complex karyotype 

 

1.1.4. THERAPY AND OUTCOMES  

Acute leukemia is a fatal disorder that if untreated has a median survival of 3 months or less, being 

the early diagnosis and treatment imperative to obtain better outcomes [12]. The AML treatment 

comprises two distinct phases: the remission induction therapy and the post-

remission/consolidation therapy [12, 13]. While the remission induction therapy intents to 

eradicate all the leukemic myeloblasts from the BM and peripheral blood in order to recover normal 

hematopoiesis, the post-remission therapy is initiated weeks after the remission induction therapy 

has ended and aims to prevent disease relapse [12, 13]. The mainstay for initial AML treatment 

was developed more than 40 years ago and consists in the combination of two largely unspecific 

cytotoxic agents that remain the worldwide gold standard of the AML therapy: high doses of a 

cytosine analogue (such as cytarabine) combined with an anthracycline antibiotic (such as 

doxorubicin, daunorubicin or idarubicin) [37-39]. Cytarabine (cytosine arabinoside or ara-C) is a 

deoxycytidine analogue that is easily taken up by malignant cells and subsequently metabolized 
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into the nucleoside triphosphate form (ara-CTP), which is a substrate for DNA polymerase [40]. 

The incorporation of ara-CTP instead of deoxycytidine into the nascent DNA strand during DNA 

replication promotes the inhibition of DNA strand elongation with consequent single strand DNA 

(ssDNA) breaks and unsuccessful DNA replication [41, 42]. On the other hand, doxorubicin is a 

hydroxylated daunorubicin derivative that impairs DNA replication and transcription processes [43]. 

This compound is rapidly taken up into the nucleus where it binds with high affinity to DNA by the 

classical intercalation between base pairs, acting as a DNA topoisomerase II inhibitor [44-46]. 

Doxorubicin is commonly described as inhibiting the DNA re-ligation step, leading to the 

accumulation of enzyme-linked dsDNA breaks and consequent DNA replication/transcription 

failure [45-47]. In general, cytarabine and doxorubicin promote severe DNA damage that prevents 

survival, division and proliferation of AML cells. The standard regimen used during the remission 

induction therapy is termed as “7 + 3” regimen, which includes 7 days of continuous cytarabine 

infusion (100-200mg/m2) combined with an anthracycline (45-60mg/m2) administered 

intravenously for 3 days [37-39]. After this phase, it is expected that AML patients achieve complete 

remission (CR), which is defined as a BM with less than 5% of blasts and a neutrophil and platelet 

count greater than 1000 and 100.000, respectively [48]. Approximately 70-80% of AML patients 

aged <60 years [39, 49] and 40-50% of AML patients aged >60 years [50-52] reach CR upon the 

“7 + 3” regimen. AML patients who achieve CR should advance to the post-remission therapy, 

since it was described that patients who do not receive this treatment relapse within 6 to 9 months 

[53]. The post-remission therapy includes courses of chemotherapy, autologous hematopoietic 

stem cell transplantation (HSCT) or allogeneic HSCT, which are applied depending on the patient’s 

age, comorbidities, cytogenetic-based relapse chance and whether the patient has a suitable donor 

for HSCT [8]. For AML patients aged <60 years, the post-remission chemotherapy consists in high 

doses of cytarabine (2-3g/m2) twice a day on days 1, 3 and 5 for a total of 3-5 cycles [8]. However, 

AML patients aged >60 years receive a less intensive chemotherapeutic scheme, characterized by 

5 days of cytarabine (100mg/m2) and 2 days of an anthracycline (45mg/m2) for a total of 2 cycles 

[8, 10], due to the elevated cerebellar toxicity promoted by the high doses of cytarabine in this 

aged group [54, 55]. These chemotherapeutic schemes present minor alterations and adaptations 

depending on the clinical center. HSCT is also associated with an increased risk of transplant-

related morbidity and mortality, being this approach less used in AML patients aged >60 years 

[56]. Concerning the treatment outcomes, AML patients aged >60 years present lower CR rates, 

shorter relapse-free survival (RFS), lower overall survival (OS) and higher incidence of early death 
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during chemotherapy than AML patients aged <60 years [51, 52, 57]. The increased prevalence 

of unfavorable cytogenetics, elevated incidence of multi-drug resistance (MDR) and highly frequent 

comorbidities are risk factors that contribute to the poor outcomes exhibited by old AML patients 

[8]. Thus, while young patients tolerate intensified treatment strategies and have good outcomes, 

AML treatment is highly toxic and has limited application and poor outcomes among old individuals. 

Accordingly, current clinical trials have focused on preserving the therapy efficacy while reducing 

its toxicity in old AML patients. The identification of specific gene mutations, chromosomal 

translocations and changes in signaling pathways has led to the development of several targeted 

agents, such as histone deacetylase inhibitors, FLT3 inhibitors, ubiquitin-proteasome system 

inhibitors and DNA methyl transferase inhibitors (Table 3) [58, 59]. Nevertheless, during the last 

decades, the majority of therapeutic advances for AML have not come from the introduction of 

novel therapeutics but rather from optimizing the use of traditional drugs with the potential to be 

efficacious without impairing patients’ quality of life [13]. Different concentrations and new 

formulations are examples of older drugs optimization [60, 61]. Unfortunately, the development of 

an efficient AML therapeutic strategy still remains a major challenge in the elderly individuals, the 

most affected population.    

Although the standard AML therapy is applied to the most AML subtypes, the acute promyelocytic 

leukemia (APL; recognized as M3 subtype by the FAB classification system) is differently treated 

[62]. APL is characterized by the t(15;17) chromosomal translocation that leads to the fusion of 

the PML and RARα sequences with subsequent expression of the PML-RARα fusion oncoprotein 

[62, 63]. The PML-RARα in turn binds to the nuclear retinoid X receptor (RXR) originating the PML-

RARα/RXR repressor complex that disrupts the transcription of differentiation-related genes with 

consequent blockage of the normal promyelocytic maturation [62, 64, 65]. APL patients are 

currently treated with all-trans retinoic acid (ATRA), a non-cytotoxic agent capable of differentiating 

promyelocytes into mature granulocytes [66, 67]. Since ATRA have a transient effect when 

administered as a single agent [66, 68], the current APL standard treatment consists in the 

combination of ATRA with anthracycline-based chemotherapy [69]. APL patients treated with this 

combinatorial approach present similar increased CR rates (80-90%) but significantly lower relapse 

rates than those treated with ATRA monotherapy [70]. Interestingly, arsenic trioxide (ATO) also 

demonstrated activity against APL, displaying CR rates above 80% [71, 72]. It was also showed 

that APL patients submitted to ATO plus ATRA present similar CR rates but shorter time to achieve 

CR and greater reduction of the disease burden than those only treated with ATO [73].  
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Table 3. Therapeutic strategies investigated in the treatment of acute myeloid leukemia [13]. 
 

Therapeutic approach Examples 

Epigenetic regulation 
- Histone deacetylase inhibitors: vorinostat, panobinostat, belinostat 

- DNA methyl transferase inhibitors: vidaza, dacogen 

Differentiation-inducing therapeutics 
- Retinoid X receptor agonists 

- Arsenic trioxide 

Angiogenesis inhibition 
- Inhibition of angiogenesis: velcade 

- Immunomodulatory agents: thalomid, revlimid 

Inhibition of signaling pathways 

- Tyrosine kinase inhibitors: midostaurin, lestaurtinib, sorafenib, KW-

2449, AC220 

- Cell cycle inhibitors: ON 01910.Na 

- Farnesyl transferase inhibitors: zarnestra, sarasar 

- mTOR inhibitors: afinitor, PI-103, temsirolimus, GSK21110183 

- PARP inhibitors: ABT-888 

- MEK1/2 inhibitors: AZD6244, AS703026, PD98059, GSK1120212 

- Bcl-2 inhibitors: oblimersen, obatoclax, ABT-263 

- XIAP inhibitors: AEG-35156 

- Aminopeptidase inhibitors (tosedostat) 

Modulation of drug resistance - Chemosensitizer agents: valspodar, zosuquidar 

Modified traditional drugs 

- Nucleoside analogs: clofarabine, sapacitabine, elacytarabine 

- Alkylating drugs: irofulven, temodar, onrigin 

- Topoisomerase inhibitors: hycamtin 

Immune therapy - Antibodies: mylotarg, lintuzumab, avastin, T-cell targeted therapy 

 

2. METABOLIC REGULATION IN ACUTE MYELOID LEUKEMIA  

2.1. GLYCOLYSIS VERSUS MITOCHONDRIAL OXIDATIVE PHOSPHORYLATION  

Under normal conditions, mammalian cells primarily rely on both glycolysis and mitochondrial 

oxidative phosphorylation (OXPHOS) to generate energy in the form of ATP from the breakdown of 

glucose and other carbohydrates [74]. Briefly, in the cytoplasm, glucose is converted into pyruvate 

in a ten-step pathway called glycolysis (Fig. 5A) [75]. In this process, a net of two molecules of 

ATP, two molecules of pyruvate and two molecules of NADH is produced from one molecule of 

glucose (Fig. 5A) [75]. In the presence of oxygen, pyruvate, the end product of glycolysis, goes 

from cytoplasm to mitochondria where each pyruvate molecule is oxidatively decarboxylated into 
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an acetyl-CoA molecule by the pyruvate dehydrogenase complex (Fig. 5A) [76]. For each pyruvate 

oxidation, one molecule of NADH and one molecule of CO2 are produced (Fig. 5A). The 

condensation of acetyl-CoA with oxaloacetate by the citrate synthase occurs in the mitochondria 

and comprises the first step of the tricarboxylic acid (TCA) cycle, also known as the citric acid cycle 

or Krebs cycle (Fig. 5A) [76]. The TCA cycle consists of a series of enzymatic redox reactions that, 

for each acetyl-CoA molecule, produces three molecules of NADH, two molecules of CO2, one 

molecule of ATP and one molecule of FADH2 (Fig. 5A) [76]. The TCA cycle is followed by the 

oxidation of the NADH and FADH2 molecules on the mitochondrial electron transport chain and by 

the generation of a mitochondrial membrane electrochemical potential that culminates in the 

production of ATP by OXPHOS (Fig. 5A) [76]. Globally, under normoxic conditions, about 36 

molecules of ATP are generated per glucose breakdown, with OXPHOS accounting for over 80% of 

the produced ATP [76]. Under low oxygen tension conditions, mammalian cells mainly rely on 

glycolysis, with pyruvate being reduced to lactate by the lactate dehydrogenase A (LDHA) in the 

cytoplasm, a metabolic process called lactate fermentation (Fig. 5B) [74]. Once produced, the 

lactate molecules are excreted into the extracellular space, while the recycled NAD+ molecules are 

used to sustain a high glycolytic flux [74]. Although glycolysis yields a lower amount of ATP per 

glucose molecule when compared to OXPHOS, the former generates ATP at a faster rate than the 

latter, resulting in higher ATP production per time unit [77]. Indeed, it was claimed that the rate of 

ATP production may be 100 times faster with glycolysis than with OXPHOS [77]. The ratio between 

glycolysis and OXPHOS for the total ATP yield varies according to cell type, growth state and 

microenvironment [74]. This metabolic flexibility demonstrates the cooperative relationship 

between glycolysis and OXPHOS to adapt the mechanisms of energy production to environmental 

pressures and cellular features [74]. Indeed, under hypoxic conditions, glycolysis becomes 

enhanced to compensate for the weakened function of OXPHOS [74]. Cancer cells continuously 

reprogram their metabolic phenotypes to adapt to microenvironmental changes and alterations of 

growth conditions [78]. This metabolic plasticity provides both the energy and the intermediates 

for biosynthetic processes required for the enhanced tumor cells survival, proliferation and growth 

[78]. Glycolysis has been identified as the predominant energy production pathway of various 

cancer cell types, even in the presence of oxygen (Fig. 5B) (reviewed in [78]). The metabolic switch 

from OXPHOS to glycolysis in tumor cells was first described by Otto Warburg in the 1920s and is 

currently recognized as the “Warburg effect” [79]. Although Otto Warburg originally claimed that 

cancer cells employ a less efficient metabolic pathway (glycolysis) due to a permanent impairment 
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of OXPHOS [79], a growing number of studies have abrogate this hypothesis by revealing an intact 

OXPHOS function in most cancer cell types [80-84]. Curiously, some authors, by showing that 

OXPHOS activity of tumor cells can be restored upon glycolysis inhibition, argued that the reduced 

OXPHOS phenotype displayed by cancer cells is due to enhanced glycolysis suppressing OXPHOS 

rather than defects in OXPHOS [81]. Although glycolysis plays an important role in cancer energy 

metabolism, accumulating evidence have shown that a considerable amount of tumors use 

OXPHOS as the main pathway of energy production, as reviewed by Moreno-Sánchez, R., et al. 

[85]. Tumors have therefore heterogeneous metabolic phenotypes: while some cancer cell types 

depend mainly on glycolysis for ATP production, others equally or predominantly rely on OXPHOS 

[85]. Accordingly, to identify metabolic vulnerabilities susceptible to therapeutic targeting, cancer 

energy metabolism should be analyzed for each particular type of cancer cells.  

 

 
Fig. 5. Schematic representation of ATP synthesis by mammalian cells. The generation of ATP by mammalian cells is 

initiated in the cytoplasm by the broken down of carbohydrate molecules, namely glucose, into pyruvate in a ten-step 

reaction called glycolysis. A) Under normal oxygen tension conditions (aerobiosis), pyruvate enters the mitochondria 

and is oxidatively decarboxylated to acetyl-CoA, which by condensation with oxaloacetate initiates the Krebs cycle. The 

mitochondrial electron transport chain is then followed by the mitochondrial oxidative phosphorylation (OXPHOS). The 

NADH and FADH2 molecules produced during glycolysis, pyruvate oxidation and Krebs cycle act as electron carrier 
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molecules during the mitochondrial electron transport chain, with the free energy released during its oxidation driving 

ATP synthesis during OXPHOS. Although glycolysis and Krebs cycle generate ATP, OXPHOS accounts for over 80% of 

the produced ATP per glucose breakdown. B) Under low oxygen tension conditions (anaerobiosis), pyruvate remains 

in the cytoplasm and is reduced to lactate with the regeneration of NAD+ molecules, in a process called lactate 

fermentation. Regardless of oxygen availability, some cancer cell types primarily rely on glycolysis to generate ATP 

(Warburg effect). Per glucose unit, a net of about 36 ATP molecules is produced under aerobiosis, while a net of 2 

ATP molecules is generated under anaerobiosis or Warburg effect.    

 

Alterations in the energy metabolism of AML cells have been recently described, with the metabolic 

reprogramming towards glycolysis being extensively reported. Indeed, by performing a serum 

metabolomic study focused on the glucose metabolism, Chen, W.L., et al. found increased levels 

of glycolytic metabolites in AML patients when compared to control donors [86]. By using several 

human AML cell lines and human BM-derived AML blasts, these authors also proposed an 

association between augmented glycolysis and AML cells resistance to cytarabine [86]. In line with 

these observations, other studies have established an association between increased glycolysis 

and AML cells chemoresistance [87-90]. For example, by showing that daunorubicin-resistant HL-

60 cells exhibit high glycolytic activity when compared to daunorubicin-sensitive HL-60 cells and 

that glycolysis inhibition results in the apoptosis of daunorubicin-resistant HL-60 cells without 

affecting the viability of their sensitive counterparts, Ohayon, D., et al. reinforced the role of 

glycolysis in promoting AML cells chemoresistance [89]. Ju, H. K. and colleagues, by testing several 

human AML cell lines, mononuclear cells (MNCs) isolated from the peripheral blood of AML 

patients and an AML mouse model, reported that mutations in the FLT3 gene, which occur in 

approximately 30% of all AML cases, promote induction of glycolysis and that combination of 

glycolytic inhibitors with the FLT3 inhibitor sorafenib enhances the sorafenib-induced cytotoxicity 

[90]. An association between enhanced glycolysis and leukemogenesis was also proposed by 

Wang, Y. H. and co-workers, after observing the inhibition of leukemia initiation through depletion 

of either pyruvate kinase M2 isoform (PKM2), an enzyme involved in the final step of glycolysis, or 

LDHA, needed for NADH re-oxidation in conditions of high glycolytic flux rates [91]. These authors 

claimed that depletion of PKM2 or LDHA enforced a metabolic shift from glycolysis to OXPHOS, 

compromising AML induction in mice [91]. The relevance of glycolysis in leukemogenesis was also 

identified by Saito, Y., et al. which, by using a mouse model of AML, reported a high dependency 

of leukemia-initiating cells on glycolytic metabolism [92]. By using BM-derived MNCs of AML 

subjects and an AML mouse model, Watson, A. S. and colleagues reported an association between 

high glycolytic flux, low autophagy level and aggressive AML phenotype [93]. Finally, Poulain, L., 

et al., by testing several human AML cell lines and human BM-derived AML blasts, described that 
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mammalian target of rapamycin complex 1 (mTORC1) signaling, which is constantly overactivated 

in AML cells, specifically promotes glycolysis in the AML context [94]. Over the past few years, an 

increasing number of publications have also referred a metabolic reprogramming of AML cells 

towards OXPHOS. Briefly, Lagadinou, E. D., et al., by using BM-derived MNCs of AML patients and 

an AML mouse model, found that LSCs are highly reliant on OXPHOS rather than glycolysis for 

energy generation and that inhibition of Bcl2-mediated OXPHOS specifically eradicates LSCs [95]. 

By showing that inhibition of OXPHOS increases the apoptosis and decreases the proliferation of 

several human AML cell lines, Scotland, S., et al. [96] and Molina, J. R., et al. [97] elucidated the 

dependence of AML cells on OXPHOS. Finally, Farge, T. and co-workers described that cytarabine-

resistant AML cells exhibit a high OXPHOS status and that OXPHOS inhibition strongly enhances 

cytarabine-induced antileukemic effects both in vitro and in vivo, highlighting the relevance of 

OXPHOS in the AML cells metabolism [98]. Dysregulation of glycolysis or OXPHOS can therefore 

be exploited to develop effective AML treatments. The combination of currently used antileukemia 

agents with inhibition of specific metabolic addictions must be privileged. Importantly, the high 

plasticity of AML cells, which allows their adaptation to unfavorable environments, should be 

considered during therapeutic strategies design. The heterogeneous energy metabolism of AML 

cells should also be considered. 

In addition to ATP production, glycolysis provides tumor cells with intermediates required for 

biosynthetic pathways during cellular division, including ribose for nucleotides, citrate/glycerol for 

lipids, nonessential amino acids for proteins and, via the oxidative pentose phosphate pathway 

(PPP), NADPH, which acts as a reducing agent during nucleotide, amino acid and lipid synthesis 

[99]. Likely glycolysis, TCA cycle also exerts a key role in sustaining the high metabolic demands 

of cancer cells by acting as a hub for biosynthesis [100]. Indeed, malignant cells use TCA cycle 

intermediates as biosynthetic precursors of lipids, proteins and nucleic acids, which support their 

increased proliferation, growth and survival [100]. While oxaloacetate and α-ketoglutarate (α-KG) 

supply the intracellular pools of nucleotides and nonessential amino acids to be used in the 

synthesis of nucleic acids and proteins, citrate is required for the synthesis of fatty acids and 

cholesterol needed for bio-membranes [100]. To sustain TCA cycle function in the face of a 

continuous efflux of TCA cycle intermediates to biosynthetic pathways, replenishment of TCA cycle 

intermediates occurs mainly via pyruvate carboxylation, which generates oxaloacetate from 

pyruvate, and glutaminolysis, which produces α-KG from glutamine [101]. Mutations of TCA-

associated enzymes, namely cytosolic isocitrate dehydrogenase 1 (IDH1) and its mitochondrial 
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homolog IDH2, have been identified in AML patients [102-107]. Instead of catalyzing the reversible 

oxidative decarboxylation of isocitrate to α-KG, the mutated IDH1/2 catalyzes the abnormal 

NADPH-dependent reduction of α-KG to 2-hydroxyglutarate (2-HG), which, by acting as a 

competitive inhibitor of multiple α-KG-dependent enzymes, functions as an oncometabolite [108]. 

Indeed, Figueroa, M. E., et al., by performing a genetic, epigenetic and transcriptional profiling 

study in a large cohort of de novo AML patients, claimed that 2-HG generated by the IDH1/2-

mutant AML cells promotes aberrant DNA hypermethylation through the inhibition of the α-KG-

dependent and DNA demethylase enzyme TET2, resulting in a blockade of cellular differentiation 

and consequent leukemic transformation [106]. The contribution of mutant IDH1/2-produced 2-

HG to leukemogenesis was also suggested by other authors [102, 107]. Targeting mutant-IDH2 

enzymes was proposed by Wang, F. and co-workers as a potential therapeutic strategy against 

AML, after observing the in vitro differentiation of AML cells through selective inhibition of mutant-

IDH2 proteins by the AGI-6780 compound [103]. Several clinical trials featuring drugs that inhibit 

mutant-IDH1/2 enzymes are currently ongoing with promising results in the AML scenario, as 

recently reviewed by Castro, I., et al. [109]. For example, a selective small-molecule inhibitor of 

mutant-IDH2 enzymes (enasidenib) have been recently developed, with early-phase clinical trials 

showing hematological responses in patients with relapsed or refractory AML [104, 105]. The 

induction of myeloblasts differentiation was revealed as driving the clinical efficacy of enasidenib 

[104, 105]. The knowledge that AML cells harboring IDH1/2 mutations become addicted to 

glutamine as the main cellular source of α-KG points to glutaminase (GLS), enzyme that catalyzes 

the first reaction of glutaminolysis, as an attractive target for AML therapy. Indeed, GLS inhibition 

in IDH1/2-mutant AML cells has been explored, with anti-leukemia activity demonstrated [110, 

111].  

Deciphering and targeting metabolic abnormalities/addictions that are specific of AML cells, or 

mechanisms underlying these processes, represents a promising strategy that could lead to 

therapeutic applications in AML. 

 

2.2. NUTRIENT-SENSING PATHWAYS 

The metabolic rewiring in cancer cells is mainly driven by deregulation of the nutrient-sensing 

pathways AMP-activated protein kinase (AMPK), mammalian target of rapamycin complex 1 

(mTORC1) and serine/threonine protein kinase B (AKT) [112]. AMPK is an evolutionarily conserved 

heterotrimeric complex composed of a catalytic subunit, AMPKα, and two regulatory subunits, 
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AMPKβ and AMPKγ, that plays a central role in maintaining cellular homeostasis by acting as a 

nutrient availability- and energy status-sensing mechanism [113]. Indeed, AMPK activation occurs 

in response to metabolic stresses, such as glucose starvation, amino acid deprivation, growth factor 

withdrawal, hypoxia and compounds that affect ATP synthesis [114]. These cellular stresses reduce 

ATP production or accelerate ATP consumption, rising AMP/ATP and ADP/ATP ratios [114]. The 

accumulation of AMP results in its allosteric binding to the regulatory γ-subunit of AMPK, which 

induces a major conformational change in the AMPK heterotrimeric complex, allowing the exposure 

of the threonine 172 (Thr172) residue located in the catalytic α-subunit of AMPK to the action of 

upstream kinases, namely liver kinase B1 (LKB1) (Fig. 6) [114]. Upon activation, AMPK acts to 

restore nutrient/energy balance by promoting catabolism (e.g. macroautophagy (hereinafter 

referred to as autophagy), glycolysis and fatty acid oxidation) and down-regulating anabolism (e.g. 

fatty acid, protein and glycogen synthesis) [114]. Like AMPK, mTORC1 is also a serine/threonine 

protein kinase that functions as a key sensor of cellular nutrient availability [115, 116]. 

Nevertheless, mTORC1 signaling is activated by high levels of amino acids, glucose and/or growth 

factors; positively regulates anabolic programs while suppresses catabolism; and promotes cell 

proliferation/growth [115, 116]. In response to nutrient availability, inactive mTORC1 is 

translocated from the cytoplasm to the lysosomal outer surface where, through phosphorylation at 

the serine 2448 (Ser2448) residue, it is activated by the Ras homolog enriched in brain (Rheb) 

GTPase (Fig. 6) [115, 116]. Rheb in turn is negatively controlled by the heterodimeric tuberous 

sclerosis complex (TSC), whose TSC2 component carries a GTPase-activating protein (GAP) 

function for the mTORC1-activating protein Rheb, converting it from the active GTP- to the inactive 

GDP-bound state (Fig. 6) [115, 116]. mTORC1 consists of the mTOR kinase plus multiple protein 

partners, including Raptor, which plays an essential role during mTORC1 activation by mediating 

its recruitment to the lysosomal surface [115, 116]. Once activated, mTORC1 exerts broad 

regulatory effects by phosphorylating numerous downstream effector proteins. For example, active 

mTORC1 phosphorylates the ribosomal protein S6 kinase 1 (p70 S6K1) at the Thr389 residue and 

the eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) at several Thr and Ser 

residues, triggering protein synthesis [115, 116]. The opposing actions of AMPK and mTORC1 in 

cellular metabolism demands a close and tight regulation between these two metabolic hubs to 

avoid uncoordinated synthesis and degradation processes. Indeed, AMPK negatively controls 

mTORC1 signaling by promoting Rheb inactivation via TSC2 GAP activity and by preventing Raptor 

mediated-mTORC1 recruitment to the lysosomal surface (Fig. 6) [117]. AMPK directly 
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phosphorylates both TSC2 (Ser1387 and Thr1227) and Raptor (Ser722 and Ser792) to suppress 

mTORC1 kinase activity (Fig. 6) [117]. AKT is a serine/threonine protein kinase that, by 

transducing extracellular signals from growth factors, cytokines and hormones, contributes to the 

regulation of numerous cellular processes, such as glucose homeostasis, lipid metabolism, protein 

synthesis, cell proliferation/growth and cell survival [118, 119]. Upon stimulation of receptor 

tyrosine kinases (RTKs), cytokine receptors (CRs) or G-protein-coupled receptors (GPCRs) by 

extracellular ligand binding, inactive AKT is translocated from the cytoplasm to the plasma 

membrane where it is activated via a phosphoinositide 3-kinase (PI3K)-dependent mechanism (Fig. 

6) [118, 119]. Full AKT activation requires its phosphorylation at the Thr308 residue located in the 

kinase domain by phosphoinositide-dependent protein kinase 1 (PDK1) and at the Ser473 residue 

located in the C-terminal regulatory domain by mTOR complex 2 (mTORC2) (Fig. 6) [118, 119]. 

Once activated, AKT phosphorylates a wide spectrum of downstream targets, either positively or 

negatively affecting their functions. For example, AKT allows Rheb-mediated mTORC1 activation by 

inhibiting the TSC2 GAP activity (Fig. 6); promotes direct mTORC1 activation through its 

phosphorylation at the Ser2448 residue (Fig. 6); induces glycolysis by up-regulating the expression 

of glucose transporters and by stimulating glycolytic enzymes; allows glycogen synthesis by 

inhibiting the activity of glycogen synthase kinase 3 (GSK3); and inhibits the induction of apoptosis 

and cell cycle arrest by suppressing the function of Forkhead Box O (FoxO) transcription factors 

[118, 119]. Unlike AMPK, PI3K/AKT signaling cascade positively controls mTORC1 activity, 

enhancing protein synthesis and down-regulating autophagy [118, 119]. Through a variety of 

shared and distinct downstream targets, AKT and AMPK have opposing roles on cellular 

metabolism, with AKT stimulating ATP-consuming anabolic processes and AMPK blocking anabolic 

metabolism in favor of ATP-generating catabolic processes. AMPK, mTORC1 and AKT compose 

therefore a tightly regulated kinase triad that works to closely monitor and maintain cellular 

homeostasis.   

 

 
 

 

 

 

 

 

 



 

19 
 

 
Fig. 6. Schematic representation of AMPK, mTORC1 and AKT regulation. Distinct stimuli conduct to the activation of 

different nutrient-sensing pathways. The AMPK signaling pathway is activated in response to metabolic stresses that, 

by reducing ATP production or accelerating ATP consumption, increase the levels of intracellular AMP. Under lowered 

intracellular ATP levels, AMP binds to the γ-subunit of AMPK, leading to an AMPK conformational change that 

exposures the threonine 172 (T172) residue located at the α-subunit of AMPK to the action of LKB1. Once activated, 

AMPK negatively controls mTORC1 activity, by directly phosphorylating raptor at the serine 722 and serine 792 (S722 

and S792) residues or TSC2 at the threonine 1227 and serine 1387 (T1227 and S1387) residues, and positively 

regulates catabolism. In nutrient-rich conditions (e.g. amino acids), mTORC1 is activated and drives cells growth by 

stimulating anabolic processes. The PI3K/AKT signal transduction pathway is activated in response to extracellular 

signals, such as growth factors, cytokines and hormones. Phosphorylation of AKT at the threonine 308 (T308) residue 

by PDK1 and at the serine 473 (S473) residue by mTORC2 leads to full AKT activation. Once activated, AKT mediates 

several downstream responses, including cell survival and growth. By phosphorylating mTORC1 at the serine 2448 

(S2448) residue or inhibiting TSC2 activity, AKT stimulates mTORC1. RTK: receptor tyrosine kinase; CR: cytokine 

receptor; GPCR: G-protein-coupled receptor.  

         

Dysregulated AMPK, mTORC1 and/or AKT pathways have been extensively reported in AML, with 

both pro- and anti-tumoral activities suggested [92, 94, 120-136]. Briefly, Green, A. S. and 

colleagues, by using human BM-derived AML blasts and an AML mouse model, identified the 
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LKB1/AMPK signaling pathway as a tumor suppressor axis in AML cells through the repression of 

mTORC1-dependent oncogenic mRNA translation [120]. In addition, these authors claimed that 

the LKB1/AMPK pathway is consistently functional in AML cells and that its activation with 

metformin results in a strong anti-leukemic activity [120]. The role of AMPK in leukemogenesis 

suppression was also proposed by Kawashima, I. and co-workers [121]. By using a mouse model 

of AML, Saito, Y., et al. reported that AMPK protects leukemia-initiating cells from dietary restriction-

caused metabolic stress in the BM and that combination of AMPK inhibition with physiological 

metabolic stress potently blocks leukemogenesis, elucidating the contribution of AMPK to AML 

development [92]. These authors also established an association between energy metabolism and 

nutrient-sensing pathways [92]. Activation of AMPK in AML cells exhibiting constitutive mTORC1 

activation was proposed by Sujobert, P. and co-workers as a potential therapeutic strategy against 

AML [122]. Indeed, AMPK and mTORC1 co-activation resulted in a synthetic lethal interaction 

across a range of human AML cell lines and human primary AML samples [122]. An aberrant 

mTORC1 activation has been observed in the majority of the primary AML cases, with the inhibition 

of mTORC1 signaling, through rapamycin or rapamycin analogs, being exploited as a potential anti-

leukemia strategy (reviewed in [123]). Although in preclinical and clinical settings mTORC1 

inhibition alone elicited a modest inhibitory effect on AML cells growth [124, 125], the combination 

of mTORC1 inhibitors with conventional chemotherapy has shown a significant improvement in the 

median disease-free survival and median OS of AML patients [126, 127]. The recent identification 

of mTORC1 as a positive regulator of glycolysis in the AML context, pointed to the combination of 

glycolytic inhibitors with currently used chemotherapy as a new promising therapeutic strategy in 

mTORC1-overactivated AML cells [94]. A constitutive activation of PI3K/AKT signaling pathway has 

also been detected in 50-80% of AML cases [128-130]. In preclinical studies, PI3K/AKT inhibitors 

have demonstrated activity against AML, by markedly increasing the sensitivity of human AML cell 

lines and human primary AML cells to etoposide- or cytarabine-induced cytotoxicity [131, 132]. 

However, despite the theoretical potential of PI3K/AKT inhibitors as anti-leukemia agents, their 

clinical effects have been limited, as shown in phase I clinical trials [133-135]. Considerable efforts 

have been made to elucidate the molecular mechanisms underlying AML cells resistance to 

PI3K/AKT inhibitors. In a recent report, Nepstad, I., et al., by performing a non-targeted metabolite 

profiling in human primary AML cells susceptible or resistant to in vitro PI3K/AKT inhibition, 

established an association between altered cellular metabolism and AML cells resistance to 

pharmacological PI3K/AKT inhibition [136]. Indeed, differences in the levels of metabolites 
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involved in energy, amino acid and lipid metabolism were detected between resistant and 

susceptible AML blasts [136]. Interestingly, an association between energy metabolism and 

nutrient-sensing pathways in the AML context was proposed by Scotland, S. et al., by showing that 

AKT activation promotes glycolysis in the U937 AML cell line [96].  

Targeting metabolic processes that are critical in AML biology and that may constitute an Achilles 

heels of AML cells is therefore viewed as a potential strategy to fight AML. Indeed, autophagy, an 

important downstream target of AMPK, mTORC1 and AKT, has been extensively implicated in the 

development, progression and drug-resistance of AML.  

 

2.3. AUTOPHAGY 

Autophagy is an evolutionarily conserved self-degradative process in which cytoplasmic contents, 

including cytotoxic proteins and superfluous/damaged organelles, are delivered to lysosomes for 

degradation [137]. This cellular catabolic pathway involves at least five steps (Fig. 7): 1 - 

initiation/nucleation (isolation of a small double-membrane called phagophore and mobilization of 

proteins required for the phagophore expansion); 2 - elongation/expansion of the phagophore; 3 - 

closure/maturation of the phagophore into a completed double-membrane-bound compartment 

termed autophagosome; 4 - fusion of the autophagosome with a lysosome originating an 

autolysosome; and 5 - degradation of the autolysosome content [137-139]. Several Atg (autophagy-

related genes) proteins are involved in this process and constitute the core of the “autophagy 

machinery” essential for the execution of this dynamic process [137-139]. The initiation/nucleation 

phase of autophagy is mainly regulated by two complexes: Unc-51 like autophagy activating kinase 

1/2 (ULK1/2) and vacuolar protein sorting 34 (hVPS34)/Beclin1 (Fig. 7). While the 

phosphorylation of ULK1 at Ser757 by mTORC1 and Beclin1 at Ser234 and Ser295 by AKT leads 

to autophagy inhibition, AMPK positively controls autophagy by directly phosphorylating ULK1 at 

the Ser317 and Ser777 residues (Fig. 7) [140-143]. Once activated, AMPK and AKT may also 

regulate autophagy through mTORC1-dependent pathways (Fig. 7) [142]. The activation of ULK1 

has been identified as responsible for the isolation of the phagophore, whereas the activation of 

hVPS34/Beclin1 has been implicated in the recruitment of Atg5 and Atg12 proteins into this 

structure [137-139]. The elongation/expansion of the phagophore requires two essential ubiquitin-

like conjugation systems: the conjugation of Atg12 to Atg5, mediated by the ubiquitin-like modifier-

activating enzymes Atg7 (E1 enzyme) and Atg10 (E2 enzyme), and the conjugation of LC3-I to 

phosphatidylethanolamine (PE), mediated by the E1 enzyme Atg7 and E2 enzyme Atg3 (Fig. 7) 
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[137-139]. Note that before LC3-I/PE conjugation, the cysteine protease Atg4 cleaves the C-

terminal portion of a nascent pro-LC3, leading to the formation of LC3-I (Fig. 7) [137-139]. Upon 

conjugation, the Atg12/Atg5 complex binds to Atg16 generating the Atg12/Atg5/Atg16 trimeric 

complex, which binds to the phagophore (Fig. 7) [137-139]. This trimeric complex recruits cytosolic 

LC3-I/PE (also called LC3-II) to the edges of the phagophore, allowing the elongation and curvature 

of this structure (Fig. 7) [137-139]. By serving as a scaffold, the cargo also contributes to the 

expansion of the phagophore [137-139]. During the closure/maturation phase of autophagy, the 

Atg12/Atg5/Atg16 trimeric complex redistributes and concentrates mostly on the outer side of the 

phagophore, while LC3-II is distributed symmetrically on both sides of this structure (Fig. 7) [137-

139]. The proteins located at the outer side of the membrane are then released into the cytoplasm 

and the uncoated autophagosome is fused with the lysosome originating the autolysosome (Fig. 7) 

[137-139]. The acid hydrolases supplied by the lysosome promote the acidification of the 

autophagosome environment, allowing the degradation of the autolysosome contents, namely the 

cargo and the LC3-II trapped in the lumen of this structure (Fig. 7) [137-139]. The macromolecules 

resulting from this degradation are transported through permeases to cytoplasm for recycling or 

energy production [137-139]. The LC3-II present in the autophagosomes can be easily monitored 

by immunoblotting and immunofluorescence, being the most widely used marker for autophagy 

detection [144].    

 

         
Fig. 7. Schematic representation of macroautophagy. Macroautophagy, hereinafter called autophagy, is a multi-step 

degradative system that delivers cytoplasmic constituents to the lysosome. This catabolic process involves at least five 
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steps: 1) initiation/nucleation; 2) elongation/expansion; 3) closure/maturation; 4) fusion; and 5) degradation. The 

initiation/nucleation step of autophagy involves the participation of ULK1/2 and hVPS34/Beclin1 complexes, whose 

activities are mainly regulated by the AMPK, mTORC1 and AKT upstream kinases. The Atg12, Atg5, Atg16 and LC3-II 

autophagy-related proteins, as well as the E1 enzyme Atg7 and the E2 enzymes Atg10 and Atg3, exert a critical role 

during the elongation/expansion phase of autophagy. Pro-LC3 is processed by the cysteine protease Atg4 into LC3-I, 

which by conjugation with the phosphatidylethanolamine (PE) originates the LC3-I/PE (also called LC3-II). The 

closure/maturation step of autophagy consists in the completion of a phagophore into an autophagosome, which by 

fusing with a lysosome gives rise to an autolysosome. Nonfunctional proteins and organelles are finally degraded in 

the autolysosome compartment by lysosomal hydrolases.  

 

Under physiological conditions, autophagy occurs at basal levels for the removal of harmful or 

surplus cytoplasmic components, such as protein aggregates, dysfunctional/long-lived organelles 

and intracellular pathogens, playing a vital role in maintaining cellular homeostasis [145, 146]. In 

the presence of stressful conditions, such as starvation and hypoxia, autophagy is up-regulated 

functioning as an adaptive response that, by recycling and generating basic components as amino 

acids, nucleotides and fatty acids, allows temporary cell survival [145, 146]. Autophagy is therefore 

primarily viewed as a pro-survival mechanism. Nevertheless, this cytoprotective role of autophagy 

does not occur indefinitely and when the cellular stress leads to continuous or excessive autophagy, 

this “self-eating” process can be lethal due to extensive self-digestion [146]. It is therefore 

imperative to maintain a tightly regulated autophagy, since cell survival or death may happen 

depending on the duration and severity of this process.  

Over the last years, extensive attention has been devoted to understanding the paradoxical roles of 

autophagy in the AML initiation, progression and drug resistance. It is currently accepted that 

autophagy plays a multi-layered role in the AML scenario (anti- and pro-leukemic) that is highly 

dependent on both cell type and cellular context. Briefly, Mortensen, M. and co-workers, by showing 

that deletion of the ATG7 autophagy gene in mouse HSCs results in loss of normal HSC functions, 

BM failure, severe myeloproliferation and eventually death, claimed that impairment of autophagy 

promotes the transformation of normal HSCs into a pre-leukemic state [147]. The recognition of 

autophagy as a suppressor of leukemic transformation was also made by Watson, A. S. et al., who 

found that heterozygous loss of the ATG5 autophagy gene in mouse HSCs potentiates AML 

initiation, progression and aggressiveness [93]. By detecting that bone marrow mononuclear cells 

(BM-MNCs) of AML patients exhibit reduced expression levels of essential autophagy genes, such 

as MAP1LC3B (microtubule associated protein 1 light chain 3 beta), when compared to the BM-

MNCs of control donors, these authors reinforced the AML suppressor function of autophagy [93]. 

With distinct AML and control cohorts, Brigger, D. and colleagues also noticed lower expression 
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levels of autophagy-associated genes in AML individuals than in non-hematological subjects, 

identifying them as tumor suppressor genes in the AML context [148]. The role of autophagy in 

promoting leukemogenesis was reported by Liu, Q. et al., who noticed that deletion of ATG5 in BM 

cells transduced with the MLL (mixed lineage leukemia)-AF9 fusion gene prevents the efficient 

initiation of AML in mice [149]. However, according to some authors, upon leukemic 

transformation, autophagy is no longer required for the maintenance of AML [149-151]. In contrast, 

Sumitomo, Y. and co-workers, by observing that deletion of the ATG7 or ATG5 autophagy genes 

reduces the tumorigenic phenotype of a MLL-ENL-induced murine AML model, claimed that 

autophagy is critical for the maintenance of established AML [152]. By detecting that autophagy 

promotes the survival of AML cells under hypoxia, Dirkje, W. H., et al. also ascribed an AML-

promoting role to autophagy [153]. Altogether, these contradictory data highlight the highly 

complex and context-dependent role of autophagy in AML initiation and progression.   

 

 

This chapter summarized current knowledge on the regulation of energy metabolism, nutrient-

sensing pathways and autophagy in both normal and AML scenarios. Relevant data on the impact 

of metabolic alterations on the AML development, progression and therapy resistance were 

extensively reviewed.   

Despite recent advances in cancer cell metabolism, the exact role of metabolic changes in the AML 

context remains debatable. On the next chapters, results on the metabolic networks operating in 

distinct AML cell types will be presented and discussed. With these findings we hope to provide 

new insights that contribute to the development of targeted and effective therapies against AML.   
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CHAPTER 2 

Interplay between energy metabolism, nutrient-sensing pathways 

and autophagy on distinct acute myeloid leukemia cell types 
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2.1. ABSTRACT 

Acute myeloid leukemia (AML) comprises a group of heterogeneous hematopoietic neoplasms 

characterized by impaired differentiation and excessive proliferation of hematopoietic stem and/or 

myeloid progenitor cells, resulting in their accumulation in the bone marrow (BM) with subsequent 

dissemination to other organs. The metabolic switch from mitochondrial oxidative phosphorylation 

(OXPHOS) to a more glycolytic dependent metabolism has been extensively associated with the 

high survival and proliferation rates of cancer cells, including AML cells. This metabolic 

reprogramming is mainly driven by deregulation of the nutrient-sensing pathways serine/threonine 

protein kinase B (AKT), mammalian target of rapamycin complex 1 (mTORC1) and AMP-activated 

protein kinase (AMPK), which control fundamental cellular processes as macroautophagy 

(hereinafter referred to as autophagy). Despite the innumerous studies concerning the AML cells 

metabolism, the role of these metabolic adaptations on the AML cells survival, proliferation and 

chemoresistance remains controversial. The present work aimed to characterize the metabolic 

status and the respective metabolic networks operating in distinct AML cell types. Three different 

human AML cell lines representative of three distinct AML subtypes, HL-60 (FAB-M2 AML), NB-4 

(FAB-M3 AML) and KG-1 (FAB-M6 AML), were used. KG-1 cells exhibited an OXPHOS phenotype 

accompanied by a constitutive AMPK and mTORC1 co-activation and an increased autophagy flux, 

whereas NB-4 and HL-60 cells displayed a highly glycolytic profile associated with an AKT/mTORC1 

activation and a low autophagy flux. Inhibition of AKT was disclosed as a promising therapeutic 

target in some scenarios, while inhibition of AMPK or mTORC1 had no major impact on KG-1 cells 

survival. The results highlight an exclusive metabolic pattern for each tested AML cell type as well 

as its impact on the determination of the anti-leukemia efficacy. 

Keywords: Acute myeloid leukemia (AML) ▪ Energy metabolism ▪ Glycolysis ▪ Mitochondrial 

oxidative phosphorylation (OXPHOS) ▪ Nutrient-sensing pathways ▪ Macroautophagy.  

 

2.2. INTRODUCTION 

Acute myeloid leukemia (AML) comprises a group of heterogeneous hematopoietic disorders 

characterized by a multitude of genetic and epigenetic aberrations associated with altered 

differentiation, proliferation and self-renewal of hematopoietic stem and/or myeloid progenitor cells 

[8-11]. AML intensive chemotherapy regimens result in different patient responses, with favorable 

outcomes in young patients [154] but limited application and poor outcomes among elderly, the 

most affected population [155-157]. Given the genetic, epigenetic, immunophenotypic and clinical 
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diversity among the AML patients, the development of targeted therapies remains a major 

challenge [158]. Accordingly, the elucidation of the mechanisms underlying AML pathogenesis is 

demanding.  

A switch from mitochondrial oxidative phosphorylation (OXPHOS) to glycolytic metabolism, the well-

recognized “Warburg effect”, is a common strategy used by cancer cells to overcome their high 

bioenergetic needs [159-162]. This metabolic reprograming provides tumor cells with advantages, 

such as the rapid generation of ATP and intermediates for the synthesis of nucleotides, amino 

acids and fatty acids, that sustain their increased survival and proliferation rates [159-162]. A 

distinct glucose metabolism signature was recently identified in serum samples from the peripheral 

blood of AML patients when compared to control individuals [86]. Indeed, Chen, W.L. and co-

workers identified 6 serum metabolite markers with prognostic value in cytogenetically normal AML 

patients [86]. By testing several AML cell lines (U937, OCI-AML3, HL-60 and KG-1) and human 

bone marrow (BM) AML blasts, these authors also proposed an association between metabolic 

reprograming towards glycolysis and AML cells chemoresistance by showing that enhanced 

glycolysis decreases AML cells sensitivity to cytarabine while the inhibition of glycolysis potentiates 

the cytotoxicity of this anti-leukemia agent [86]. The impact of augmented glycolysis in promoting 

AML cells drug resistance was also reported by other authors [87-90]. By showing that leukemia-

initiating cells are highly dependent on glycolysis and that disruption of glycolysis inhibits leukemia 

initiation, Wang, Y. H., et al. [91] and Saito, Y., et al. [92] attributed a pro-leukemogenic role to 

glycolysis. As reported in several tumors, these findings also point to increased metabolic 

reprograming towards glycolysis as critical for the pathogenesis and therapy resistance of AML.     

The metabolic reprogramming in tumor cells is mainly driven by deregulation of the nutrient-

sensing pathways serine/threonine protein kinase B (AKT), mammalian target of rapamycin 

complex 1 (mTORC1) and AMP-activated protein kinase (AMPK) [112]. By testing several AML cell 

lines and human BM AML blasts, Poulain, L. et al. identified mTORC1 as a promoter of the glycolytic 

metabolism [94]. AKT was also recognized by Scotland, S. et al. as promoting glycolysis in the 

U937 AML cell line [96]. In T cell acute lymphoblastic leukemia (T-ALL), Kishton, R. J. et al. pointed 

to AMPK as an inducer of the OXPHOS [163]. AKT pathway is often found activated in AML, while 

mTORC1 seems to be active in all reported AML cases. [128, 130]. The possibility of a concomitant 

mTORC1 and AMPK constitutive activation independent of AKT illustrates the complexity of the 

nutrient-sensing pathways network in the AML context [123, 164]. Globally, it is still debatable and 

controversial whether AKT, mTORC1 and/or AMPK acts as a tumor-suppressor or -promoter in the 
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AML scenario [92, 120, 122, 128, 164-168]. Nevertheless, once activated, AKT [142, 143] and 

AMPK [140-142] may control macroautophagy in mTORC1-(in)dependent pathway(s). 

Macroautophagy, hereinafter referred to as autophagy, is a multi-step self-degradative process by 

which cytoplasmic content, such as long-lived proteins and superfluous/damaged organelles, is 

delivered to lysosomes for degradation [137]. Deregulation of autophagy has been widely described 

in AML, with both pro- and anti-tumoral functions identified [93, 147, 148, 152, 153, 169-172]. 

The elucidation of the interplay between energy metabolism, nutrient-sensing players and 

autophagy is therefore of major relevance in understanding AML pathogenesis and drug resistance.  

Results herein presented provide evidence for distinct metabolic signatures among different AML 

cell types. Indeed, whereas KG-1 cells displayed a preferential oxidative metabolism mainly 

associated with a constitutive AMPK and mTORC1 co-activation and an increased autophagy flux, 

NB-4 and HL-60 cells exhibited a glycolytic phenotype mainly associated with an AKT/mTORC1 

activation and a reduced autophagy flux. Inhibition of AKT was disclosed as a promising target for 

therapeutic intervention in some scenarios, while inhibition of AMPK or mTORC1 had no major 

impact on the survival of KG-1 cells. 

 

2.3. MATERIAL AND METHODS 

2.3.1. Human acute myeloid leukemia cell lines 

Three distinct human acute myeloid leukemia (AML) cell lines, NB-4, HL-60 and KG‐1, were used 

in the present work. NB-4 is a promyelocytic cell line, a French-American-British (FAB)-M3 subtype, 

that was established in 1989 from a 23-year-old female [63]. HL-60 is an AML cell line with 

maturation, a FAB-M2 subtype, that was established in 1976 from a 35-year-old female [173, 174]. 

KG-1 is an erythroleukemia cell line, a FAB-M6 subtype, that was established in 1977 from a 59-

year-old male [175]. NB-4, HL-60 and KG-1 cells grow in culture suspensions and present a 

doubling time from 35h to 45h, 25h to 45h and 40h to 50h, respectively [63, 173-175]. 

NB-4, HL-60 and KG-1 cell lines were obtained from the German Collection of Microorganisms and 

Cell cultures (DSMZ® - Deutsche Sammlung von Mikroorganismen und Zellkulturen - German). 

Cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Biochrom® - 

Merck Millipore) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Biochrom® - 

Merck Millipore) and 1% antibiotic-antimycotic solution (Invitrogen®) in a humidified, 37ºC, 5% CO2 

atmosphere. Cells in exponential phase of growth (passages from 5 to 20) were used for the 

experimental approaches presented in this chapter. 
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2.3.2. Treatments 

Compound C (CC), an AMPK inhibitor [176], and 2-Deoxy-D-glucose (2-DG), a synthetic glucose 

analog that cannot undergo glycolysis [177], were purchased from Sigma-Aldrich® and dissolved 

in dH2O. Rapamycin (Rap), an mTORC1 inhibitor [178], and bafilomycin A1, an autophagy flux 

inhibitor [179], were also obtained from Sigma-Aldrich® but dissolved in DMSO. MK-2206, an AKT 

inhibitor [180], was purchased from Bertin Pharma® and prepared in DMSO. Final concentration: 

CC - 2.5µM; 2-DG - 11mM; Rap - 2µM; Bafilomycin A1 - 10nM; MK-2206 - 20µM.  

NB-4 and HL-60 cells were submitted to MK-2206, while KG-1 cells were exposed to CC or Rap. 

All tested AML cells were treated with bafilomycin A1 for the assessment of autophagy flux. To 

study the AML cells glycolytic dependence, NB-4, HL-60 and KG-1 cells were cultured for 24h or 

48h in RPMI 1640 medium no glucose (Alfagene®) supplemented with 10% heat-inactivated FBS 

(Biochrom® - Merck Millipore), 1% antibiotic-antimycotic solution (Invitrogen®) and 11mM 2-DG 

(Sigma-Aldrich®) in a humidified, 37ºC, 5% CO2 atmosphere. 

 

2.3.3. Determination of the extracellular glucose and lactate levels 

NB-4, HL-60 and KG-1 cells were plated at 0.5x106 cells/mL/well, cultured for 24h with or without 

the respective treatment(s), collected and the supernatant reserved. Measurement of the 

extracellular glucose and lactate levels was then performed using the glucose test kit from R-

Biopharm® and the lactate test kit from Spinreact® according to the manufacturer's instructions. 

At least, three independent biological replicates were performed. 

 

2.3.4. Quantification of the intracellular ATP levels 

NB-4, HL-60 and KG-1 cells were plated at 0.5x106 cells/mL/well, cultured for 24h, collected and 

the pellet reserved. Intracellular ATP levels were determined using the ENLITEN ATP Assay System 

from Promega® according to the manufacturer's instructions. At least, three independent 

biological replicates were performed. 

 

2.3.5. Measurement of cell survival - Annexin V/PI by flow cytometry 

NB-4, HL-60 and KG-1 cells were plated at 0.5x106 cells/mL/well, cultured for 24h or 48h with or 

without the respective treatment(s) and collected. Cells were then washed with 800µL of 

phosphate-buffered saline (PBS) followed by the addition of 100µL of binding buffer (100mM 

HEPES (pH 7.4), 140mM NaCl and 2.5mM CaCl2). An incubation with 5µL of annexin V (BD 
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Biosciences®) and 10µL of propidium iodide (PI) at 50µg/mL (Invitrogen®) was then performed 

for 15min at room temperature and in the dark. 200µL of binding buffer was added once again to 

each sample. PI signal was measured using the FACS LSRII flow cytometer (BD Biosciences®) 

with a 488nm excitation laser. The annexin V signal was collected through a 488nm blocking filter, 

a 550nm long-pass dichroic with a 525nm band pass. Signals from 10.000 cells/sample were 

captured and FACS Diva was used as the acquisition software. Analysis of the results was 

performed using the FlowJo 7.6 (Tree Star®) software. At least, three independent biological 

replicates were done. 

 

2.3.6. Immunoblotting analysis 

NB-4, HL-60 and KG-1 cells were plated at 0.5x106 cells/mL/well, cultured for 24h with or without 

the respective treatment(s), collected and the pellet reserved. Protein extraction was then 

performed by shaking and sonicating samples with 100µL of lysis buffer (1% NP-40, 500mM Tris 

HCl, 2.5M NaCl, 20mM EDTA, phosphatase and protease inhibitors (Roche®); pH 7.2). 20µg of 

the total protein were resolved in a 12% sodium dodecyl sulfate (SDS) polyacrylamide gel and 

transferred to a nitrocellulose membrane for 7min or 12min in the Trans-Blot Turbo Transfer 

System (Bio-Rad®). Membranes were blocked for 1h in tris-buffered saline (TBS) with 0.1% tween 

20 (TBS-T) containing 5% bovine serum albumin (BSA) (Sigma-Aldrich®) and afterwards incubated 

overnight at 4ºC with the polyclonal primary antibodies at 1:1000 in 1% BSA - Rabbit anti-phospho-

AMPKα (Thr172) antibody; Rabbit anti-AMPKα antibody; Rabbit anti-phospho-ACC (Ser79) 

antibody; Rabbit anti-ACC antibody; Rabbit anti-phospho mTORC1 (Ser2448) antibody; Rabbit anti-

mTORC1 antibody; Rabbit anti-phospho-p70 S6K (Thr389) antibody; Rabbit anti-p70 S6K antibody; 

Rabbit anti-phospho-AKT (Ser473) antibody; Rabbit anti-AKT antibody; Rabbit anti-LC3A/B 

antibody; Rabbit anti-p62 antibody; Rabbit anti-Beclin-1 antibody; Rabbit anti-Atg7 antibody; Rabbit 

anti-Atg5-Atg12 antibody; Rabbit anti-Atg16L1 antibody; Rabbit anti-GAPDH antibody (all from Cell 

Signaling Technology®); Rabbit anti-Atg10 antibody (Sigma-Aldrich®) and Mouse anti-Actin 

antibody (Abcam®). After washing with TBS-T, membranes were incubated with the respective 

secondary antibodies, IgG anti-Mouse antibody (Chemicon International®) for Actin and IgG anti-

Rabbit antibody (Cell Signaling Technology®) for all the others, at 1:5000 in 1% skim milk for 

1h20min at room temperature. Protein levels were detected after incubation with Clarity Western 

ECL Substrate (Bio-Rad®) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 
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Fisher Scientific®). Digital images were obtained in the ChemiDoc XRS System (Bio-Rad®) with 

the Quantity One software (Bio-Rad®). At least, three independent biological replicates were done. 

 

2.3.7. Immunostaining assay 

Upon 24h of culture, NB-4, HL-60 and KG-1 cells (50.000 cells/well) were re-suspended in PBS 

and concentrated on a slide using the cytospin technique. Fixation was then performed using 2% 

paraformaldehyde (PFA). Cells were washed, permeabilized with 0.1% Triton X-100 in 0.1% sodium 

citrate and blocked with 4% BSA in PBS 0.05% Tween. Incubation with the primary antibody, Rabbit 

anti-mouse LC3 A/B (Cell Signaling Technology®), was performed overnight at 4°C. Goat anti-

Rabbit IgG Alexa Fluor 588 (red-fluorescent dye; Molecular Probes®) was used as secondary 

antibody. Cells were also exposed to DAPI (4’,6-diamidino-2-phenylindole), a nuclear counterstain 

with blue fluorescence. An epifluorescence microscope (BX61 microscope with an Olympus DP70 

camera) was used to slide visualization and images were analyzed with the ImageJ® Software 

(National Institutes of Health). At least, three independent biological replicates were done. 

 

2.3.8. Statistical analysis 

All data is reported as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed using the two-away ANOVA and Bonferroni post hoc tests to denote significant 

differences between the tested groups for the annexin V/PI approach. The Student's t-test was 

applied to compare the densitometric analysis of the Beclin-1/GAPDH, Atg7/GAPDH, 

Atg10/GAPDH, Atg5-Atg12/GAPDH and Atg16L1/GAPDH ratios between HL60 and KG-1 cells, as 

well as, to compare the extracellular glucose and lactate levels between untreated and MK-2206-

treated HL-60 or NB-4 cells. The one-way ANOVA and Tukey post hoc tests were used to compare 

the tested groups for all the other approaches. A p value lower than 0.05 was assumed to denote 

a significant difference. Statistical analysis was conducted using the Prism software (GraphPad 

Software, San Diego, CA®). 

 

2.4. RESULTS AND DISCUSSION 

2.4.1. Energy metabolism of acute myeloid leukemia cells 

Despite acute myeloid leukemia (AML) be a heterogeneous group of neoplasms, the association 

between energy metabolism and the pathogenesis of each AML subtype remains largely unknown. 

To better understand energy metabolism and its implication in the pathogenesis of different AML 
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subtypes, AML cell lines derived from patients diagnosed with FAB-M2 (HL-60 cell line), FAB-M3 

(NB-4 cell line) and FAB-M6 (KG-1 cell line) AML subtypes were used and several metabolic 

parameters were evaluated. Determination of the extracellular glucose and lactate levels revealed 

distinct energy requirements for the different tested AML cell types. NB-4 cells presented lower 

extracellular glucose levels associated with higher extracellular lactate concentration than HL-60 

and KG-1 cells (Fig. 8A, B), indicating a high glucose consumption and lactate production by NB-4 

cells. In contrast, KG-1 cells displayed lower glucose uptake and lactate release than NB-4 and HL-

60 cells (Fig. 8A, B). Accordingly, tested AML cell types can be sorted from a preferential glycolytic 

metabolism, presented by NB-4 cells, to a high oxidative metabolism, exhibited by KG-1 cells, 

assuming HL-60 cells an intermediate position. This AML glycolytic phenotype was supported by 

the ratio obtained between the extracellular lactate and glucose levels ([Lactate]/[Glucose]), which 

was clearly high for NB-4 cells followed by HL-60 cells and finally KG-1 cells (Fig. 8C). Consistently, 

data showed NB-4 cells as those exhibiting the highest intracellular ATP levels followed by HL-60 

and KG-1 cells (Fig. 8D), in agreement with the enhanced production of ATP by time unit as result 

of their glycolytic rates (Fig. 8).  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 8. NB-4 and HL-60 cells display a glycolytic phenotype while KG-1 cells exhibit an oxidative metabolism. NB-4, HL-

60 and KG-1 cells were maintained for 24h in normal growth medium. (A) Extracellular glucose and (B) lactate levels 

were determined using glucose and lactate enzymatic detection kits. (C) The ratio between the extracellular lactate 
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and glucose levels ([Lactate]/[Glucose]) was calculated. (D) Intracellular ATP levels were quantified using the ENLITEN 

ATP Assay System. The results are shown as mean+/-SEM of, at least, three independent biological replicates. One-

way ANOVA and Tukey post hoc test were used to compare the extracellular glucose and lactate levels, the ratio 

[Lactate]/[Glucose] and the intracellular ATP levels between NB-4, HL60 and KG-1 cells. *p <0.05; **p <0.01; ***p 

<0.001. 

 

To further confirm the distinct energy requirements of the tested AML cell types, NB-4, HL-60 and 

KG-1 cells were exposed to 2-Deoxy-D-glucose (2-DG), a synthetic glucose analog that cannot 

undergo glycolysis [177]. Upon 24h, results showed a drastic reduction of NB-4 and HL-60 cells 

viability with no major impact on the survival of KG-1 cells, as revealed by the annexin V/PI assay 

(Fig. 9A). A similar cell viability profile was obtained upon 48h of 2-DG exposure, with KG-1 cells 

still displaying an increased survival pattern (Fig. 9B). The elevated sensitivity of NB-4 and HL-60 

cells to the glycolytic inhibitor 2-DG reinforces the previous findings concerning their high glycolytic 

dependence (Fig. 8A-C). On the other hand, the resistance of KG-1 cells to 2-DG reveals not only 

the low relevance of glycolysis in these cells but also suggests mitochondrial oxidative 

phosphorylation (OXPHOS) as the main energy-generating cellular process.  

 

   

Fig. 9. The glycolytic inhibitor 2-DG promotes a drastic reduction on the NB-4 and HL-60 cells survival with no major 

impact on the KG-1 cells viability. NB-4, HL-60 and KG-1 cells were cultured for (A) 24h or (B) 48h in normal growth 

medium or in medium containing 2-DG instead of glucose. Cell viability was determined by flow cytometry analysis of 

annexin V- and propidium iodide (PI)-stained NB-4, HL-60 or KG-1 cells untreated or treated with 2-DG. The results are 

shown as mean+/-SEM of, at least, three independent biological replicates. Annexin V/PI data were analyzed using 

two-way ANOVA and Bonferroni post hoc test. *p <0.05; ***p <0.001. 

 

Results herein presented with different AML cell lines propose that distinct AML cell types display 

specific energy requirements. Indeed, while NB-4 and HL-60 cells seem to be highly dependent on 

glycolysis, KG-1 cells appear to be more dependent on OXPHOS. 

 

 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
http://www.sigmaaldrich.com/catalog/product/sigma/d8375
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2.4.2. Complexity of the nutrient-sensing pathways network of acute myeloid leukemia cells 

The reprogramming of energy metabolism in tumor cells is mainly driven by deregulation of the 

nutrient-sensing pathways AKT, mTORC1 and AMPK [112]. The occurrence of mTORC1 

constitutive activation independent of AKT and the additional possibility of AMPK activation 

illustrates the complexity of the interactions between the nutrient-sensing pathways in the AML 

scenario [123, 164]. To explore the crosstalk between the observed energy metabolism of tested 

AML cell types (Fig. 8, 9) and the activation pattern of their nutrient-sensing pathways, the activation 

status of AKT, mTORC1 and AMPK was evaluated. Immunoblotting analysis revealed an AKT 

activation in NB-4 and HL-60 cells, as noticed by the augmented levels of phosphorylated AKT (Fig. 

10A). As expected, mTORC1 activation was observed in all tested AML cell types, as reflected by 

the elevated phosphorylated levels of mTORC1 and of ribosomal protein S6 kinase (S6K), a 

mTORC1 direct downstream target [181] (Fig. 10B, C). A consistent higher AMPK activation was 

detected in KG-1 cells, as noticed by the augmented phosphorylated levels of AMPK and of acetyl-

CoA carboxylase (ACC), an AMPK direct downstream substrate [182] (Fig. 10D, E). Data 

concerning AMPK activation concurred with the detected intracellular ATP levels (Fig. 8D), since 

AMPK activation occurs in the context of energy stress (high AMP/ATP ratio) [183] and KG-1 cells 

were those displaying the lowest intracellular ATP levels (Fig. 8D).  
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Fig. 10. NB-4 and HL-60 cells exhibit a constitutive AKT activation whereas KG-1 cells display a constitutive AMPK and 

mTORC1 co-activation. NB-4, HL-60 and KG-1 cells were maintained for 24h in normal growth medium. (A) Activation 

of AKT was determined by immunoblotting analysis of phosphorylated (Ser473) AKT levels. Activation of (B) mTORC1 

and (C) S6K was assessed by immunoblotting analysis of phosphorylated (Ser2448) mTORC1 and phosphorylated 

(Thr389) S6K levels, respectively. Activation of (D) AMPK and (E) ACC was evaluated by immunoblotting analysis of 

phosphorylated (Thr172) AMPK and phosphorylated (Ser79) ACC levels, respectively. Actin was used as loading 

control. Densitometric analysis was performed and bands were quantified using the ImageLab4.1TM software. The 

results are shown as mean+/-SEM of, at least, three independent biological replicates. One-way ANOVA and Tukey 

post hoc test  were used to compare the densitometric analysis of pAKT/AKT, pmTORC1/mTORC1, pS6K/S6K, 

pAMPK/AMPK and pACC/ACC ratios between NB-4, HL-60 and KG-1 cells. *p <0.05; ***p <0.001. 

 

Although AMPK and mTORC1 have opposite effects on cellular metabolism [184], a concurrent 

activation of these two key metabolic players seems to occur in KG-1 cells. Knowing that AMPK 

may directly inhibit mTORC1 activity [185], this concomitant AMPK and mTORC1 activation 

appears to indicate a dissociative AMPK-mTORC1 axis in KG-1 cells. To the best of our knowledge, 

data herein presented showed for the first time a simultaneous constitutive activation of AMPK and 

mTORC1 in a specific subtype of AML cells. Interestingly, Kishton, R. J. et al. identified AMPK as 

an inducer of OXPHOS in T cell acute lymphoblastic leukemia (T-ALL) [163]. Using several AML 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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cell lines and human primary AML samples, Poulain, L. et al. also described mTORC1 as a 

promoter of glycolytic metabolism [94]. Plus, AKT was recognized by Scotland, S. et al. as 

promoting glycolysis in U937 AML cells [96]. Accordingly, data herein obtained propose AMPK as 

responsible for the increased oxidative metabolism exhibited by KG-1 cells (Fig. 8, 9) while suggest 

AKT-mTORC1 axis as sustaining the NB-4 and HL-60 cells glycolytic phenotype (Fig. 8, 9).  

Altogether, data suggest that different AML cell types display distinct metabolic needs by showing 

a constitutive AKT activation in both NB-4 and HL-60 cells and a constitutive AMPK and mTORC1 

co-activation in KG-1 cells.   

 

2.4.3. Autophagy regulation of acute myeloid leukemia cells 

The orchestrated metabolic network perpetuated by the nutrient-sensing pathways AKT, mTORC1 

and AMPK converge on the control of cellular catabolic processes of high relevance to maintain 

cellular homeostasis, as macroautophagy (hereinafter referred to as autophagy) [138]. Given the 

central, although controversial, role of autophagy in the AML pathogenesis [93, 147, 148, 152, 

153, 169-172], it is critical to understand not only its regulation but also its crosstalk with the 

metabolic signals. Autophagy flux was evaluated in the different AML cell types by immunoblotting 

analysis of both LC3 processing (I and II) and p62 protein levels after blocking the lysosomal 

degradation though the use of bafilomycin A1 [186]. KG-1 cells presented a higher autophagy flux 

than NB-4 and HL-60 cells, as reflected by the elevated LC3-II (Fig. 11A) and p62 (Fig. 11B) protein 

levels. Although p62 is a substract of autophagy [187], the concomitant increased levels of p62 

and autophagy displayed by KG-1 cells results from the use of bafilomycin A1, which prevents the 

degradation of the autophagosome cargo, namely p62 [138]. Results herein obtained gave us an 

indicative of the autophagy flux up to the step of cargo delivery to lysosomes instead of the complete 

autophagy flux [186]. Indeed, to obtain an overall estimation of the autophagy flux, immunoblotting 

analysis should be performed in the presence and absence of lysosomal degradation/bafilomycin 

A1 [186]. The difference between the amount of LC3-II in the bafilomycin A1-treated and -untreated 

conditions would reflect the transit of LC3-II through the entire autophagy pathway [186]. 

Immunostaining of LC3 was also performed in the different tested AML cell types to assess 

autophagy by LC3 puncta visualization [186]. A higher number of LC3 puncta was observed in KG-

1 cells than in NB-4 and HL-60 cells (Fig. 11C), corroborating the augmented autophagy flux of 

KG-1 cells revealed by the immunoblotting analysis. Data propose therefore that basal autophagy 

is higher in KG-1 cells than in NB-4 and HL-60 cells.  
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Fig. 11. NB-4 and HL-60 cells show reduced basal autophagy flux when compared to KG-1 cells. Autophagy flux was 

assessed by immunoblotting analysis of (A) LC3 processing (I and II) and (B) p62 protein levels in NB-4, HL-60 and 

KG-1 cells exposed for 24h to normal growth medium (all samples were incubated with 10nM of bafilomycin A1 for 

2h before the end of the experiment to prevent lysosomal degradation and to allow LC3-II accumulation). Actin was 

used as loading control. Densitometric analysis was performed and bands were quantified using the ImageLab4.1TM 

software. The results are shown as mean+/-SEM of, at least, three independent biological replicates. One-way ANOVA 

and Tukey post hoc test  were used to compare densitometric analysis of LC3-II/Actin and p62/Actin ratios between 

NB-4, HL60 and KG-1 cells. **p <0.01; ***p <0.001. (C) LC3 A/B-I/II puncta levels were visualized by immunostaining 

assay in NB-4, HL-60 and KG-1 cells submitted for 24h to normal growth medium. The tested AML cell types were 

stained with Goat LC3 anti-Rabbit IgG antibody (red fluorescence) and counterstained with DAPI (blue fluorescence). 

Representative images of the immunostaining assay are shown. Bar=20µm. 

 

To better characterize the autophagy process, immunoblotting analysis of the autophagy-related 

proteins Beclin-1, Atg7, Atg10, Atg5-Atg12 complex and Atg16L1 was performed. Given the 

energetic, metabolic and autophagic similarities observed between the NB4 and HL-60 cells (Fig. 

8-11), the assessment of the autophagy-related proteins was only done in HL-60 and KG-1 cells. 

Although no major differences were observed in the Beclin-1 protein levels between the tested AML 

cell types (Fig. 12A), lower Atg7 (Fig. 12B) and Atg10 (Fig. 12C) protein levels were detected in 

KG-1 cells than in HL-60 cells. However, higher Atg5-Atg12 complex (Fig. 12D) and Atg16L1 (Fig. 

12E) protein levels were noticed in KG-1 cells than in HL-60 cells. Knowing that during the 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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elongation step of autophagy Atg12 is conjugated to Atg5 in an ubiquitin-like reaction that requires 

both Atg7 and Atg10 enzymes and that the Atg5-Atg12 conjugate is then noncovalently linked to 

Atg16L1 generating the Atg5-Atg12-Atg16L1 complex [188], these data reinforce the increased 

autophagy of KG-1 cells previously revealed by the immunoblotting (Fig. 11A, B) and 

immunostaining (Fig. 11C) assays.    

 

 
Fig. 12. HL-60 cells present decreased basal autophagy in comparison to KG-1 cells. Autophagy was evaluated by 

immunoblotting analysis of the autophagy-related proteins (A) Beclin-1, (B) Atg7, (C) Atg10, (D) Atg5-Atg12 complex 

and (E) Atg16L1 in HL-60 and KG-1 cells exposed for 24h to normal growth medium. GAPDH was used as loading 

control. Densitometric analysis was performed and bands were quantified using the ImageLab4.1TM software. The 

results are shown as mean+/-SEM of, at least, three independent biological replicates. Student's t-test was applied to 

compare the densitometric analysis of Beclin-1/GAPDH, Atg7/GAPDH, Atg10/GAPDH, Atg5-Atg12/GAPDH and 

Atg16L1/GAPDH ratios between HL60 and KG-1 cells. *p <0.05; **p <0.01; ***p <0.001. 

 

The novel observation of a constitutive AMPK and mTORC1 co-activation in KG-1 cells (Fig. 10B-E) 

and its association with elevated autophagy (Fig. 11, 12) is striking. Knowing that AMPK can induce 

autophagy in mTORC1-independent pathways [140-142] and that mTORC1 is a negative regulator 

of autophagy [142], data herein presented propose a dissociative AMPK-mTORC1 axis with AMPK 

https://en.wikipedia.org/wiki/Student%27s_t-test
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directly sustaining autophagy in KG-1 cells. In contrast, NB-4 and HL-60 cells exhibited a 

constitutive activation of AKT (Fig. 10A) associated with reduced basal autophagy (Fig. 11, 12), 

suggesting that AKT and most probably mTORC1 are downregulating autophagy in these cells 

[142, 143]. Using human AML bone marrow mononuclear cells (BM-MNCs) and an AML mouse 

model, Watson, A. S. et al. showed that autophagy limits glycolytic metabolism in the AML context, 

being unclear the molecular mechanisms underlying this phenomenon [93]. Indeed, the increased 

glycolytic dependence displayed by NB-4 and HL-60 cells (Fig. 8, 9) was associated with a reduced 

autophagy (Fig. 11, 12), while in KG-1 cells a diminished glycolytic metabolism (Fig. 8, 9) was 

accompanied by an elevated autophagy (Fig. 11, 12). These findings highlight the contribution of 

autophagy in the regulation of energy metabolism, pointing to a role of autophagy in controlling the 

glycolytic metabolism of the different tested AML cell types. Taken together, data suggest that the 

activated AKT-mTORC1-autophagy axis may be responsible for the increased glycolytic status of 

both NB-4 and HL-60 cells, whereas the augmented oxidative metabolism of KG-1 cells may be 

controlled by the activated AMPK-autophagy axis.  

Results herein obtained reveal a distinct autophagy signature among the different tested AML cell 

types by showing an elevated basal autophagy in KG-1 cells when compared to NB-4 and HL-60 

cells.  

 

Overall, data presented in sections 2.4.1 to 2.4.3 propose that different AML cell types exhibit 

distinct energetic, metabolic and autophagic requirements, which are highly interconnected 

between them. In fact, while NB-4 and HL-60 cells present a constitutive AKT activation associated 

with increased glycolysis and reduced autophagy, KG-1 cells display a constitutive AMPK and 

mTORC1 co-activation associated with both elevated OXPHOS and autophagy.  

 

2.4.4. Manipulation of the nutrient-sensing pathways 

2.4.4.1. Impact on the autophagy flux of acute myeloid leukemia cells    

Data described above revealed a constitutive AKT activation associated with a decreased autophagy 

flux in both NB-4 and HL-60 cells, indicating AKT as the major autophagy regulator in these AML 

cell types. To clarify this metabolic coordination and regulation, NB-4 and HL-60 cells were 

submitted to the AKT inhibitor MK-2206 [180]. The status of the nutrient-sensing pathways and 

autophagy flux was then assessed by immunoblotting analysis. MK-2206 promoted a reduction of 

both AKT and mTORC1 activities, as noticed by the lowest AKT and S6K phosphorylated levels, 
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associated with an increase of autophagy flux, as reflected by the highest LC3 processing and p62 

protein levels, (Fig. 13A, B). The AKT-mTORC1 axis appears therefore to play a critical role on the 

autophagy regulation of both NB-4 and HL-60 cells. Results presented in the previous sections also 

showed a constitutive AMPK and mTORC1 co-activation associated with an augmented autophagy 

flux in KG-1 cells, proposing AMPK as the major autophagy regulator in these cells. To decipher 

the relevance of this axis on the KG-1 cells metabolism, an AMPK inhibitor, compound C (CC) 

[176], or a mTORC1 inhibitor, rapamycin (Rap) [178], were used. The activation pattern of the 

nutrient-sensing pathways as well as the autophagy flux was evaluated by immunoblotting analysis. 

CC promoted a reduction of AMPK activation with no major impact on the mTORC1 activity but 

with a concomitant decline of the autophagy flux (Fig. 13C, left panel), proposing a dissociation of 

the AMPK-mTORC1 axis and reinforcing AMPK as the major autophagy regulator in KG-1 cells. As 

expected, Rap treatment induced a clear inhibition of mTORC1 activity with a further increase of 

autophagy flux (Fig. 13C, right panel), suggesting that although AMPK is the main autophagy 

regulator in KG-1 cells, mTORC1 is still able, to some degree, to negatively affect autophagy.  

 

 
Fig. 13. Autophagy is mainly regulated by the AKT-mTORC1 axis in both NB-4 and HL-60 cells and by AMPK in KG-1 

cells. NB-4 and HL-60 cells were maintained for 24h with or without 20µM of MK-2206 while KG-1 cells were cultured 

for 24h with or without 2.5µM of compound C (CC) or 2µM of rapamycin (Rap). (A-C) Activation of AMPK, AKT and 

S6K as well as autophagy flux was assessed by immunoblotting analysis. Activation of AMPK and AKT was evaluated 

by immunoblotting analysis of phosphorylated (Thr172) AMPK and phosphorylated (Ser473) AKT levels, respectively. 

Activation of S6K was determined by immunoblotting analysis of phosphorylated (Thr389) S6K levels. Autophagy flux 

was assessed by immunoblotting analysis of both LC3 processing (I and II) and p62 protein levels (all samples were 

incubated with 10nM of bafilomycin A1 for 2h before the end of the experiment to prevent lysosomal degradation and 
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to allow LC3-II accumulation). GAPDH was used as loading control. The results are representative of, at least, three 

independent biological replicates. 

 

Data herein presented reinforce the identical metabolic and autophagic phenotype displayed by 

NB-4 and HL-60 cells, by pointing the AKT-mTORC1 axis as the major negative regulator of 

autophagy in both AML cell types, in contrast to KG-1 cells, in which autophagy is mainly positively 

controlled by AMPK.  

 

2.4.4.2. Impact on the energy metabolism of acute myeloid leukemia cells    

The impact of the nutrient-sensing pathways inhibition on the energy metabolism of the tested AML 

cell types was also assessed. Inhibition of AKT activity by MK-2206 promoted augmented 

extracellular glucose levels associated with reduced extracellular lactate concentrations in both NB-

4 and HL-60 cells (Fig. 14A, B, D, E), proposing a decreased glucose consumption and lactate 

production by these cells. The reduced glycolytic metabolism observed in response to MK-2206 

was confirmed by the calculated ratio between the extracellular lactate and glucose levels 

([Lactate]/[Glucose]), which was lower in the MK-2206-treated NB-4 and HL-60 cells than in the 

untreated conditions (Fig. 14G, H). These data point to the AKT-mTORC1 axis as a positive regulator 

of the glycolytic metabolism displayed by NB-4 and HL-60 cells. Interestingly, the reduced glycolytic 

metabolism noticed in response to MK-2206 was accompanied by an increased autophagy flux 

(Fig. 13A, B), pointing to autophagy as a negative regulator of the NB-4 and HL-60 cells glycolytic 

process. These results agree with the Watson, A. S. et al. publication that identifies autophagy as 

limiting glycolysis in the AML context [93]. Data indicate therefore the AKT-mTORC1-autophagy 

axis as critical on the regulation of the NB-4 and HL-60 cells glycolytic metabolism. Treatment of 

KG-1 cells with CC or Rap resulted in increased extracellular glucose levels associated with no 

major alterations in the extracellular lactate concentrations (Fig. 14C, F, I). The maintenance of 

lactate concentrations associated with decreased glucose consumption suggests a glucose-

independent source of lactate and is compatible with the predominant OXPHOS metabolism 

displayed by these cells (Fig. 8, 9).  
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Fig. 14. Energy metabolism is mainly controlled by AKT in both NB-4 and HL-60 cells and by AMPK in KG-1 cells. NB-

4 and HL-60 cells were maintained for 24h with or without 20µM of MK-2206 while KG-1 cells were cultured for 24h 

with or without 2.5µM of compound C (CC) or 2µM of rapamycin (Rap). (A-C) Extracellular glucose and (D-F) lactate 

levels were determined using glucose and lactate enzymatic detection kits. (G-I) The ratio between the extracellular 

lactate and glucose levels ([Lactate]/[Glucose]) was calculated. The results are shown as mean+/-SEM of, at least, 

three independent biological replicates. Student's t-test was applied to compare the extracellular glucose and lactate 

levels as well as the ratio [Lactate]/[Glucose] between untreated and MK-2206-treated NB-4 or HL-60 cells. One-way 

ANOVA and Tukey post hoc test were used to compare the extracellular glucose and lactate levels as well as the ratio 

[Lactate]/[Glucose] between untreated and CC- or Rap-treated KG-1 cells. *p <0.05; **p <0.01; ***p <0.001. 

 

Results herein presented imply a key role of the AKT-mTORC1-autophagy axis in controlling 

glycolysis of both NB-4 and HL-60 cells while support the low relevance of this energetic process 

in KG-1 cells. Data also suggest a primordial role of OXPHOS in the KG-1 cells metabolism. 

https://en.wikipedia.org/wiki/Student%27s_t-test
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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2.4.4.3. Impact on the survival of acute myeloid leukemia cells    

Knowing that inhibition of AKT, mTORC1 or AMPK had a major impact on the autophagy flux (Fig. 

13) and energy metabolism (Fig. 14) of all tested AML cell types, the viability of NB-4, HL-60 and 

KG-1 cells was also determined under the same conditions. Data revealed a significant decrease 

on the viability of NB-4 (Fig. 15A) and HL-60 (Fig. 15B) cells upon exposure to MK-2206, pointing 

to AKT as critical for the survival of both types of AML cells. Given that AKT inhibition induced an 

elevated autophagy flux in NB-4 and HL-60 cells (Fig. 13A, B), the MK-2206-promoted cell death 

may result from autophagy activation, implicating autophagy as an anti-tumoral process in both 

NB-4 and HL-60 cells. Treatment of KG-1 cells with CC or Rap resulted in a modest, although 

significant, decrease of their viability (Fig. 15C). Together with the distinct effects that these 

compounds had on autophagy flux (Fig. 13C) and with the independence of glycolysis (Fig. 8, 9), 

AMPK and mTORC1 do not seem to be an attractive target for KG-1 cells. Most probably, this 

phenomenon reflects the conflicting metabolic signals resulting from the constitutive AMPK and 

mTORC1 co-activation.  

 

 

Fig. 15. AKT inhibition decreases NB-4 and HL-60 cell’s viability whereas AMPK or mTORC1 inhibition has a minor 

effect on the survival of KG-1 cells. (A) NB-4 and (B) HL-60 cells were maintained for 24h with or without 20µM of MK-

2206 while (C) KG-1 cells were cultured for 24h with or without 2.5µM of compound C (CC) or 2µM of rapamycin 

(Rap). Cell viability quantification was determined by flow cytometry analysis of annexin V- and propidium iodide (PI)-

stained NB-4, HL-60 or KG-1 cells submitted to the different treatments. The results are shown as mean+/-SEM of, at 

least, three independent biological replicates. Annexin V/PI data were analyzed using the two-way ANOVA and 

Bonferroni post hoc test. **p <0.01; ***p <0.001.  

 

Data herein presented reveal that targeting specific nutrient-sensing pathways sensitizes both NB-

4 and HL-60 cells while has a minor impact on the survival of KG-1 cells. 

 



 

45 
 

By manipulating specific nutrient-sensing pathways, data presented in the section 2.4.4 support a 

similar metabolic, autophagic and energetic signature between NB-4 and HL-60 cells by pointing 

AKT-mTORC1 axis as a critical player on the regulation of both autophagy and energy metabolism. 

With a distinct phenotype, KG-1 cells seem to have AMPK as the main responsible for the regulation 

of autophagy and energy metabolism. The elevated sensitivity of NB-4 and HL-60 cells to the 

inhibition of AKT activity not only reinforces the similarities between these two AML cell types but 

also identifies AKT as a potential therapeutic target for the treatment of specific subtypes of AML.  

 

 

Summing up, a schematic representation of the specific networks operating in NB-4, HL-60 and 

KG-1 cells is illustrated in Fig. 16. The occurrence of distinct energetic, metabolic and autophagic 

signatures among different subtypes of AML is proposed, highlighting the molecular heterogeneity 

of AML and the need to treat each AML subtype as a single disorder. 

 

 

 
Fig. 16. Schematic representation of the specific networks operating in NB-4, HL-60 and KG-1 cells. An exclusive 

energetic, metabolic and autophagic signature is proposed for each tested AML cell type. While a glycolytic phenotype 

associated with an AKT-mTORC1 activation and a reduced autophagy pattern is suggested for NB-4 cells, an oxidative 

metabolism (OXPHOS) accompanied by a constitutive AMPK and mTORC1 co-activation and an augmented autophagy 

profile is indicated for KG-1 cells. For HL-60 cells, an intermediate state between NB-4 and KG-1 cells is identified. The 
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AKT-mTORC1 axis is viewed as a positive regulator of glycolysis and a negative regulator of autophagy in both NB-4 

and HL-60 cells, whereas AMPK seems to positively control OXPHOS in KG-1 cells. Inhibition of glycolysis by autophagy 

is also proposed in KG-1 cells. AKT - serine/threonine protein kinase B; mTORC1 - mammalian target of rapamycin 

complex 1; AMPK - AMP-activated protein kinase. Dark red, light red and purple arrows represent NB-4, HL-60 and 

KG-1 cells, respectively.                   
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CHAPTER 3 

Autophagy in acute myeloid leukemia patients: a retrospective 

cohort study 
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3.1. ABSTRACT 

Acute myeloid leukemia (AML) is the most common type of acute leukemia in adults, being still 

fatal to 2/3 of young adults and to 90% of elderly. Macroautophagy, hereinafter referred to as 

autophagy, is a catabolic process that removes potentially dangerous cytoplasmic components, 

namely long-lived proteins and dysfunctional organelles, playing a vital role in maintaining cellular 

homeostasis. This self-degradative mechanism has been widely reported as critical for survival, 

proliferation and chemoresistance of AML cells. Nevertheless, the autophagy’s role is still unclear 

with both pro- and anti-tumoral properties suggested. The present work aimed to characterize the 

expression pattern of core autophagy genes among distinct subtypes of AML. A retrospective cohort 

study was conducted with mRNA samples extracted from the bone marrow mononuclear cells (BM-

MNCs) of 82 AML patients, clustered according to the French-American-British (FAB) classification 

system, and 39 control donors. The gene expression of critical autophagy players was shown to be 

decreased in the BM-MNCs of the AML individuals when compared to the BM-MNCs of the control 

subjects, proposing reduced autophagy as a hallmark of AML. Although without statistical 

significance, a differential expression of autophagy-related genes was noticed among the BM-MNCs 

of the tested AML subtypes, with the FAB-M3 AML patients exhibiting the highest autophagy 

phenotype followed by the FAB-M2 AML individuals and finally the FAB-M1, FAB-M3 and FAB-M5 

AML subjects. By categorizing the AML patients according to the cytogenetic risk group, a distinct 

expression of essential autophagy genes was also detected, with the highest and lowest autophagy 

signature being displayed by the BM-MNCs of the favorable and intermediate II cytogenetic risk 

groups, respectively. Finally, an increased or a trend towards increased expression of autophagy-

related genes was noticed in the BM-MNCs of the AML individuals with abnormal karyotype, when 

compared to the AML individuals with normal karyotype. The in silico analysis herein presented 

reveals the heterogeneity of AML, strongly suggesting the need to scrutinize and dissect AML as a 

group of heterogeneous disorders rather than a single malignancy.  

Keywords: Acute myeloid leukemia (AML) ▪ Macroautophagy ▪ Autophagy-related genes ▪ 

Retrospective cohort study.   

 

3.2. INTRODUCTION 

Acute myeloid leukemia (AML) includes a heterogeneous group of hematological malignancies 

characterized by impaired differentiation and uncontrolled proliferation of hematopoietic stem 

and/or myeloid precursor’s cells [8-11]. Such deregulation results in the accumulation of 
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nonfunctional immature cells in the bone marrow (BM) and disrupts the normal production of blood 

cells [8-11]. This group of neoplasms is the most common type of acute leukemia in adults, with 

a median age of diagnosis of 65 years, and presents a slight male predominance [17-19]. The AML 

incidence increases with age, being rarely diagnosed before the 40 years [17-19]. Accordingly, the 

number of AML cases is expected to increase in the future in line with the population’s age.  

Macroautophagy, hereinafter referred to as autophagy, is a self-degradative process by which 

cytoplasmic constituents, such as cellular proteins and organelles, are delivered to lysosomes for 

degradation [137]. Mechanistically, autophagy consists on a multistep process that starts with the 

initiation/nucleation phase, characterized by the isolation of a small double-membrane structure 

termed phagophore and by the mobilization of proteins required for the phagophore expansion. 

While the initiation step is regulated by the ULK1/2 complex, the nucleation phase demands the 

participation of Beclin1 complexes [137-139]. The elongation/expansion phase, characterized by 

the expansion of the phagophore, requires two essential ubiquitin-like conjugation systems: the 

conjugation of Atg12 to Atg5 via Atg7 and Atg10; and the conjugation of LC3-I to 

phosphatidylethanolamine (PE) via Atg7 and Atg3. Upon conjugation, the Atg12-Atg5 complex 

binds to Atg16 generating the Atg12-Atg5-Atg16 complex, which together with the LC3-I/PE, also 

called LC3-II, binds to the phagophore allowing its elongation and curvature [137-139]. Eventually, 

the expanding membrane closes to form the autophagosome (closure/maturation phase), which 

fuses with the lysosome originating the autolysosome (fusion phase), in which cargo is degraded 

(degradation phase) [137-139]. The macromolecules resulting from this degradation are recycled 

or used for energy production [137-139]. Under normal conditions, autophagy plays a vital role in 

maintaining cellular homeostasis [145, 146].   

Autophagy has been widely recognized as a double-edged sword in the AML setting, with both 

tumor-suppressive and -promotive activities reported. Briefly, Mortensen, M. et al. attributed an 

anti-tumoral function to autophagy by showing that ATG7 knockout mice develop a lethal pre-

leukemic phenotype [147]. Autophagy-limiting leukemic transformation was also recognized by 

Watson, A. S. et al., who found that heterozygous loss of ATG5 potentiates disease progression 

and aggressiveness in an AML mouse model [93]. A marked reduction in the expression levels of 

the GABARAPL1, GABARAPL2 and MAP1LC3B autophagy-related genes was also detected by 

Watson, A. S. et al. in the bone marrow mononuclear cells (BM-MNCs) of AML patients when 

compared to the BM-MNCs of control donors, identifying them as tumor suppressor genes in the 

AML context [93]. With distinct AML and control cohorts, Brigger, D. et al. also revealed lower 
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GABARAPL1 and GABARAPL2 expression levels in AML individuals than in non-hematological 

subjects [148]. On the other hand, by testing several AML cell lines and AML blasts from the BM 

or peripheral blood of AML patients, Altman, J. K. et al. showed enhanced leukemic cell survival in 

response to autophagy induction, proposing autophagy as an oncogenic process [169]. By 

observing that autophagy promotes the survival and drug resistance of AML cells (AML cell lines) 

under hypoxia, Dirkje, W. H., et al. also ascribed a tumor-promoting role to autophagy [153]. 

Sumitomo, Y. et al. also suggested a pro-tumoral function to autophagy by detecting that 

inactivation of autophagy through ATG7 or ATG5 depletion reduces the tumorigenic phenotype of 

an AML mouse model [152]. It is therefore commonly accepted that autophagy plays a versatile 

role in AML disorders, which may depend on both cell type and cellular context. Accordingly, the 

characterization of the autophagy pattern among the distinct AML subtypes is useful to understand 

the survival, proliferation and therapy resistance of the different AML cell types. 

A retrospective cohort study was herein conducted with mRNA samples extracted from the BM-

MNCs of AML patients and control donors. A decrease in the expression of critical autophagy genes 

was noticed in the BM-MNCs of the AML subjects when compared to the BM-MNCs of the control 

individuals, pointing to reduced autophagy as a signature of AML. In the AML patients, a differential 

expression of autophagy-related genes was detected among the BM-MNCs of distinct FAB subtypes, 

cytogenetic risk group or karyotypes, supporting AML as a group of highly heterogeneous diseases. 

 

3.3. MATERIAL AND METHODS 

3.3.1. Human biological specimens 

3.3.1.1. mRNA samples 

mRNA samples extracted from the bone marrow mononuclear cells (BM-MNCs) of 82 acute 

myeloid leukemia (AML) patients diagnosed and treated at IPO-Porto from 2005 to 2014 were 

kindly provided. 

 

3.3.1.2. Bone marrow samples 

BM samples were collected from 39 individuals without hematological malignancy (control donors) 

during a routine cardiac surgery at Hospital da Arrábida - Porto from 2014 to 2016.  

 
The research projects related to sections 3.3.1.1 and 3.3.1.2 were submitted and approved by the 

ethics committees of the involved institutions. All the individuals enrolled in the studies provided 

written informed consent in accordance with the Declaration of Helsinki.  
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3.3.2. Extraction of human bone marrow mononuclear cells  

Mononuclear cells (MNCs) from the BM samples of the 39 control donors were isolated by standard 

density gradient centrifugation, as described in the PhD thesis of Ângela Fernandes (The functional 

crosstalk of proteolytic systems and metabolism in acute myeloid leukemia, 2016, University of 

Minho).  

 

3.3.3. Quantitative mRNA expression 

All the experimental approaches required to determine the mRNA expression levels of the 

autophagy-associated genes MAP1LC3B (microtubule associated protein 1 light chain 3 beta), 

ATG12 (autophagy related 12 homolog), ATG5 (autophagy related 5 homolog), BECLIN1 (coiled-

coil myosin-like BCL2-interacting protein) and BCL2 (B-cell lymphoma/leukemia 2) in the BM-

MNCs of both control donors and AML subjects were performed as described in the PhD thesis of 

Ângela Fernandes (The functional crosstalk of proteolytic systems and metabolism in acute myeloid 

leukemia, 2016, University of Minho).  

 

3.3.4. Statistical analysis 

All data is reported as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed using the Student's t-test and Mann-Whitney post hoc test to compare the mRNA 

expression levels of MAP1LC3B, ATG12, ATG5, BECLIN1 or BCL2  between the control donors and 

the AML subjects, as well as, between the normal and the abnormal karyotypes. One-way ANOVA 

and Dunns post hoc test were applied to compare the mRNA expression levels of MAP1LC3B, 

ATG12, ATG5, BECLIN1 or BCL2 between the different tested FAB AML subtypes as well as 

between the different cytogenetic risk groups. The Spearman’s rank correlation method was used 

to calculate the strength of association between the mRNA expression levels of BCL2 and 

MAP1LC3B, ATG12, ATG5 or BECLIN1 in the total AML group and in the FAB-M2 and FAB-M3 

AML subtypes. A p value lower than 0.05 was assumed to denote a significant difference. Statistical 

analysis was conducted using Prism software (GraphPad Software, San Diego, CA®). 

 

3.4. RESULTS AND DISCUSSION 

3.4.1. Clinical characterization of both acute myeloid leukemia and control cohorts  

Results obtained with different human acute myeloid leukemia (AML) cell lines representative of 

distinct AML subtypes indicated a similar autophagy profile between the NB-4 and HL-60 cells while 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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suggested a completely distinct autophagy phenotype for the KG-1 cells (Chapter 2). Accordingly, 

to better characterize the autophagy pattern among different AML subtypes, the assessment of 

critical autophagy-related players was performed in mononuclear cells (MNCs) isolated from the 

bone marrow (BM) samples of AML patients diagnosed and treated at IPO-Porto from 2005 to 

2014. The clinical characteristics of 196 AML patients at diagnosis were recorded and analyzed, 

as published in the PhD thesis of Ângela Fernandes (The functional crosstalk of proteolytic systems 

and metabolism in acute myeloid leukemia, 2016, University of Minho). Of these 196 AML 

individuals, we only had access to BM samples of 82 AML subjects, who make up the AML cohort 

studied in the present work. The 82 BM samples were extracted at diagnosis and classified 

according to the FAB classification system as represented in Table 4. AML with myelodysplastic-

related changes and non-classified AML were included in the category “Others” (Table 4). From 

2005 to 2014, 0 (0.0%) individuals were diagnosed with FAB-M6 AML disorder (Table 4). 

Consistently, the FAB-M6 AML is a well-documented uncommon subtype of AML [189]. Indeed, 

due to its rarity, the clinical experience with this subtype of AML is limited [189]. Based on the 

cytogenetic risk group and karyotype, the 82 AML individuals were stratified as described in Table 

4. At diagnosis, 49 (59.8%) AML individuals had less than 60 years and 33 (40.2%) had more than 

60 years, being the median age 52 years with a range between 21 and 79 years (Table 4). 

Importantly, the most recent “Registo Oncológico Nacional”, data published in 2015 and referring 

to 2010, identifies 65 years as the median age at diagnosis of the Portuguese AML patients [19]. 

Note that the reduced median age at diagnosis of the AML patients enrolled in the present study 

(52 years) may reflect a bias, since the elderly may not have been admitted to intensive therapy. 

The distribution of AML cases according to age at diagnosis showed, as expected, an increase AML 

incidence with age (Fig. 17). In the present cohort, 41 (50.0%) AML donors were males and 41 

(50.0%) were females (Table 4). Interestingly, these values agree with data reported by the “Registo 

Oncológico Nacional”, which described a similar number of men and women affected by AML (3.8 

males and 3.1 females per 100.000 individuals) [19].  
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Table 4. Clinical characteristics of 82 acute myeloid leukemia patients at diagnosis (IPO-Porto from 2005 to 2014).  
 

Clinical characteristics Total of AML cases (n=82) 

AML subtypes (FAB classification) 

M0 (n; %) 

M1 (n; %) 

M2 (n; %) 

M3 (n; %) 

M4 (n; %) 

M5 (n; %) 

M6 (n; %) 

Others (n; %) 

 

1; 1.2 

8; 9.8 

11; 13.4 

16; 19.5 

8; 9.8 

7; 8.5   

0; 0.0  

31; 37.8 

Cytogenetic risk group 

Favorable (n; %) 

Intermediate I (n; %) 

Intermediate II (n; %) 

Adverse (n; %) 

No information (n; %) 

 

24; 29.3 

29; 35.4 

7; 8.5 

20; 24.4 

2; 2.4  

Karyotype 

Normal karyotype (n; %) 

Abnormal karyotype (n; %) 

No information (n; %) 

 

40; 48.8 

36; 43.9  

6; 7.3  

Age (mean; range) 

<60 (n; %) 

≥60 (n; %) 

52; 21-79 

49; 59.8 

33; 40.2 

Gender 

Male (n; %) 

Female (n; %) 

 

41; 50.0 

41; 50.0 

 

 

 

 

 

 

 
 

 

 

 

 

 
Fig. 17. Distribution of acute myeloid leukemia (AML) cases according to age at diagnosis. The horizontal axis shows 

5-year age intervals. The vertical axis shows the number of AML cases in a given age group. A total of 82 AML 

individuals diagnosed and treated at IPO-Porto from 2005 to 2014 are included in this analysis.   
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MNCs were also isolated from the BM samples of 39 individuals without hematological malignancy 

to be used as control. Extraction of the BM samples was performed during a routine cardiac surgery 

at Hospital da Arrábida - Porto from 2014 to 2016. At the time of BM samples collection, 11 

(28.2%) control individuals had less than 60 years and 28 (71.8%) had more than 60 years, being 

the median age 71 years with a range between 40 and 87 years (Table 5). Plus, 31 (79.5%) control 

donors were male and 8 (20.5%) were female (Table 5).   

 

Table 5. Clinical characteristics of 39 donors without hematological malignancy (Hospital da Arrábida - Porto from 

2014 to 2016).  

 

Clinical characteristics Total of control cases (n=39) 

Age (mean; range) 

<60 (n; %) 

≥60 (n; %) 

71; 40-87 

11; 28.2 

28; 71.8  

Gender 

Male (n; %) 

Female (n; %) 

 

31; 79.5 

8; 20.5 

  

3.4.2. Autophagy signature in acute myeloid leukemia individuals  

3.4.2.1. Expression of autophagy-related genes in acute myeloid leukemia 

To better characterize the autophagy profile among distinct AML subtypes, a retrospective cohort 

study was conducted with mRNA samples extracted from the bone marrow mononuclear cells (BM-

MNCs) of 82 AML patients (described in Table 4) and kindly provided from IPO-Porto. Due to the 

inherent limitations of a retrospective cohort study only mRNA samples were obtained. Accordingly, 

to minimize the impossibility of studying autophagy at the protein level, transcriptionally regulated 

genes, MAP1LC3B (microtubule associated protein 1 light chain 3 beta), ATG12 (autophagy related 

12 homolog), ATG5 (autophagy related 5 homolog), BECLIN1 (coiled-coil myosin-like BCL2-

interacting protein) and BCL2 (B-cell lymphoma/leukemia 2), were selected. mRNA samples were 

also extracted from the BM-MNCs of 39 individuals without hematological malignancy (described 

in Table 5) to be used as control (these mRNA specimens were also used in the PhD thesis of 

Ângela Fernandes - The functional crosstalk of proteolytic systems and metabolism in acute 

myeloid leukemia, 2016, University of Minho). A lower MAP1LC3B (Fig. 18A) and ATG12 (Fig. 18B) 

gene expression was detected in the BM-MNCs of AML subjects than in the BM-MNCs of control 

donors, while a similar ATG5 gene expression (Fig. 18C) was observed between the two tested 

groups. Consistently, Watson, A. S. et al. [93], Radwan, S. M. et al. [190] and Liang, P. Q. et al. 
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[191] reported decreased MAP1LC3B mRNA expression levels in the BM-MNCs of AML patients 

when compared to the BM-MNCs of control donors. Reduced ATG12 gene expression was also 

detected by Watson, A. S. et al. [93] and Walter, M. J. et al. [192] in the AML scenario. Plus, 

identical ATG5 mRNA expression levels were noticed by Watson, A. S. et al. [93] and Lian, Y. et al. 

[193] between the BM-MNCs of AML and control individuals. Data herein obtained point to a 

reduced expression of autophagy-related genes in the BM-MNCs of AML patients when compared 

to the BM-MNCs of control donors. Interestingly, by quantifying the LC3 co-localization with 

lysosomal markers by flow cytometry and the positive p62 staining by immunohistochemistry, 

Watson, A. S. et al. showed reduced autophagy at the functional level in the AML patients [93]. 

Data concerning BECLIN1 gene expression did not reveal statistical differences between the two 

tested groups (Fig. 18D). Nevertheless, a tendency for increased BECLIN1 gene expression was 

detected in the BM-MNCs of AML individuals in comparison to the BM-MNCs of control donors (Fig. 

18D). In agreement, Hu, X. Y. et al. also found elevated BECLIN1 mRNA expression levels in the 

BM-MNCs of AML subjects when compared to the BM-MNCs of control donors [194]. However, 

reduced BECLIN1 mRNA expression levels were detected by Watson, A. S. et al. [93], Radwan, S. 

M. et al. [190] and Liang, P. Q. et al. [191] in the BM-MNCs of AML patients. A study conducted 

by Lian, Y. et al. also showed similar BECLIN1 mRNA expression levels between the BM-MNCs of 

AML and control individuals [193]. Accordingly, the BECLIN1 expression pattern in the BM-MNCs 

of AML subjects appears to be controversial. A recent study described that interaction of the Beclin-

1 BH3 domain with Bcl-2 is fundamental for the anti-apoptotic activity of Bcl-2 [195]. Thus, unlike 

other BH3-only proteins, which act as pro-apoptotic molecules, Beclin-1 has been recognized as 

an anti-apoptotic protein [196-198]. Since Beclin-1 participates not only in autophagy but also in 

regulated cell death [198], the increased BECLIN1 gene expression observed in the BM-MNCs of 

AML patients (Fig. 18D) may indicate a high Beclin-1 recruitment for the apoptotic process. In 

agreement, an elevated BCL2 gene expression was noticed in the BM-MNCs of AML subjects when 

compared to the BM-MNCs of control donors (Fig. 18E). Augmented Bcl-2 mRNA and protein levels 

have been widely described in AML patients [199], further supporting a fundamental crosstalk 

between these two players in the AML scenario. Autophagy has been robustly shown as exerting a 

paradoxical role in the AML scenario, acting both as tumor-suppressor and -promoter [93, 147, 

148, 152, 153, 169-172]. In the present work, the reduced MAP1LC3B (Fig. 18A) and ATG12 

(Fig. 18B) gene expression observed in the BM-MNCs of AML patients when compared to the BM-

MNCs of control individuals points to these autophagy-related players as tumor suppressor genes 
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in the AML context. The higher BCL2 gene expression detected in the BM-MNCs of AML individuals 

than in the BM-MNCs of control donors (Fig. 18E) proposes BCL2 as a tumor promoter gene in the 

presented AML cohort, in agreement with several reported studies [199]. The tendency for 

augmented BECLIN1 gene expression in the BM-MNCs of AML subjects (Fig. 18D) also suggests 

BECLIN1 as an oncogene in the AML disorder, which may result from a high Beclin-1 recruitment 

to prevent apoptosis.  

 

 
Fig. 18. Acute myeloid leukemia individuals present a distinct autophagy-related genes expression profile in 

comparison to control donors. Mononuclear cells (MNCs) were isolated from the bone marrow (BM) samples of both 

donors without hematological malignancy (Control) and patients with acute myeloid leukemia (AML). mRNA was then 

extracted from the bone marrow mononuclear cells (BM-MNCs) and the expression levels of the autophagy-related 

genes (A)MAP1LC3B, (B) ATG12, (C) ATG5, (D) BECLIN1 and (E) BCL2 were determined by qPCR. BM samples from 

a total of 39 control individuals and 82 AML subjects were enrolled in this study. The copy number gene expression 

was calculated by the standard quantity copy number curve, previous defined for each gene. Student's t-test and Mann-

Whitney post hoc test were used to compare the mRNA expression levels of the MAP1LC3B, ATG12, ATG5, BECLIN1 

and BCL2 between the control and AML individuals. ***p <0.001. The mean is shown as “+” and the respective value 

(MAP1LC3B: Control=24.65 vs AML=6.96; ATG12: Control=3.91 vs AML=1.79; ATG5: Control=4.49 vs AML=5.14; 

BECLIN1: Control=31.65 vs AML=46.90; BCL2: Control=3.69 vs AML=15.75). 

 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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It is widely described that binding of Bcl-2 to Beclin-1 may disrupt the formation of the Beclin-1-

hVps34 complex, reducing the Beclin-1’s capacity to induce autophagy [198]. To get some clues 

about this mechanism in the BM-MNCs of AML subjects, the degree of association between the 

mRNA expression levels of BCL2 and MAP1LC3B, ATG12, ATG5 or BECLIN1 was calculated using 

the Spearman’s rank correlation method, a non-parametric statistical test used to measure the 

strength of association between two ranked variables through the Spearman’s rank correlation 

coefficient (r). Indeed, while r=+1 denotes a perfect positive correlation between two variables, r=0 

represents no correlation and r=-1 indicates a perfect negative correlation. A significant positive 

correlation was detected in all tested conditions, BCL2/MAP1LC3B: r=0.8640, p<0.0001 (Fig. 

19A); BCL2/ATG12: r=0.8325, p<0.0001 (Fig. 19B); BCL2/ATG5: r=0.9065, p<0.0001 (Fig. 

19C); BCL2/BECLIN1: r=0.9011, p<0.0001 (Fig. 19D), indicating that the mRNA expression levels 

of BCL2 and MAP1LC3B, ATG12, ATG5 or BECLIN1 move in tandem - the BCL2 mRNA expression 

levels increase/decrease as the MAP1LC3B, ATG12, ATG5 or BECLIN1 mRNA expression levels 

increase/decrease. Accordingly, if a similar correlation analysis was obtained at the protein level, 

it could suggest that Beclin-1 is interacting with Bcl-2 to prevent apoptosis and that Bcl-2/Beclin-1 

interaction is not impairing autophagy in the BM-MNCs of AML individuals. Nevertheless, such an 

approach is impossible to perform due to the unavailability of protein samples, an intrinsic 

limitation to the retrospective cohort study.   
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Fig. 19. Acute myeloid leukemia patients exhibit a significant positive correlation between the mRNA expression levels 

of BCL2 and (A) MAP1LC3B, (B) ATG12, (C) ATG5 or (D) BECLIN1. Mononuclear cells (MNCs) were isolated from the 

bone marrow (BM) samples of 82 individuals diagnosed with acute myeloid leukemia (AML). mRNA was then extracted 

from the bone marrow mononuclear cells (BM-MNCs) and the expression levels of the autophagy-related genes 

MAP1LC3B, ATG12, ATG5, BECLIN1 and BCL2 were determined by qPCR. The copy number gene expression was 

calculated by the standard quantity copy number curve, previous defined for each gene. The Spearman’s rank 

correlation method was then applied to determine the strength of association between the mRNA expression levels of 

BCL2 and MAP1LC3B, ATG12, ATG5 or BECLIN1. A significant positive correlation was obtained in all tested 

conditions: BCL2/MAP1LC3B: r=0.8640, p<0.0001; BCL2/ATG12: r=0.8325, p<0.0001; BCL2/ATG5: r=0.9065, 

p<0.0001; BCL2/BECLIN1: r=0.9011, p<0.0001.  

 

The retrospective cohort study herein conducted with human mRNA samples proposes autophagy 

as a tumor suppressor mechanism in the AML scenario, by showing a reduced expression of 

autophagy-related genes in the BM-MNCs of AML patients when compared to the BM-MNCs of 

control individuals. As expected, the expression of anti-apoptotic genes was shown to be increased 

in the BM-MNCs of the AML subjects, as widely reported in other AML cohorts. Since AML is a 

heterogeneous group of hematological disorders, the assessment of the autophagy-related genes 

expression among the different AML subtypes is needed to better understand the disease 

development, progression and chemoresistance. 
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3.4.2.2. Expression of autophagy-related genes among distinct subtypes of acute myeloid leukemia 

To unravel the autophagy status among distinct subtypes of AML, an in silico analysis was 

performed by clustering the previously determined MAP1LC3B, ATG12, ATG5, BECLIN1 and BCL2 

mRNA expression levels (Fig. 18) according to the FAB AML subtype, FAB-M1 to FAB-M5 (Table 

4). The AML group defined as “Others” (Table 4) comprises miscellaneous AML cases and 

therefore was not included in this analysis. The FAB-M0 and FAB-M6 AML subtypes (Table 4) were 

also not studied due to the reduced and absent number of AML cases, respectively. Although 

without statistical differences, a higher MAP1LC3B (Fig. 20A, left panel), ATG12 (Fig. 20B, left 

panel) and ATG5 (Fig. 20C, left panel) gene expression was noticed in the BM-MNCs of the FAB-

M2 and FAB-M3 AML patients than in the BM-MNCs of the other tested FAB AML individuals. A 

trend towards increased MAP1LC3B, ATG12 and ATG5 gene expression (Fig. 20A-C, left panel) 

was also detected in the BM-MNCs of the FAB-M3 AML subjects when compared to the BM-MNCs 

of the FAB-M2 AML patients. Data point therefore to a differential autophagic signature among 

distinct subtypes of AML, by showing the FAB-M3 AML patients as those who exhibit the highest 

autophagy-related genes expression followed by the FAB-M2 AML individuals and finally the FAB-

M1, FAB-M4 and FAB-M5 AML subjects. Nevertheless, the BM-MNCs of the FAB-M3 AML 

individuals still presented a trend towards reduced expression of autophagy-related genes when 

compared to the BM-MNCs of the control donors (Fig. 20A-B, right panel). Indeed, the successful 

treatment of the FAB-M3 AML patients consists in the induction of autophagy by the all-trans 

retinoic acid (ATRA), which leads to the autophagic degradation of the PML/RARα oncoprotein with 

consequent differentiation of promyelocytes into mature granulocytes [200]. This therapeutic 

approach, specifically applied to the FAB-M3 AML individuals, results in high complete remission 

rate (80-90%) [69]. Data concerning BECLIN1 (Fig. 20D, left panel) and BCL2 (Fig. 20E, left panel) 

gene expression did not reveal statistical differences between the tested FAB AML subtypes. 

Nevertheless, similar to the gene expression pattern of the MAP1LC3B, ATG12 and ATG5 (Fig. 

20A-C, left panel), the BM-MNCs of the FAB-M3 AML patients displayed the highest BECLIN1 and 

BCL2 gene expression followed by the BM-MNCs of the FAB-M2 AML individuals and finally the 

BM-MNCs of the other studied FAB AML subjects (Fig. 20D-E, left panel). A distinct anti-apoptotic 

gene profile appears therefore to occur among different subtypes of AML. Although without 

statistical significance, when compared to the BM-MNCs of the control donors, the BM-MNCs of 

the FAB-M1, FAB-M4 and FAB-M5 AML individuals presented reduced BECLIN1 gene expression 

whereas the BM-MNCs of the FAB-M2 and FAB-M3 AML patients displayed augmented BECLIN1 



 

60 
 

mRNA expression levels (Fig. 20D, right panel). These findings together with the data obtained in 

Fig. 18D clearly illustrate the importance of clustering and scrutinizing each subtype of AML. 

Indeed, the tendency for increased BECLIN1 gene expression observed in the BM-MNCs of the 

AML individuals when compared to the BM-MNCs of the control donors (Fig. 18D) only represents 

the FAB-M2 and FAB-M3 AML patients, with the other tested FAB AML subtypes being neglected 

(Fig. 20D, right panel). By comparing with the BM-MNCs of the control donors, a trend towards 

augmented BCL2 gene expression was also detected in the BM-MNCs of the FAB-M2 and FAB-M3 

AML patients while no major differences were noticed in the BM-MNCs of the FAB-M1, FAB-M4 and 

FAB-M5 AML subjects (Fig. 20E, right panel). These data together with the results obtained in Fig. 

18E, which revealed a higher BCL2 gene expression in the BM-MNCs of the AML individuals than 

in the BM-MNCs of the control donors, reinforce the need to individually analyze each subtype of 

AML.  
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Fig. 20. Patients with distinct subtypes of acute myeloid leukemia exhibit a differential autophagy-related genes 

expression signature. Mononuclear cells (MNCs) were isolated from the bone marrow (BM) samples of both donors 
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without hematological malignancy (Control) and patients with distinct subtypes of acute myeloid leukemia (AML). 

mRNA was then extracted from the bone marrow mononuclear cells (BM-MNCs) and the expression levels of the 

autophagy-related genes (A) MAP1LC3B, (B) ATG12, (C) ATG5, (D) BECLIN1 and (E) BCL2 were determined by qPCR. 

BM samples from a total of 39 control individuals and 50 AML subjects, distributed according to the French-American-

British (FAB) classification system as FAB-M1: 8; FAB-M2: 11; FAB-M3: 16; FAB-M4: 8 and FAB-M5: 7, were enrolled 

in this study. The copy number gene expression was calculated by the standard quantity copy number curve, previous 

defined for each gene. One-way ANOVA and Dunns post hoc test were used to compare the mRNA expression levels 

of the MAP1LC3B, ATG12, ATG5, BECLIN1 and BCL2 between the studied groups. *p <0.05; **p <0.01. The mean 

is shown as “+” and the respective value (MAP1LC3B: Control=24.65 vs M1=1.51 vs M2=5.05 vs M3=11.15 vs 

M4=1.17 vs M5=1.17; ATG12: Control=3.91 vs M1=0.27 vs M2=1.56 vs M3=2.07 vs M4=0.24 vs M5=0.19; ATG5: 

Control=4.49 vs M1=2.12 vs M2=4.50 vs M3=6.05 vs M4=2.06 vs M5=1.88; BECLIN1: Control=31.65 vs M1=9.57 

vs M2=35.2 vs M3=50.76 vs M4=13.9 vs M5=14.58; BCL2: Control=3.69 vs M1=4.20 vs M2=8.19 vs M3=13.74 vs 

M4=4.31 vs M5=4.04). 

    

The increased BECLIN1 and BCL2 gene expression (Fig. 20D-E, right panel) associated with the 

decreased MAP1LC3B and ATG12 gene expression (Fig. 20A-B, right panel) in the BM-MNCs of 

the FAB-M2 and FAB-M3 AML patients when compared to the BM-MNCs of the control donors may 

indicate an impairment of autophagy as a result of the Beclin-1 recruitment to prevent apoptosis. 

Indeed, the Beclin-1 network regulates both autophagy and apoptosis, with a possible decline in 

autophagy due to the anti-apoptotic activity of Beclin-1 [198]. To get some clues about this process 

in the BM-MNCs of the FAB-M2 and FAB-M3 AML subjects, the strength of association between 

the mRNA expression levels of BCL2 and MAP1LC3B, ATG12, ATG5 or BECLIN1 was calculated 

using the Spearman’s rank correlation method. A significant positive correlation was noticed in all 

tested conditions of the FAB-M3 AML individuals, BCL2/MAP1LC3B: r=0.9341, p<0.0001 (Fig. 

21A); BCL2/ATG12: r=0.8364, p=0.0022 (Fig. 21B); BCL2/ATG5: r=0.8846, p<0.0001 (Fig. 

21C); BCL2/BECLIN1: r=0.8681, p=0.0001 (Fig. 21D), proposing that the BCL2 gene expression 

increases/decreases as the MAP1LC3B, ATG12, ATG5 or BECLIN1 gene expression 

increases/decreases. Although the FAB-M2 AML subjects presented both the Spearman’s rank 

correlation coefficient (r) and the probability value (p) lower than the FAB-M3 AML individuals, a 

significant positive correlation was also detected - BCL2/MAP1LC3B: r=0.7000, p=0.0204 (Fig. 

21A); BCL2/ATG12: r=0.7091, p=0.0268 (Fig. 21B); BCL2/ATG5: r=0.7818, p=0.0064 (Fig. 

21C); BCL2/BECLIN1: r=0.7727, p=0.0074 (Fig. 21D). If an identical correlation analysis was 

detected at the protein level, it could infer that Beclin-1 is interacting with Bcl-2 to prevent apoptosis 

and that Bcl-2/Beclin-1 interaction is not disrupting autophagy in the BM-MNCs of the FAB-M2 and 

FAB-M3 AML patients. However, as previously mentioned, such a study is impossible to perform 

due to the absence of protein specimens.   

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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Fig. 21. FAB-M2 and FAB-M3 acute myeloid leukemia patients exhibit a significant positive correlation between the 

mRNA expression levels of BCL2 and (A) MAP1LC3B, (B) ATG12, (C) ATG5 or (D) BECLIN1. Mononuclear cells (MNCs) 

were isolated from the bone marrow (BM) samples of 27 individuals diagnosed with distinct subtypes of acute myeloid 

leukemia (AML), distributed according to the French-American-British (FAB) classification system as FAB-M2: n=11 

and FAB-M3: n=16. mRNA was then extracted from the bone marrow mononuclear cells (BM-MNCs) and the 

expression levels of the autophagy-related genes MAP1LC3B, ATG12, ATG5, BECLIN1 and BCL2 determined by qPCR. 

The copy number gene expression was calculated by the standard quantity copy number curve, previous defined for 

each gene. The Spearman’s rank correlation method was then applied to determine the strength of association 

between the mRNA expression levels of BCL2 and MAP1LC3B, ATG12, ATG5 or BECLIN1. A significant positive 

correlation was obtained in all tested conditions: FAB-M2 (BCL2/MAP1LC3B: r=0.7000, p=0.0204; BCL2/ATG12: 

r=0.7091, p=0.0268; BCL2/ATG5: r=0.7818, p=0.0064; BCL2/BECLIN1: r=0.7727, p=0.0074) and FAB-M3 

(BCL2/MAP1LC3B: r=0.9341, p<0.0001; BCL2/ATG12: r=0.8364, p=0.0022; BCL2/ATG5: r=0.8846, p<0.0001; 

BCL2/BECLIN1: r=0.8681, p=0.0001).  

 

Results herein obtained with AML patients diagnosed and treated at IPO-Porto from 2005 to 2014 

propose a differential autophagic signature among distinct FAB AML subtypes, exposing the 

relevance of clustering and analyzing AML according to its subtype. The stratification of AML may 

therefore allow not only remarkable advances in the understanding of the AML pathogenesis but 

also the development of molecularly targeted and effective therapies.  

 

3.4.2.3. Expression of autophagy-related genes based on the cytogenetic risk group or karyotype 

of acute myeloid leukemia 

Although the FAB classification system is still currently incorporated in the AML treatment protocols 

of several cooperative study groups for patient stratification purposes, it is falling into disuse and 
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being replaced by the World Health Organization (WHO) classification [23, 24]. The latter takes 

into account several parameters that are not considered by the FAB classification system and that 

allow the design of more targeted and effective AML treatments, such as cytogenetic and 

immunophenotypic features, molecular genetic studies and patient’s clinical data [23, 24]. The 

AML patients enrolled in this retrospective cohort study were classified using the FAB classification 

system, making it impossible to characterize autophagy according to the WHO classification. 

Nevertheless, the expression of autophagy-related genes was evaluated based on the cytogenetic 

risk group or karyotype. When the AML patients were categorized according to the cytogenetic risk 

group into favorable (F), intermediate I (I), intermediate II (II) and adverse (A) (Table 4), the BM-

MNCs of the favorable cytogenetic risk group displayed a trend towards increased MAP1LC3B (Fig. 

22A), ATG12 (Fig. 22B), ATG5 (Fig. 22C), BECLIN1 (Fig. 22D) and BCL2 (Fig. 22E) gene 

expression when compared to the BM-MNCs of the other tested cytogenetic risk groups. Although 

without statistical differences, a reduced autophagy-related genes expression was clearly noticed 

in the BM-MNCs of the intermediate II cytogenetic risk group (Fig. 22). A similar MAP1LC3B, 

ATG12, ATG5, BECLIN1 and BCL2 gene expression was also detected between the BM-MNCs of 

the intermediate I and adverse cytogenetic risk groups (Fig. 22). Data propose therefore a 

differential expression of core autophagy genes among distinct cytogenetic risk groups, with the 

BM-MNCs of the favorable and intermediate II cytogenetic risk groups exhibiting the highest and 

lowest autophagy-related genes profile, respectively. In line with these observations, Zare-Abdollahi, 

D. et al. revealed a higher BECLIN1 gene expression in the BM-MNCs of the favorable cytogenetic 

risk group than in the BM-MNCs of the intermediate (I+II) and adverse cytogenetic risk groups, 

which displayed a similar BECLIN1 gene expression among them [201]. Interestingly, when the 

AML patients described in Table 4 were only categorized into favorable, intermediate (I+II) and 

adverse cytogenetic risk groups, an identical BECLIN1 gene expression was also found between 

the BM-MNCs of the intermediate (I+II) and adverse cytogenetic risk groups (Mean: I+II - 38.89; A 

- 41.40). A similar expression was also obtained for all the other tested autophagy-related genes 

(MAP1LC3B: I+II - 5.25, A - 5.16; ATG12: I+II - 1.58, A - 1.69; ATG5: I+II - 4.29, A - 4.51; BCL2: 

I+II - 13.31, A - 15.29). These findings clearly illustrate the need to dissect AML into several 

cytogenetic risk groups, by showing relevant differences in the expression of autophagy-related 

genes between the intermediate I and intermediate II cytogenetic risk groups, which have often 

been studied as a single group. By clustering the AML individuals into favorable and adverse 

cytogenetic risk groups, Liang, P. Q., et al. reported a trend towards increased MAP1LC3B, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Zare-Abdollahi%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26765290
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zare-Abdollahi%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26765290


 

65 
 

BECLIN1 and BCL2 gene expression in the BM-MNCs of the favorable cytogenetic risk group [191], 

corroborating the results herein obtained (Fig. 22A, D, E). Curiously, functional studies performed 

by Folkerts, H. et al. revealed higher autophagy levels in the AML cells of the adverse cytogenetic 

risk group than in the AML cells of the intermediate (I+II) and favorable cytogenetic risk groups 

[202]. A trend towards augmented autophagy levels was also described in the AML cells of the 

intermediate (I+II) cytogenetic risk group when compared to the AML cells of the favorable 

cytogenetic risk group [202].  

 

  
Fig. 22. Acute myeloid leukemia individuals with different cytogenetic risk groups present a distinct autophagy-related 

genes expression pattern. Mononuclear cells (MNCs) were isolated from the bone marrow (BM) samples of patients 

with acute myeloid leukemia (AML). mRNA was then extracted from the bone marrow mononuclear cells (BM-MNCs) 

and the expression levels of the autophagy-related genes (A) MAP1LC3B, (B) ATG12, (C) ATG5, (D) BECLIN1 and (E) 

BCL2 were determined by qPCR. BM samples from a total of 80 AML subjects, distributed according to the cytogenetic 

risk group as Favorable (F): 24, Intermediate I (I): 29, Intermediate II (II); 7 and Adverse (A): 20, were enrolled in this 

study. The copy number gene expression was calculated by the standard quantity copy number curve, previous defined 
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for each gene. One-way ANOVA and Dunns post hoc test were used to compare the mRNA expression levels of the 

MAP1LC3B, ATG12, ATG5, BECLIN1 and BCL2 between the studied groups. The mean is shown as “+” and the 

respective value (MAP1LC3B: F=10.26 vs I=5.34 vs II=1.06 vs A=5.16; ATG12: F=2.31 vs I=1.72 vs II=0.21 vs 

A=1.69; ATG5: F=6.14 vs I=4.28 vs II=1.78 vs A=4.51; BECLIN1: F=54.80 vs I=40.46 vs II=16.59 vs A=41.40; BCL2: 

F=22.44 vs I=14.85 vs II=4.65 vs A=15.29).  

 

When the AML patients were stratified according to the karyotype into normal and abnormal (Table 

4), differences in the expression of core autophagy genes were revealed (Fig. 23A-E). Indeed, a 

higher expression of the MAP1LC3B (Fig. 23A) and ATG5 (Fig. 23C) autophagy-associated genes 

was found in the BM-MNCs of the abnormal karyotype than in the BM-MNCs of the normal 

karyotype. A trend towards augmented BECLIN1 gene expression was also noticed in the BM-MNCs 

of the abnormal karyotype in comparison to the BM-MNCs of the normal karyotype (Fig. 23D). A 

similar ATG12 (Fig. 23B) and BCL2 (Fig. 23E) gene expression was observed between the tested 

groups. Overall, the results herein obtained indicate an increased autophagic signature in the AML 

individuals with abnormal karyotype when compared to those with normal karyotype. Interestingly, 

by using AML blasts isolated from the BM-MNCs of AML subjects, Folkerts, H. et al. described a 

higher autophagy flux in patients with abnormal karyotype than with normal karyotype [202]. The 

authors proposed that the high autophagy flux displayed by AML cells might be an intrinsec property 

to cope with constitutive metabolic stress linked to the genetic alterations [202]. Data herein 

presented emphasize that differences in the clinical characteristics of AML patients, as karyotype 

classification, should be considered in their evaluation and management to develop personalized 

therapies and to benefit patient outcomes. 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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Fig. 23. Acute myeloid leukemia individuals with abnormal karyotype present increased expression of core autophagy 

genes. Mononuclear cells (MNCs) were isolated from the bone marrow (BM) samples of patients with acute myeloid 

leukemia (AML). mRNA was then extracted from the bone marrow mononuclear cells (BM-MNCs) and the expression 

levels of the autophagy-related genes (A) MAP1LC3B, (B) ATG12, (C) ATG5, (D) BECLIN1 and (E) BCL2 were 

determined by qPCR. BM samples from a total of 76 AML subjects, distributed according to the karyotype as normal 

(40) and abnormal (36), were enrolled in this study. The copy number gene expression was calculated by the standard 

quantity copy number curve, previous defined for each gene. Student's t-test and Mann-Whitney post hoc test were 

used to compare the mRNA expression levels of the MAP1LC3B, ATG12, ATG5, BECLIN1 and BCL2 between the 

normal and abnormal groups. *p <0.05. The mean is shown as “+” and the respective value (MAP1LC3B: 

Normal=5.17 vs Abnormal=9.77; ATG12: Normal=1.53 vs Abnormal=1.60; ATG5: Normal=2.92 vs Abnormal=5.86; 

BECLIN1: Normal=32.2 vs Abnormal=49.6; BCL2: Normal=15.3 vs Abnormal=18.7).  

 

The in silico analysis presented in this section reinforces the clinical heterogeneity of AML, by 

showing a differential expression of essential autophagy genes among distinct cytogenetic risk 

groups or karyotypes. Indeed, while the BM-MNCs of the intermediated II cytogenetic risk group 

seem to display the lowest expression of autophagy-related genes, the BM-MNCs of the favorable 

cytogenetic risk group appear to exhibit the highest autophagy gene profile. The BM-MNCs of AML 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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patients with abnormal karyotype also present higher expression of autophagy-associated genes 

than the BM-MNCs of AML patients with normal karyotype. 

 

Data obtained in this chapter clearly indicate the need of taking into consideration several clinical 

parameters in the AML context, supporting the relevance of looking at AML as a highly 

heterogeneous group of hematological disorders.   
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CHAPTER 4 

Human bone marrow mesenchymal stromal cells under high 

glucose concentrations: impact on the tumorigenicity of distinct 

acute myeloid leukemia cell types 
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4.1. ABSTRACT 

Acute myeloid leukemia (AML) is an aggressive and rapidly lethal blood cancer that, if untreated, 

has a median survival of 3 months or less. The interplay between AML cells and bone marrow 

mesenchymal stromal cells (BM-MSCs) has been implicated in the AML development, progression 

and therapy resistance. Epidemiological data have also shown an increased incidence of AML in 

patients with type 2 diabetes mellitus (hereinafter called DM), which has been identified as 

promoting disturbances in the BM-MSCs function. The present work aimed to clarify the impact of 

DM-induced changes in the BM-MSCs on the development and progression of distinct subtypes of 

AML. Three different human AML cell lines representative of three distinct AML subtypes, HL-60 

(FAB-M2 AML), NB-4 (FAB-M3 AML) and KG-1 (FAB-M6 AML), were acutely and chronically exposed 

to the conditioned medium (CM) produced by non-diabetic human BM-MSCs under regular or high 

glucose levels (RG or HG, respectively). An augmented tumorigenic phenotype was displayed by 

the different tested AML cell types upon chronic exposure to the CM-HG, proposing that in response 

to elevated glucose concentrations the BM-MSCs change their secretome and/or extracellular 

vesicles (EVs) profile by releasing soluble signaling molecules and/or EVs that, upon prolonged 

contact, increase the tumorigenicity of distinct AML cell types. A higher tumorigenic profile was 

also exhibited by NB-4 cells followed by HL-60 and KG-1 cells upon long-term exposure to the CM-

HG, indicating that the soluble factors and/or EVs secreted by the BM-MSCs under high glucose 

levels have a differential impact on the tumorigenicity of distinct AML cell types by favoring those 

with increased glycolytic metabolism. The results herein obtained indicate that chronic exposure to 

the alterations promoted by high glucose levels in the BM-MSCs secretome and/or BM-MSCs-

derived EVs profile contributes to the development and progression of different AML subtypes, in a 

cell type-dependent manner. These data provide evidence for a positive impact of metabolic 

disorders, as DM, on the pathogenesis of distinct AML subtypes. 

Keywords: Acute myeloid leukemia (AML) ▪ Diabetes mellitus (DM) ▪ Hematopoietic niche ▪ Bone 

marrow mesenchymal stromal cells (BM-MSCs) ▪ Cancer cells tumorigenicity.     

 

4.2. INTRODUCTION 

Acute myeloid leukemia (AML) is a fatal disorder that, if untreated, has a median survival of 3 

months or less, being the early diagnosis and treatment imperative to obtain better outcomes [8, 

10]. The basis for the current AML treatment was developed more than 40 years ago and consists 

in the combination of an anthracycline antibiotic, such as doxorubicin, with high doses of a cytosine 
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analog, such as cytarabine [155-157]. While young patients tolerate intensified therapeutic 

regimens and have good outcomes, the AML treatment is highly toxic and presents limited 

application and poor outcomes among old individuals, the most affected population [155-157]. 

Yet, due to the lack of a better therapeutic strategy and given that if untreated AML is rapidly fatal, 

this approach remains the worldwide AML gold standard of care [155-157]. Accordingly, the 

elucidation of the mechanisms underlying AML development, progression and chemoresistance is 

fundamental to develop more effective and targeted therapies.    

The interaction between AML cells and the bone marrow (BM) microenvironment has been 

extensively implicated in the survival, proliferation and drug resistance of the leukemic cells [203-

211]. Indeed, the communication between AML cells and the surrounding BM mesenchymal 

stromal cells (BM-MSCs), either through physic contact and/or paracrine signaling, has been 

described as up-regulating multiple survival, proliferative and/or anti-apoptotic signaling pathways 

in the AML cells [203, 205-207, 210, 211]. This crosstalk has also been referred as promoting the 

adhesion/homing of AML cells within the BM niche, which protects the leukemic cells from 

chemotherapy conferring a drug-resistance phenotype [204, 205, 208-210]. The leukemic stem 

cells sheltered within the BM microenvironment have also been identified as giving rise to 

persistence of minimal residual disease, which in turn, contributes to the relapse of AML patients 

after a variable period of remission [204]. The BM comprises therefore a dynamic network of 

growth factors, cytokines and stromal cells that provide a permissive environment for the AML 

development, progression and therapy resistance as well as for the AML patients relapse. Thus, 

the interplay between AML cells and the adjacent BM-MSCs is of utmost importance in the AML 

scenario.  

By performing a meta-analysis of observational studies, Castillo, J. J. and co-workers reported an 

increased incidence of hematological malignancies, namely AML, in patients with type 2 diabetes 

mellitus (hereinafter called DM) [212], a metabolic disorder characterized by chronic 

hyperglycemia [213] that affects millions of people worldwide [214, 215]. It was also concluded 

that patients who develop leukemia after a pre-condition of DM were associated with a poorer AML 

prognosis [212]. In the context of chronic lymphocytic leukemia (CLL), Seymour, E. K. et al., by 

performing a retrospective cohort study, also described a shorter disease-specific survival and a 

shorter overall survival in patients with both CLL and DM when compared to CLL patients without 

DM, identifying DM as a predictor of poor outcome in the context of this hematological malignancy 

[216]. However, to date, no clear association was established between the presence of DM and 
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the development, progression and chemoresistance of hematological malignancies, namely AML. 

Nevertheless, it is well known that DM severely affects the function of several organs, namely BM 

[217]. Indeed, by using a mouse model of DM, Ferraro, F. et al. showed an impaired egress of 

hematopoietic stem and progenitor cells (HSPCs) from the BM of these animals as result of DM-

induced changes in the BM niche [218]. Interestingly, by performing a retrospective analysis of BM 

transplant patient records, Ferraro, F. et al. also found an elevated correlation between DM and 

diminished HSPCs mobilization [218]. A reduced egress of endothelial progenitor cells (EPC) from 

the BM to the circulation was also verified by Westerweel, P.E. et al. in diabetic mice as response 

to DM-promoted disturbances in the BM stromal compartment [219]. Keats, E. et al. also revealed 

a detrimental impact of hyperglycemia in human BM-MSCs, by showing their reduced growth and 

aberrant differentiation (enhanced adipogenesis as well as impaired chondrogenesis and 

osteogenesis) in response to in vitro high glucose concentrations [220]. A prolonged exposure to 

elevated glucose levels was also extensively implicated in the premature senescence, genomic 

instability and telomere changes of BM-MSCs [221-225]. It is therefore critical to elucidate the 

relevance of diabetes-induced alterations in the BM microenvironment on the development, 

progression and drug resistance of AML.    

Results herein obtained suggest that prolonged exposure to the soluble factors and/or extracellular 

vesicles (EVs) secreted by the BM-MSCs under high glucose levels contributes to the development 

and progression of distinct AML subtypes, by favoring those with augmented glycolytic profile. 

Indeed, upon chronic exposure to the conditioned medium produced by non-diabetic human BM-

MSCs under high glucose levels, NB-4 cells, a glycolysis-dependent AML cell type, and KG-1 cells, 

an OXPHOS-dependent AML cell type, exhibited the highest and lowest tumorigenic phenotype, 

respectively. HL-60 cells, a moderate glycolysis-dependent AML cell type, displayed an intermediate 

tumorigenic profile. 

 

4.3. MATERIAL AND METHODS 

4.3.1. Cell cultures 

4.3.1.1. Human bone marrow mesenchymal stromal cells 

Mesenchymal stromal cells (MSCs) were isolated from non-diabetic human bone marrow (BM) 

samples collected during a routine cardiac surgery at Hospital da Arrábida - Porto from 2014 to 

2016 (BM samples are included in the control cohort referred in chapter 3). Briefly, mononuclear 

cells (MNCs) were isolated from the BM samples using the standard density gradient centrifugation, 
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as referred in section 3.3.2, and cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 

5mM of D-glucose (Gibco®) and supplemented with 20% heat-inactivated fetal bovine serum (FBS) 

(Biochrom® - Merck Millipore) and 1% antibiotic-antimycotic solution (Invitrogen®) in a humidified, 

37ºC, 5% CO2 atmosphere. The nonadherent cells were removed upon 7 days of culture. At 70-

80% of cell confluence, the adherent cells (BM-MSCs) were trypsinized with Trypsin-EDTA solution 

(Gibco®) and further expanded. BM-MSCs with 3 to 5 passages were used for the experimental 

approaches presented in this chapter.  

 

4.3.1.2. Human acute myeloid leukemia cell lines 

Three different human acute myeloid leukemia (AML) cell lines representative of three distinct AML 

subtypes, NB-4 (FAB-M3 AML), HL-60 (FAB-M2 AML) and KG-1 (FAB-M6 AML), were used in this 

work (detailed characteristics of the tested AML cell lines are described in section 2.3.1). NB-4, 

HL-60 and KG-1 cell lines were obtained from the German Collection of Microorganisms and Cell 

cultures (DSMZ® - Deutsche Sammlung von Mikroorganismen und Zellkulturen - German). Cells 

were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Biochrom® - Merck 

Millipore) supplemented with 10% heat-inactivated FBS (Biochrom® - Merck Millipore) and 1% 

antibiotic-antimycotic solution (Invitrogen®) in a humidified, 37ºC, 5% CO2 atmosphere. AML cells 

with 5 to 20 passages were used for the experimental approaches presented in this chapter.  

 

4.3.2. Production of conditioned medium by human bone marrow mesenchymal stromal cells 

The resulting medium from the BM-MSCs culture is called conditioned medium (CM), which 

contains a broad spectrum of BM-MSCs-secreted soluble factors, such as cytokines, chemokines 

and growth factors, as well as, BM-MSCs-derived extracellular vesicles (EVs) containing proteins, 

mRNAs and miRNAs [226].  

Non-diabetic human BM-MSCs were resuspended in DMEM containing regular (5mM) or high 

(25mM) levels of D-glucose (Gibco®) and supplemented with 20% FBS (Biochrom® - Merck 

Millipore) and 1% antibiotic-antimycotic solution (Invitrogen®). Upon 4 days of incubation in a 

humidified, 37⁰C and 5% CO2 atmosphere, the cell culture medium (conditioned medium; CM) was 

collected, filtered and stored at 4⁰C. The CM produced by the non-diabetic human BM-MSCs under 

regular or high glucose levels (CM-RG or CM-HG, respectively) was thus obtained. A schematic 

representation of the CM production is illustrated in Fig. 24.  
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Fig. 24. Schematic representation of the conditioned medium production by human bone marrow mesenchymal 

stromal cells. Non-diabetic human bone marrow mesenchymal stromal cells (BM-MSCs) were resuspended in DMEM 

containing regular (5mM) or high (25mM) glucose levels and subsequently incubated for 4 days in a humidified, 37⁰C 

and 5% CO2 atmosphere. The cell culture medium (conditioned medium) was then collected, filtered and stored at 4⁰C. 

The conditioned medium (CM) produced by the non-diabetic human BM-MSCs under regular or high glucose levels 

(CM-RG or CM-HG, respectively) was thus obtained.        

 

4.3.3. Assessment of acute myeloid leukemia cells tumorigenicity   

4.3.3.1. Measurement of cell viability 

NB-4, HL-60 and KG-1 cells were resuspended in the CM-RG or CM-HG. AML cells resuspended in 

DMEM containing regular (5mM) or high (25mM) glucose levels (DMEM-RG or DMEM-HG, 

respectively) were also tested. NB-4, HL-60 and KG-1 cells were then plated at 0.5x106 

cells/mL/well and incubated for 2, 4 and 7 days in a humidified, 37⁰C and 5% CO2 atmosphere. 

Upon the incubation periods, the number of viable cells was counted using the trypan blue dye 

exclusion assay. At least, three independent biological replicates were performed. The number of 

viable cells is shown as absolute values.  

 

4.3.3.2. Determination of migration capacity  

4.3.3.2.1. Acute exposure model 

NB-4, HL-60 and KG-1 cells were starved overnight in starvation medium (DMEM containing 5mM 

of glucose with no FBS and 0.5% BSA; Sigma-Aldrich®). AML cells (3x105 cells in 100μL) were 

BM-MSCs 
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4 days of incubation 

Conditioned medium produced 
by BM-MSCs under regular 

glucose levels (CM-RG) 

Conditioned medium produced 
by BM-MSCs under high 
glucose levels (CM-HG) 

Collection of cell culture medium  
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then added to the top chamber of 24-transwell culture inserts with 8µm pore size (Biosciences®), 

which were placed in wells containing 500µL of CM-RG, CM-HG, DMEM-RG or DMEM-HG. NB-4, 

HL-60 and KG-1 cells were subsequently incubated for 24h in a humidified, 37⁰C and 5% CO2 

atmosphere. The AML migrating cells were finally collected and counted using the trypan blue dye 

exclusion method. At least, three independent biological replicates were performed. The number 

of migrating cells is shown as absolute values. A schematic representation of the acute exposure 

model is shown in Fig. 25.     

 

4.3.3.2.2. Chronic/prolonged exposure model 

NB-4, HL-60 and KG-1 cells were pre-exposed for 7 days to CM-RG, CM-HG, DMEM-RG or DMEM-

HG. Upon this incubation period (not applied to the acute exposure model), the remaining 

experimental procedure was performed as described for the acute exposure model. At least, three 

independent biological replicates were performed. The number of migrating cells is shown as 

absolute values. A schematic representation of the chronic exposure model is illustrated in Fig. 25.   

 

 

 

 

 

 

 

 

 

  
 
 
Fig. 25. Schematic representation of the acute and chronic exposure models used to determine the migratory capacity 

of distinct acute myeloid leukemia cell types. In the acute exposure scenario, NB-4, HL-60 or KG-1 cells were starved 

overnight in starvation medium and subsequently added to the top chamber of 24-transwell culture inserts which were 

placed in wells containing different culture media: conditioned medium produced by non-diabetic human bone marrow 
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mesenchymal stromal cells (BM-MSCs) under regular glucose levels (CM-RG), conditioned medium produced by non-

diabetic human BM-MSCs under high glucose levels (CM-HG), DMEM with regular glucose levels (DMEM-RG) or DMEM 

with high glucose levels (DMEM-HG). Upon 24h of culture, the number of NB-4, HL-60 or KG-1 migrating cells was 

counted. In the chronic/prolonged exposure model, NB-4, HL-60 or KG-1 cells were pre-exposed for 7 days to CM-RG, 

CM-HG, DMEM-RG or DMEM-HG and then submitted to the same experimental approach described for the acute 

exposure model.         

 

4.3.4. Isolation of acute myeloid leukemia cells-derived extracellular vesicles by differential 

ultracentrifugation   

Extracellular vesicles (EVs) were isolated from the conditioned medium (CM) of HL-60 or KG-1 cells 

upon 24h of culture via differential ultracentrifugation, as described by Lasser, C. and co-workers 

[227]. To remove cellular debris and larger particles, the supernatants were filtered with a 0.22μm 

filter unit and then ultracentrifuged at 120.000g for 70min. The resultant pellets were washed with 

phosphate-buffered saline (PBS) and, after a second ultracentrifugation, the EVs derived from HL-

60 or KG-1 cells were resuspended in PBS for subsequent characterization by immunoblotting 

analysis and nanotracking analysis (NTA).  

 

4.3.5. Characterization of acute myeloid leukemia cells-derived extracellular vesicles 

4.3.5.1. Immunoblotting analysis  

HL-60 and KG-1 cells-derived EVs as well as HL-60 and KG-1 cells were lysed with 

radioimmunoprecipitation assay (RIPA) buffer (10mM Tris-HCl at pH 7.4, 150mM NaCl, 1mM 

EDTA, 0.1% SDS, 1% Triton X-100 and 1% sodium deoxycholate) supplemented with Complete 

Protease Inhibitor Mixture tablets (Roche Diagnostics). Protein concentration was then determined 

using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific®). 20µg of the total protein 

were resolved in a 8% sodium dodecyl sulfate (SDS) polyacrylamide gel and electrophoretically 

transferred onto polyvinylidene fluoride (PVDF) membranes using the Trans Blot protein transfer 

system (Bio-Rad®). Membranes were blocked for 1h in tris-buffered saline (TBS) with 0.1% tween 

20 (TBS-T) containing 5% non-fat milk and afterwards incubated overnight at 4ºC with the polyclonal 

primary antibodies at 1:1000 in 1% non-fat milk - Mouse anti-Alix antibody (Cell Signaling 

Technology®), Goat anti-CD63 antibody (SICGEN), Goat anti-Calnexin antibody (SICGEN), Rabbit 

anti-Flotilin-1 antibody (Santa Cruz Biotechnology®) and Goat anti-GAPDH antibody (SICGEN). After 

washing with TBS-T, membranes were incubated with the respective secondary antibodies, IgG 

anti-Mouse antibody (Bio-Rad®) for Alix, IgG anti-Rabbit antibody (Bio-Rad®) for Flotilin-1 and IgG 

anti-Goat antibody (Bio-Rad®) for all the others, at 1:5000 in 1% non-fat milk for 1h at room 
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temperature. Protein levels were detected after incubation with Clarity Western ECL Substrate (Bio-

Rad®) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific®). 

Digital images were obtained in the ImageQuant™ LAS 500 System (GE Healthcare®). One 

independent biological replicate was performed. 

  

4.3.5.2. Nanotracking analysis (measurement of particle size and concentration)  

EVs isolated from the CM of HL-60 or KG-1 cells were resuspended in 1mL of PBS. NTA was 

subsequently performed using the NanoSight LM 10 instrument (NanoSight Ltd). The analysis 

settings were optimized and kept constant between samples and each video was analyzed to give 

the mean size and estimated concentration of particles. Data were processed using the NTA 2.2 

analytical software. One independent biological replicate was performed. 

 

4.3.6. Statistical analysis  

All data is reported as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed using the one-way ANOVA and Tukey post hoc tests to compare the CM-HG/CM-RG or 

DMEM-HG/DMEM-RG ratios between the NB-4, HL-60 and KG-1 cells in what concerns the cell 

migration capacity in response to both acute and chronic exposure models. The two-away ANOVA 

and Bonferroni post hoc tests were used to compare the tested groups for all the other analysis. A 

p value lower than 0.05 was assumed to denote a significant difference. Statistical analysis was 

conducted using Prism software (GraphPad Software, San Diego, CA®).  

 

4.4. RESULTS AND DISCUSSION 

4.4.1. Long-term exposure to high glucose concentrations: impact on the tumorigenicity of acute 

myeloid leukemia cells 

Type 2 diabetes mellitus (hereinafter called DM) is a metabolic disorder characterized by 

chronic/prolonged hyperglycemia [213] that has been assigned as a potential risk factor for the 

development and poorer prognosis of acute myeloid leukemia (AML) [212]. Indeed, data obtained 

by our group revealed a trend towards reduced overall survival (OS) and relapse-free survival (RFS) 

in patients with both AML and DM when compared to AML patients without DM (Fig. 26), pointing 

to DM as a predictor for worse outcome in the AML scenario, as reported by other studies [212].    
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Fig. 26. Curves based on the Kaplan-Meier analysis to determine the impact of type 2 diabetes mellitus on the overall 

survival and relapse-free survival of acute myeloid leukemia patients. Number of acute myeloid leukemia (AML) cases 

included on the overall survival (OS) analysis: 122 cases without type 2 diabetes mellitus (DM) and 16 cases with DM; 

p value=0.090. Number of AML cases included on the relapse-free survival (RFS) analysis: 84 cases without DM and 

8 cases with DM; p value=0.159. The AML patients enrolled in this study were diagnosed and treated at IPO-Porto 

from 2005 to 2014. Results published in the PhD thesis of Ângela Fernandes (The functional crosstalk of proteolytic 

systems and metabolism in acute myeloid leukemia, 2016, University of Minho).      

 

Data obtained with different human AML cell lines representative of distinct AML subtypes, HL-60 

(FAB-M2 AML), NB-4 (FAB-M3 AML) and KG-1 (FAB-M6 AML), revealed different energy 

requirements among the tested AML cell types, by showing a glycolytic phenotype for NB-4 cells, 

an oxidative metabolism for KG-1 cells and a glycolytic-oxidative intermediate state for HL-60 cells 

(Chapter 2; Fig. 8, 9). Altogether, results presented in Fig. 8, 9 and 26 highlight the need to clarify 

the impact of DM on the development and progression of distinct AML subtypes. NB-4, HL-60 and 

KG-1 cells were chronically exposed to DMEM containing high glucose levels (DMEM-HG), to mimic 

an in vitro condition of increased glucose concentrations, or regular glucose levels (DMEM-RG), to 

be used as control. Cell viability and in vitro migration capacity were then assessed to determine 

the AML cells tumorigenicity. A higher number of NB-4 and HL-60 viable cells was noticed in 

response to DMEM-HG than to DMEM-RG upon 2, 4 and 7 days of culture (Fig. 27A), pointing to 

elevated glucose concentrations as a beneficial condition for the survival and/or proliferation of 

AML cell types with augmented glycolytic dependence. Indeed, KG-1 cells, a non-glycolysis-

dependent AML cell type, displayed a similar and even lower viability profile in response to DMEM-

HG than to DMEM-RG (Fig. 27A). The positive impact of high glucose levels on the survival and/or 

proliferation of AML cell types with exacerbated glycolytic phenotype was supported by the ratio 

obtained between the number of AML viable cells in the DMEM-HG and in the DMEM-RG (DMEM-
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HG/DMEM-RG) upon 2, 4 and 7 days of incubation, which was highest for NB-4 cells followed by 

HL-60 and KG-1 cells (Fig. 27B). An increased DMEM-HG/DMEM-RG ratio was also verified for NB-

4 cells over the 7 days of culture (Fig. 27B), suggesting that chronic exposure to high glucose levels 

improves the survival and/or proliferation of AML cell types with elevated glycolytic metabolism. In 

agreement, KG-1 cells exhibited a reduced DMEM-HG/DMEM-RG ratio over the 7 days of incubation 

(Fig. 27B). Concerning the migration capacity of the tested AML cell types, a higher number of NB-

4 and HL-60, but not KG-1, migrating cells was noticed upon prolonged exposure to DMEM-HG 

than to DMEM-RG (Fig. 27C, D), indicating that chronic exposure to elevated glucose concentrations 

preferentially improves the migration capacity of glycolysis-dependent AML cell types. These 

observations were reinforced by the ratio obtained between the number of AML migrating cells in 

the DMEM-HG and in the DMEM-RG (DMEM-HG/DMEM-RG), which was highest for NB-4 cells 

followed by HL-60 cells and finally KG-1 cells (Fig. 27E). Altogether, data herein obtained propose 

that long-term exposure to high glucose levels, as observed in DM, potentiates the tumorigenicity 

of different AML cell types, especially those with exacerbated glycolytic profile. Curiously, little is 

known about the role of chronic exposure to increased glucose concentrations on the tumorigenicity 

of hematological malignant cells, namely AML. Nevertheless, the long-term exposure to high 

glucose levels has been extensively described as beneficial for the tumorigenicity of innumerous 

solid tumor types [228-233]. Indeed, augmented proliferation, migration, drug-resistance as well 

as reduced apoptosis has been identified in breast [228, 229], colorectal [230], ovarian [231], 

pancreatic [232] and hepatocytes [233] cancer cells submitted to prolonged hyperglycemia.  
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Fig. 27. Chronic exposure to culture medium containing high glucose levels promotes increased survival and/or 

proliferation as well as elevated migration capacity of NB-4 and HL-60 cells but not KG-1 cells. (A) NB-4, HL-60 and 

KG-1 cells were cultured in DMEM containing regular or high glucose levels (DMEM-RG or DMEM-HG, respectively) for 

2, 4 and 7 days. Upon the incubation periods, cell viability was assessed by counting the number of viable cells using 

the trypan blue dye exclusion assay. The results are shown as mean+/-SEM of, at least, three independent biological 

replicates. Two-way ANOVA and Bonferroni post hoc test were used to compare the number of NB-4, HL-60 or KG-1 

viable cells between the DMEM-RG and the DMEM-HG upon 2, 4 or 7 days of culture. *p <0.05; **p <0.01; ***p 

<0.001. (B) The ratio between the number of NB-4, HL-60 or KG-1 viable cells obtained in the DMEM-HG and in the 

DMEM-RG (DMEM-HG/DMEM-RG) upon 2, 4 or 7 days of incubation was calculated. The results are shown as mean+/-

SEM of, at least, three independent biological replicates. Two-way ANOVA and Bonferroni post hoc test were used to 
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compare the DMEM-HG/DMEM-RG ratio between NB-4, HL-60 and KG-1 cells upon 2, 4 and 7 days of culture. *p 

<0.05; **p <0.01; ***p <0.001. (C) NB-4, HL-60 and KG-1 cells were pre-exposed to DMEM-RG or DMEM-HG for 7 

days followed by an overnight starvation period. The migration assay was then performed for 24h, cells were added to 

the top chamber of 24-transwell culture inserts with 8µm pore size which were placed in wells containing DMEM-RG 

or DMEM-HG, and the number of migrating cells towards DMEM-RG or DMEM-HG was counted using the trypan blue 

dye exclusion assay. The results are shown as mean+/-SEM of, at least, three independent biological replicates. Two-

way ANOVA and Bonferroni post hoc test were used to compare the number of NB-4, HL-60 or KG-1 migrating cells 

between the DMEM-RG and the DMEM-HG. *p <0.05; **p <0.01. (D) Schematic representation of the NB-4, HL-60 

and KG-1 cells migration capacity upon prolonged exposure to DMEM-RG or to DMEM-HG. (E) The ratio between the 

number of NB-4, HL-60 or KG-1 migrating cells obtained in the DMEM-HG and in the DMEM-RG (DMEM-HG/DMEM-

RG) was calculated. The results are shown as mean+/-SEM of, at least, three independent biological replicates. One-

way ANOVA and Tukey post hoc test were used to compare the DMEM-HG/DMEM-RG ratio between NB-4, HL-60 and 

KG-1 cells. *p <0.05; ***p <0.001. 

 

To better elucidate the relevance of long-term exposure to high glucose levels on the tumorigenicity 

of distinct AML cell types, the migration capacity of NB-4, HL-60 and KG-1 cells was assessed upon 

acute exposure to DMEM-RG or to DMEM-HG. A similar number of HL-60 and KG-1 migrating cells 

was noticed between the DMEM-RG and the DMEM-HG, while a trend towards augmented NB-4 

migrating cells was detected in response to DMEM-HG than to DMEM-RG (Fig. 28A, B). In 

agreement, no statistical differences were observed between NB-4, HL-60 and KG-1 cells in what 

concerns the DMEM-HG/DMEM-RG ratio (Fig. 28C). Results indicate therefore that short-term 

exposure to elevated glucose concentrations has no major impact on the tumorigenicity of different 

AML cell types, highlighting the contribution of chronic exposure to the increased tumorigenicity of 

glycolysis-dependent AML cell types.  

 

 
Fig. 28. Acute exposure to culture medium containing high glucose levels has no major impact on the migration 

capacity of distinct acute myeloid leukemia cell types. (A) NB-4, HL-60 and KG-1 cells were starved overnight in 

starvation medium. The migration assay was then performed for 24h, cells were added to the top chamber of 24-

transwell culture inserts with 8µm pore size which were placed in wells containing DMEM with regular or high glucose 

levels (DMEM-RG or DMEM-HG, respectively), and the number of migrating cells towards DMEM-RG or DMEM-HG was 

counted using the trypan blue dye exclusion assay. The results are shown as mean+/-SEM of, at least, three 

independent biological replicates. Two-way ANOVA and Bonferroni post hoc test were used to compare the number of 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg


 

82 
 

NB-4, HL-60 or KG-1 migrating cells between the DMEM-RG and the DMEM-HG. (B) Schematic representation of the 

NB-4, HL-60 and KG-1 cells migration capacity upon acute exposure to DMEM-RG or to DMEM-HG. (C) The ratio 

between the number of NB-4, HL-60 or KG-1 migrating cells obtained in the DMEM-HG and in the DMEM-RG (DMEM-

HG/DMEM-RG) was calculated. The results are shown as mean+/-SEM of, at least, three independent biological 

replicates. One-way ANOVA and Tukey post hoc test were used to compare the DMEM-HG/DMEM-RG ratio between 

NB-4, HL-60 and KG-1 cells. 

 

Data presented in this section propose that chronic exposure to high glucose levels exerts a 

beneficial role on the development and progression of different AML subtypes, by favoring AML cell 

subsets with increased glycolytic phenotype. 

 

4.4.2. Long-term exposure to conditioned medium produced by non-diabetic human bone marrow 

mesenchymal stromal cells under high glucose levels: impact on the tumorigenicity of acute 

myeloid leukemia cells 

The bone marrow (BM) is the organ that hosts hematopoiesis and is therefore the hotspot for the 

development of hematopoietic disorders, namely AML [234]. The complex and dynamic crosstalk 

between the AML cells and the cellular components of the adjacent BM niche, namely BM 

mesenchymal stromal cells (BM-MSCs), has been widely recognized as playing a critical role in the 

AML development, progression and response to therapy [203-211]. Indeed, the BM stromal 

compartment has been claimed as a tumor sanctuary in which AML cells, either through physic 

contact and/or paracrine signaling, can acquire survival, proliferative and drug resistance 

phenotypes [203-211]. Interestingly, DM has not only been identified as a potential risk factor for 

the development and poorer prognosis of AML ([212] and Fig. 26) but also as a disturber of the 

BM-MSCs function [218-225]. It is therefore critical to elucidate the impact of DM-promoted 

alterations in the BM-MSCs on the development and progression of distinct AML subtypes. NB-4, 

HL-60 and KG-1 cells were chronically exposed to the conditioned medium (CM) produced by non-

diabetic human BM-MSCs under high or regular glucose levels (CM-HG or CM-RG, respectively). 

Cell viability and in vitro migration capacity were then evaluated to determine the AML cells 

tumorigenicity. A higher number of NB-4, HL-60 and KG-1 viable cells was noticed in response to 

CM-HG than to CM-RG upon 2, 4 and 7 days of culture (Fig. 29A), proposing that in response to 

elevated glucose concentrations the BM-MSCs change their secretome and/or extracellular vesicles 

(EVs) profile by releasing soluble signaling molecules and/or EVs that up-regulate the survival 

and/or proliferation of distinct AML cell types. Nevertheless, these BM-MSCs-secreted soluble 

factors and/or -derived EVs appear to preferentially enhance the survival and/or proliferation of 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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AML cell types with augmented glycolytic metabolism, as showed by the ratio obtained between 

the number of AML viable cells in the CM-HG and in the CM-RG (CM-HG/CM-RG) upon 4 and 7 

days of incubation, which was highest for NB-4 cells followed by HL-60 cells and ultimately KG-1 

cells (Fig. 29B). An increased CM-HG/CM-RG ratio was also verified for NB-4 and HL-60 cells, but 

not for KG-1 cells, over the 7 days of culture (Fig. 29B), indicating that long-term exposure to the 

soluble factors and/or EVs released by the BM-MSCs under high glucose levels exerts a positive 

impact on the survival and/or proliferation of glycolysis-dependent AML cell types. Concerning the 

migration assay, a higher number of NB-4 and HL-60, but not KG-1, migrating cells was detected 

upon chronic exposure to the CM-HG than to the CM-RG (Fig. 29C, D), suggesting that in response 

to elevated glucose concentrations the BM-MSCs release soluble signaling molecules and/or EVs 

that, upon prolonged contact, promote the attraction of different AML cell types, mainly those with 

exacerbated glycolytic dependence. This theory was supported by the ratio obtained between the 

number of AML migrating cells in the CM-HG and in the CM-RG (CM-HG/CM-RG), which was 

highest for NB-4 cells followed by HL-60 cells and finally KG-1 cells (Fig. 29E). Knowing that the 

BM-MSCs are placed within the BM microenvironment, these results indicate that AML cell types 

with augmented glycolytic signature may be easily attracted/retained into the BM niche under a 

chronic hyperglycemia scenario. Notice that the adhesion/homing of AML cells within the BM niche 

contributes to their increased survival, proliferative, anti-apoptotic and/or drug resistance 

phenotypes [204, 205, 208-210]. Altogether, data herein obtained suggest that CM from BM-MSCs 

grown in high glucose levels contains soluble signaling molecules and/or EVs that, upon long-term 

exposure, improve the tumorigenicity of AML cells in a cell type-dependent manner. To the best of 

our knowledge, this is the first study trying to understand the impact of high glucose-induced 

disturbances in the BM-MSCs on the development and progression of distinct AML subtypes.  
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Fig. 29. Chronic exposure to conditioned medium produced by non-diabetic human bone marrow mesenchymal 

stromal cells under high glucose levels promotes increased survival and/or proliferation as well as augmented 

migration capacity of NB-4 and HL-60 cells but not KG-1 cells. (A) NB-4, HL-60 and KG-1 cells were cultured in the 

conditioned medium (CM) produced by non-diabetic human bone marrow mesenchymal stromal cells submitted to 

DMEM containing regular or high glucose levels (CM-RG or CM-HG, respectively) for 2, 4 and 7 days. Upon the 

incubation periods, cell viability was assessed by counting the number of viable cells using the trypan blue dye exclusion 

assay. The results are shown as mean+/-SEM of, at least, three independent biological replicates. Two-way ANOVA 

and Bonferroni post hoc test were used to compare the number of NB-4, HL-60 or KG-1 viable cells between the CM-

RG and the CM-HG upon 2, 4 or 7 days of culture. *p <0.05; **p <0.01; ***p <0.001. (B) The ratio between the 

number of NB-4, HL-60 or KG-1 viable cells obtained in the CM-HG and in the CM-RG (CM-HG/CM-RG) upon 2, 4 or 

7 days of incubation was calculated. The results are shown as mean+/-SEM of, at least, three independent biological 
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replicates. Two-way ANOVA and Bonferroni post hoc test were used to compare the CM-HG/CM-RG ratio between NB-

4, HL-60 and KG-1 cells upon 2, 4 and 7 days of culture. **p <0.01; ***p <0.001. (C) NB-4, HL-60 and KG-1 cells 

were pre-exposed to CM-RG or CM-HG for 7 days followed by an overnight starvation period. The migration assay was 

then performed for 24h, cells were added to the top chamber of 24-transwell culture inserts with 8µm pore size which 

were placed in wells containing CM-RG or CM-HG, and the number of migrating cells towards CM-RG or CM-HG was 

counted using the trypan blue dye exclusion assay. The results are shown as mean+/-SEM of, at least, three 

independent biological replicates. Two-way ANOVA and Bonferroni post hoc test were used to compare the number of 

NB-4, HL-60 or KG-1 migrating cells between the CM-RG and the CM-HG. *p <0.05; ***p <0.001. (D) Schematic 

representation of the NB-4, HL-60 and KG-1 cells migration capacity upon prolonged exposure to CM-RG or to CM-HG. 

(E) The ratio between the number of NB-4, HL-60 or KG-1 migrating cells obtained in the CM-HG and in the CM-RG 

(CM-HG/CM-RG) was calculated. The results are shown as mean+/-SEM of, at least, three independent biological 

replicates. One-way ANOVA and Tukey post hoc test were used to compare the CM-HG/CM-RG ratio between NB-4, 

HL-60 and KG-1 cells. *p <0.05; **p <0.01.  

 

To further investigate the relevance of the chronic exposure to the soluble factors and/or EVs 

secreted by the BM-MSCs under high glucose levels on the tumorigenicity of different AML cell 

types, the migration capacity of NB-4, HL-60 and KG-1 cells was evaluated upon acute exposure 

to CM-RG or to CM-HG. A similar number of NB-4, HL-60 and KG-1 migrating cells was detected 

between the CM-RG and the CM-HG (Fig. 30A, B). As expected, no statistical differences were 

obtained between NB-4, HL-60 and KG-1 cells in what concerns the CM-HG/CM-RG ratio (Fig. 

30C). Data indicate therefore that short-term exposure to the soluble signaling molecules and/or 

EVs released by the BM-MSCs under elevated glucose concentrations has no major impact on the 

tumorigenicity of distinct AML cell types, reinforcing the positive role of prolonged exposure in the 

augmented tumorigenicity of glycolysis-dependent AML cell types.  

 

   
Fig. 30. Acute exposure to conditioned medium produced by non-diabetic human bone marrow mesenchymal stromal 

cells under high glucose levels has no major impact on the migration capacity of distinct acute myeloid leukemia cell 

types. (A) NB-4, HL-60 and KG-1 cells were starved overnight in starvation medium. The migration assay was then 

performed for 24h, cells were added to the top chamber of 24-transwell culture inserts with 8µm pore size which were 

placed in wells containing conditioned medium (CM) produced by non-diabetic human bone marrow mesenchymal 

stromal cells submitted to DMEM with regular or high glucose levels (CM-RG or CM-HG, respectively), and the number 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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of migrating cells towards CM-RG or CM-HG was counted using the trypan blue dye exclusion assay. The results are 

shown as mean+/-SEM of, at least, three independent biological replicates. Two-way ANOVA and Bonferroni post hoc 

test were used to compare the number of NB-4, HL-60 or KG-1 migrating cells between the CM-RG and the CM-HG. 

(B) Schematic representation of the NB-4, HL-60 and KG-1 cells migration capacity upon acute exposure to CM-RG or 

to CM-HG. (C) The ratio between the number of NB-4, HL-60 or KG-1 migrating cells obtained in the CM-HG and in the 

CM-RG (CM-HG/CM-RG) was calculated. The results are shown as mean+/-SEM of, at least, three independent 

biological replicates. One-way ANOVA and Tukey post hoc test were used to compare the CM-HG/CM-RG ratio between 

NB-4, HL-60 and KG-1 cells. 

 

Results obtained in this section propose that long-term exposure to the changes promoted by high 

glucose levels in the BM-MSCs secretome and/or BM-MSCs-derived EVs profile contributes to the 

development and progression of distinct AML subtypes, manly those with increased glycolytic 

phenotype.  

 

A detailed characterization of the CM produced by the non-diabetic human BM-MSCs upon 

exposure to high or regular glucose levels would be critical to identify BM-MSCs-secreted soluble 

factors as well as BM-MSCs-derived EVs responsible for the elevated tumorigenicity displayed by 

the different tested AML cell types in response to CM-HG (Fig. 29). A co-culture system involving 

non-diabetic versus diabetic human BM-MSCs and different AML cell types would also be 

fundamental. Indeed, it is well documented that communication between AML cells and BM-MSCs 

is bidirectional: not only the BM-MSCs modulate the AML cells phenotype but also the AML cells 

are able to reprogram the BM-MSCs behavior into a leukemia growth-permissive and normal 

hematopoiesis-suppressive profile [235-241]. EVs secreted by AML cells have been identified as 

key mediators of the AML cells-to-BM-MSCs communication, playing a critical role on the AML 

initiation, progression and chemoresistance [235, 238-241]. Accordingly, the characterization of 

EVs derived from different AML cell lines, HL-60 and KG-1, was conducted to illustrate the EVs 

profile of distinct AML cell types. Immunoblotting analysis was initially performed to confirm the 

isolation and purification of the AML cells-secreted EVs. The expression of CD63, alix and flotillin-

1, well-recognized EVs marker proteins [242, 243], was noticed in the HL-60 and KG-1 cells-derived 

EVs (Fig. 31A), indicating the presence of EVs in both isolates. As expected, the expression of the 

studied EVs markers was also observed in the corresponding cell lysate samples (Fig. 31A). The 

purification of both EVs isolates was demonstrated by the absence of calnexin, an endoplasmic 

reticulum (ER) stress marker protein [244], in the HL-60 and KG-1 cells-derived EVs (Fig. 31A). As 

anticipated, calnexin was enriched in whole cell lysates (Fig. 31A). Taken together, data suggest 

that the applied isolation process gives rise to purified EVs, free from other membrane vesicles or 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwik5t3R3bvWAhWEnBoKHReqATcQFggxMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FStudent%2527s_t-test&usg=AFQjCNFY1_WIqxNp9FBfoprq4LQ06MB5tg
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protein aggregates. Upon isolation, nanotracking analysis (NTA) was performed to determine the 

size and concentration of the HL-60 or KG-1 cells-secreted EVs. The isolated EVs presented similar 

size (HL-60=136nM vs KG-1=134nM) and concentration (HL-60= 7,37±0,35x108particles/mL vs 

KG-1=7,45±0,2x108particles/mL)(Fig. 31B), proposing that under basal state different AML cell 

types release EVs with an identical profile.   

 

  

Fig. 31. Extracellular vesicles released by HL-60 and KG-1 cells under basal state exhibit similar size and concentration. 

Extracellular vesicles (EVs) were isolated from the conditioned medium (CM) of HL-60 or KG-1 cells upon 24h of culture 

via differential ultracentrifugation. EVs were then characterized by (A) immunoblotting analysis and (B) nanotracking 

analysis (NTA). The expression of proteins typically enriched in EVs, as CD63, alix and flotillin-1, and endoplasmic 

reticulum (ER), as calnexin, was assessed by immunoblotting analysis in HL-60 or KG-1 cells-derived EVs as well as in 

the corresponding cell lysate samples. GAPDH was used as loading control. The results are representative of one 

independent biological replicate. The size (nm) and concentration (106 particles/mL) of HL-60 or KG-1 cells-derived 

EVs was determined by NTA. The results were processed using the NTA 2.2 analytical software and are representative 

of one independent biological replicate.  

   

The results obtained in this chapter provide evidence for a critical role of DM in the AML context, 

by remodeling the BM niche to support leukemic persistence at the expense of homeostatic 

function. Indeed, chronic exposure to high glucose concentrations, a metabolic condition observed 

in DM, promotes changes in the BM-MSCs phenotype which, in turn, increases the tumorigenic 

phenotype of diverse AML cell types. As DM is increasing at an alarming rate and is becoming a 
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metabolic disorder of great magnitude, a deep understanding of the molecular basis involved in 

the DM contribution to AML initiation, progression and chemoresistance is fundamental.      
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CHAPTER 5 

General discussion and conclusions 
 

 

 

 

 

 

 

 

 

 

 



 

90 
 

The genetic and epigenetic heterogeneity, compromising differentiation, proliferation and self‐

renewal of hematopoietic stem cells (HSCs) and/or myeloid progenitors, is a fundamental property 

of acute myeloid leukemia (AML) [8-11, 245]. This multitude of AML scenarios has not only 

hampering the understanding of the AML pathogenesis but also the development of efficient 

therapeutic strategies. The metabolic rewiring characterized by alterations in cellular energy 

metabolism, nutrient-sensing pathways, as AMPK, mTORC1 and AKT, and/or macroautophagy 

(hereinafter called autophagy) has been reported in several types of tumor cells, namely in AML 

[86-93, 120, 122, 123, 128, 130, 147, 148, 152, 153, 164-172]. Nevertheless, the 

heterogeneous nature of this group of hematological disorders has been responsible for the current 

controversial literature (either using cell lines, animal models or patient-derived samples), which 

has pointed to diverse nutrient-sensing players and autophagy as “double-edged swords” in the 

AML context [92, 93, 120, 122, 123, 128, 130, 147, 148, 152, 153, 164-172]. The impact of 

metabolic transformations on the pathogenesis of each subtype of AML remains therefore unclear. 

Accordingly, the work presented in this thesis aimed to obtain new insights on the contribution of 

metabolic changes to the development of distinct subtypes of AML. 

In vitro approaches were initially performed using three different human AML cell lines 

representative of three distinct AML subtypes (HL-60 - FAB-M2 subtype; NB-4 - FAB-M3 subtype; 

KG-1 - FAB-M6 subtype). These cell lines were chosen because they are very well characterized 

and widely used as representative of different AML subtypes. Cell lines are advantageous cellular 

models that allow the reduction of the human burden associated with ethical considerations as 

well as the decrease of the variability between samples  [246]. The continuous proliferation of these 

immortalized cells also facilitates in vitro studies, unlike primary cells that cannot survive in these 

conditions for long time periods. Plus, cell lines are useful to identify molecular targets/potential 

candidates to be explored in patient’s samples context [246]. Cell lines also present important 

limitations as the inability to recapitulate the complexity of the primary tumor cells and to review 

the multiple interactions with the tumoral microenvironment [246]. Results herein obtained with 

different AML cell lines highlight the multitude of metabolic cellular scenarios that might arise even 

in very closely related cell lines, such as NB‐4 and HL‐60, which belong to a different genetic 

cluster when compared to KG‐1 [247]. Distinct energetic, metabolic and autophagic networks are 

suggested among different subtypes of AML, with the activated AKT/mTORC1 axis being claimed 

as a positive regulator of glycolysis and a negative regulator of autophagy in certain AML subtypes 

and the activated AMPK being pointed as a positive regulator of both oxidative metabolism and 
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autophagy in other AML scenarios. Recent publications from Kishton, R. J. and co-workers 

proposed AMPK as supporting the oxidative metabolism of T cell acute lymphoblastic leukemia (T-

ALL) cells [163]. The role of AKT [96] or mTORC1 [94] in sustaining glycolysis of AML cells was 

also recently described. To the best of our knowledge, findings obtained in this thesis show for the 

first time a constitutive co-activation of AMPK and mTORC1, often perceived as antagonists [184], 

in a specific subtype of AML cells, with AMPK imposing its action on mTORC1. A similar 

contradictory metabolic scenario was already reported by Pezze, P. D. et al. in myocytes responding 

to amino acids supplementation [248]. The authors proposed that the concomitant activation of 

AMPK and mTORC1 is implicated in the maintenance of protein homoeostasis and on the fuel of 

metabolites for biosynthetic processes [248]. The relevance of amino acid signaling and mTORC1 

AKT‐independent activation in the context of AML remains to be explored. In the present thesis, 

autophagy is also recognized as controlling the energy metabolism of different AML cell types 

through negative regulation of glycolysis. Indeed, autophagy was recently identified by Watson, A.S. 

and co-workers as limiting the glycolytic metabolism of AML cells [93]. Interestingly, data on the 

inhibition of nutrient‐sensing pathways identify AKT as a potential candidate for the treatment of 

specific AML subtypes, while propose AMPK and mTORC1 as ineffective therapeutic targets in 

other AML scenarios. The results obtained in this thesis indicate that exclusive metabolic frames 

sustain the survival and proliferation of distinct AML cell types, elucidating the heterogenicity of 

distinct AML subtypes. The therapeutic approach to AML disorders must therefore pass through 

personalized therapy adapted to the heterogeneity of this group of hematological malignancies. 

The genetically, metabolically and clinically heterogeneity of AML should be considered. Indeed, 

such heterogeneity might justify the general modest growth‐inhibitory effects of mTOR inhibition in 

preclinical AML models and clinical trials [125, 167]. Importantly, the results presented in this 

thesis highlight the relevance that comparative studies implying AML cell lines have on the 

determination of the anti‐leukemia efficacy, particularly, of the effectiveness of combinatory therapy 

with conventional and new targeted agents.  

The relevance of autophagy in health and disease was recently highlighted when Yoshinori Ohsumi 

was awarded the Nobel Prize for Physiology or Medicine for his work elucidating the mechanism 

of autophagy [249]. Advancements in the understanding of autophagy and how this pathway can 

be used to improve the clinical outcomes of AML patients have come a long way. Nevertheless, 

the role of autophagy in the AML disorder remains controversial, with interventions to both stimulate 

and inhibit autophagy being proposed as cancer therapies [93, 147, 148, 152, 153, 169-172]. 
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The precise mechanism of autophagy in the AML context requires therefore further study. To 

validate the in vitro findings obtained with AML cell lines, it would be important to conduct the same 

experimental approaches with human primary AML cells. Nevertheless, such studies were 

impossible to perform due to the unavailability of the biological specimens. Instead, mRNA samples 

extracted from the bone marrow mononuclear cells (BM-MNCs) of AML patients, diagnosed and 

treated at IPO-Porto from 2005 to 2014, were used and the expression levels of essential 

autophagy-related genes were determined. Transcriptionally regulated genes were selected to 

minimize the impossibility of studying autophagy at the protein level. In this thesis, by comparing 

AML subjects with control donors, a reduced autophagy phenotype is suggested for AML. Indeed, 

the mRNA expression levels of the MAP1LC3B and ATG12 autophagy-associated genes were shown 

to be statistically decreased in the BM-MNCs of the AML individuals when compared to the BM-

MNCs of the control donors, as reported by other studies [93, 190-192]. A crosstalk between 

Beclin-1 and Bcl-2 to prevent the apoptosis of AML cells is also proposed in this thesis, after 

observing a higher BECLIN1 and BCL2 gene expression in the BM-MNCs of the AML patients than 

in the BM-MNCs of the control individuals. Indeed, in addition to its autophagic role, Beclin-1 has 

been recognized as fundamental for the anti-apoptotic activity of Bcl-2 [198]. In agreement with 

the findings herein obtained, increased BCL2 mRNA expression levels have been extensively 

reported in the AML context [199]. However, data concerning the expression pattern of BECLIN1 

in the BM-MNCs of AML patients have been debatable, with normal [193], reduced [93, 190, 191] 

and augmented [194] mRNA expression levels described. The heterogeneous nature of AML has 

a critical impact on the paradoxical role (both tumor suppressor and promoter) attributed to 

autophagy. Accordingly, the characterization of the autophagy pattern among different subtypes of 

AML becomes a pressing demand. In this thesis, by clustering AML patients according to their FAB 

subtype, a heterogeneous autophagic signature is proposed in the AML scenario, as suggested by 

the in vitro data obtained with AML cell lines. Indeed, a differential expression of core autophagy 

genes was revealed among the BM-MNCs of the different tested FAB AML subtypes. To the best of 

our knowledge, this is the first time that a characterization of autophagy among different subtypes 

of AML is performed. Curiously, authors studying autophagy in AML have clustered the different 

AML subtypes into the same group, comparing them with control donors. The FAB classification 

system is falling into disuse and being replaced by the World Health Organization (WHO) 

classification, a more detailed, complete and modern classification [23, 24]. However, the AML 

patients used in this thesis were classified at diagnosis using the FAB classification system, making 
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it impossible to characterize autophagy according to the WHO classification. The heterogeneity of 

the autophagic status in the AML disorder is once again proposed in this thesis when the AML 

patients are clustered according to their cytogenetic risk group or karyotype. In fact, a differential 

expression of essential autophagy genes was noticed among the BM-MNCs of distinct cytogenetic 

risk groups, as published by other studies [191, 201]. An increased expression of core autophagy 

genes was also found in the BM-MNCs of AML individuals with abnormal karyotype when compared 

to those with normal karyotype. In line with these findings, Folkerts, H. and co-workers reported a 

higher autophagy flux in AML patients with abnormal karyotype than with normal karyotype [202]. 

Taken together, data on the mRNA expression levels of autophagy-associated genes highlight not 

only the relevance of autophagy in the AML context but also the autophagic heterogeneity of AML. 

The molecular and clinical heterogeneity of AML results in varied responses to treatment, posing a 

challenge to personalized therapeutic schemes. Both patient and disease status should therefore 

be taken into consideration to make individual-based clinical decisions for AML patients.  

Despite advances in the understanding of the molecular mechanisms underlying the AML 

pathogenesis, the treatment of AML remains a major challenge. Data reported in this thesis, with 

clinical data of AML patients diagnosed and treated at IPO-Porto from 2005 to 2014, showed a 

trend towards reduced overall survival (OS) and relapse-free survival (RFS) in patients with both 

AML and type 2 diabetes mellitus (hereinafter called DM) when compared to AML patients without 

DM, pointing to DM as a predictor of worse outcome in AML, as documented by other authors 

[212, 250]. It should be noted that the small number of DM individuals in the AML cohort herein 

studied (OS: n=16; RFS: n=8) makes critical the continuity of this project to achieve statistical 

relevance. The expected sharp increase of DM in the upcoming decades [251] makes fundamental 

the elucidation of the mechanisms underlying the AML-DM association. Over the last years, studies 

have identified DM as a promoter of disturbances in the function of bone marrow mesenchymal 

stromal cells (BM-MSCs) [219-225]. Plus, the communication between AML cells and BM-MSCs 

has been widely implicated in the survival, proliferation and drug resistance of AML cells [203-

211]. Accordingly, the work herein presented aimed to clarify the impact of DM-induced alterations 

in the BM-MSCs on the pathogenesis of distinct subtypes of AML. In this thesis, by using human 

BM-MSCs and distinct AML cell lines, DM is disclosed as contributing to the development and 

progression of different AML subtypes, by changing the behavior of BM-MSCs. Indeed, in response 

to high glucose concentrations the BM-MSCs seem to change their secretome and/or extracellular 

vesicles (EVs) profile by releasing soluble signaling molecules and/or EVs that, upon long-term 
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contact, favor the survival and/or proliferation as well as the migration capacity of distinct AML cell 

types, mainly those with glycolytic dependence. The relevance of prolonged exposure to the 

increased AML cells tumorigenicity is demonstrated when no differences are detected in the 

tumorigenic phenotype of the different tested AML cell types between regular and high glucose 

levels upon acute exposure. To the best of our knowledge, this is the first study trying to get some 

clues about the impact of DM-induced disturbances in the BM-MSCs on the development and 

progression of distinct AML subtypes. The results herein obtained highlight, once again, the 

molecular heterogeneity of AML. Efforts to explore and describe the heterogeneous landscape of 

AML are therefore required for the optimization of AML therapies and the improvement of AML 

patients outcomes. 

In conclusion, the multidisciplinary work developed during this thesis, which proceeds from in vitro 

systems to more patient-based approaches, provides new insights into the contribution of the 

energetic, metabolic and autophagic networks as well as bone marrow microenvironment to the 

pathogenesis of distinct subtypes of AML. The heterogeneity of the AML disorder is proposed, with 

potential targets being identified for the treatment of specific AML subtypes.      
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