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Résumé : La leucémie aiguë myéloïde (LAM) est une hé-

mopathie maligne caractérisée par la présence de muta-

tions récurrentes dont celles affectant les gènes isocitrate 

deshydrogénase 1 et 2 (IDH1/2). Ces mutations induisent 

une néo-activité enzymatique et la production d’un onco-

métabolite, le D-2-hydroxyglutarate (D-2HG). L’impact des 

anomalies IDH sur le métabolisme des cellules leucé-

miques reste mal défini.  

 

Nous avons identifié une activité anormale de la voie des 

acides aminés branchés (ou branched-chain amino acid, 

BCAA, correspondant aux acides aminés essentiels valine, 

leucine et isoleucine) dans les blastes leucémiques de pa-

tients atteints de LAM avec anomalie IDH2, favorisant la 

synthèse de leucine (sens anabolique) alors que cette voie 

est d’ordinaire catabolique dans les cellules tumorales. 

Dans les blastes primaires, nous avons observé une surex-

pression du gène BCAT1 responsable du métabolisme de 

ces acides aminés et l’utilisation privilégiée d’un promo-

teur alternatif, associé à un remodelage de marques épi-

génétiques lié à la présence de la mutation. 

L’inhibition pharmacologique (gabapentine, inhibiteur 

BCAT1) et génomique (shRNA) de BCAT1 dans les cel-

lules leucémiques effondre la croissance cellulaire et in-

duit un excès d’apoptose dans différents modèles cellu-

laires, blastes primaires et modèles murins PDX compa-

rativement au contexte IDH non muté. L’inhibition de 

BCAT1 est également associée à un engagement de la 

différentiation myéloïde, privilégiée dans les cellules 

portant une anomalie IDH2.  

 

Notre travail révèle une reprogrammation métabolique 

spécifique des cellules leucémiques portant une anoma-

lie IDH2, caractérisée par une activité anabolique de la 

voie BCAA. L’inhibition de cette voie métabolique repré-

sente une approche thérapeutique intéressante dans les 

LAM avec anomalie IDH2, par son lien avec les proces-

sus de prolifération et de différenciation. 

 

 

Title : IDH2 mutations in acute myeloid leukemia confer specific sensitivity to BCAA metabolism inhibition 

Keywords : Isocitrate dehydrogenase, acute myeloid leukemia, branched chain amino acids, BCAT1 

 

Abstract : Acute myeloid leukemia (AML) is a hematologi-

cal malignancy characterized by the presence of recurrent 

mutations including those affecting the isocitrate dehydro-

genase 1 and 2 (IDH1/2) genes. These mutations induce a 

neomorphic activity and the production of an oncometab-

olite, D-2-hydroxyglutarate (D-2HG). The impact of IDH 

mutations on leukemia cell metabolism remains poorly 

defined.  

 

We have identified an abnormal activity of the branched-

chain amino acid (BCAA) pathway in primary IDH2 mutant 

AML cells, favoring leucine synthesis (anabolic direction) 

whereas this pathway is usually catabolic in tumor cells. In 

primary blasts, we observed an overexpression of the 

BCAT1 gene associated with a remodeling of epigenetic 

marks at the BCAT1 locus and leading to the use of an al-

ternate promoter. 

 

 Pharmacological (gabapentin, BCAT inhibitor) and ge-

nomic (shRNA) inhibition of BCAT1 in leukemic cells col-

lapses cell growth and induces  apoptosis in different 

mutant IDH2 cellular models, primary blasts and PDX 

mouse models compared to the wild type IDH2 context. 

Inhibition of BCAT1 is also associated with an engage-

ment of myeloid differentiation, which is favored in mu-

tant IDH2 cells. 

 

Our work reveals a specific metabolic reprogramming of 

leukemic cells harboring a IDH2 mutation, characterized 

by anabolic activity of the BCAA pathway. Inhibition of 

BCAT1 activity could represents an interesting thera-

peutic approach. 
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1 RESUME/ABSTRACT 

Introduction 

 

La leucémie aiguë myéloïde (LAM) est une maladie complexe et hétérogène sur le plan 

moléculaire qui se caractérise par l'accumulation de progéniteurs myéloïdes immatures. 

Les mutations somatiques affectant les gènes isocitrate déshydrogénase (IDH) 1 et 2 sont 

présentes dans ~20-25% des cas. Les gènes IDH codent pour une même fonction du 

cycle de Krebs, i.e., l’oxydation de l’isocitrate en alpha-cétoglutarate (αKG). Sous leur 

forme mutées, les enzymes IDH induisent l'accumulation d'un métabolite, le stéréoi-

somère D du 2-hydroxyglutarate (D-2HG) responsable de dérégulations énergétiques et 

de l’inhibition fonctionnelle de dioxygénases cellulaires dépendantes de l’αKG parmi les-

quelles des acteurs majeurs de l’épigenèse. La réversion du blocage de différenciation 

des blastes leucémiques est un paradigme thérapeutique important de la LAM. L’enasi-

denib et l’ivosidenib (inhibiteurs des enzymes IDH mutées) représentent aujourd’hui une 

stratégie de traitement innovante pour les patients atteints de LAM avec anomalie IDH. 

De nombreuses réactions enzymatiques utilisent l’αKG comme co-substrat, notamment 

les réactions de biosynthèse/dégradation des acides aminés (AA) par transamination. 

Nos études ont identifié une activité anormale de la voie métabolique des AA branchés 

(ou branched-chain amino acid, BCAA), plus particulièrement de la leucine, dans les 

blastes leucémiques avec anomalie IDH2.   

 

Méthodes 

 

Au cours de ce travail, nous avons : 

• étudié la production de leucine et d’alpha-cétoisocaproate ( KIC) issu de la 

transamination de la leucine, sur une cohorte indépendante d’échantillons 

primaires de patient LAM avec mutation IDH2 et en modèle cellulaire. 

• analysé le métabolisme de la leucine, de l’ KIC et d’autres métabolites, par 

des méthodes d’analyse de flux métaboliques basées sur l'analyse de radio-

isotopes marqués sur des blastes primaires de patients et en lignée cellulaire. 

• étudié la régulation transcriptionnelle du gène branched chain amino-transa-

minase 1 (BCAT1) dont l’activité contrôle le métabolisme de la leucine et de 

l' KIC, sur des blastes primaires de patients et en modèle cellulaire (RT-qPCR, 

CHIP-qPCR). 

• étudié les conséquences sur la leucémogénèse d’une inhibition pharmacolo-

gique et génétique de BCAT1, en lignées cellulaires et dans des modèles mu-

rins de type patient-derived xenograft (PDX). 

• étudié les liens entre l’activité de la voie BCAA, la production de leucine et 

l’activité de la voie mTOR. 

Résultats 

Nous avons observé un sens anabolique de la voie BCAA (habituellement catabolique 

dans les cellules cancéreuses et catabolique dans les cellules de LAM sans anomalie IDH) 

ainsi que l’accumulation de leucine de façon spécifique au sein des blastes primaires avec 

anomalie IDH2 et dans des modèles cellulaires. Dans ces cellules, nous avons observé 
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une surexpression du gène BCAT1 incluant l’utilisation privilégiée d’un promoteur alter-

natif, associé à un remodelage de marques épigénétiques lié à la présence de la mutation 

IDH2. L’inhibition pharmacologique (gabapentine, inhibiteur BCAT) et génomique 

(shRNA) de BCAT1 dans les cellules leucémiques effondre la croissance cellulaire et induit 

un excès d’apoptose dans différents modèles cellulaires, blastes primaires et modèle mu-

rins PDX avec anomalie IDH2, comparativement au contexte IDH2 non muté. L’inhibition 

de BCAT1 est également associée à un engagement de la différentiation myéloïde, privi-

légiée dans les cellules portant une anomalie IDH2. Nous avons montré que la mutation 

IDH2 est associée à une augmentation de l’activité de mTORC2 et une diminution de 

l’activité de mTORC1.  

 

Conclusions 

 

Notre travail révèle une reprogrammation métabolique spécifique des cellules leucé-

miques portant une anomalie IDH2, caractérisée par une activité anabolique de la voie 

BCAA. L’inhibition de cette voie métabolique représente une approche thérapeutique 

intéressante dans les LAM avec anomalie IDH2, par ses liens avec les processus de proli-

fération et de différenciation. 

 

Mots clefs : Isocitrate déshydrogénase, leucémie aigue myéloïde, acides aminés bran-

chés, BCAT1 
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Introduction 

 

Acute myeloid leukemia (AML) is a complex and molecularly heterogeneous disease 

characterized by the accumulation of immature myeloid progenitors. Somatic mutations 

affecting the isocitrate dehydrogenase (IDH) 1 and 2 genes are present in ~20-25% of 

cases. The IDH genes code for a reaction of the Krebs cycle, i.e., the oxidation of isocitrate 

into alpha-ketoglutarate (αKG). In their mutated form, IDH enzymes induce the accumu-

lation of an oncometabolite, the D-stereoisomer of 2-hydroxyglutarate (D-2HG) respon-

sible for energetic deregulations and functional inhibition of αKG-dependent cellular di-

oxygenases among which are major actors of epigenesis. Reversal of the leukemic blast 

differentiation blockade is an important therapeutic paradigm in AML. Enasidenib and 

ivosidenib (allosteric inhibitors of mutant IDH) now represent an innovative treatment 

strategy for patients with mutant IDH AML. A variety of enzymatic reactions use αKG as 

a co-substrate, including amino acid (AA) biosynthesis/degradation reactions via trans-

amination. Our studies identified abnormal activity of the branch-chain amino acid 

(BCAA) metabolic pathway, specifically leucine, in leukemic blasts mutated for IDH2. 

 

Methods  

 

In this study, we have: 

• investigated the production of leucine and alpha ketoisocaproate ( KIC) the keto 

acif from leucine, in an independent cohort of primary AML patient samples with 

IDH2 mutation and in cellular models. 

• analyzed the metabolism of leucine, aKIC and other metabolites, using metabolic 

flux methods based on the analysis of labeled radioisotopes on primary patient 

blasts and in cell lines. 

• studied the transcriptional regulation of the branched chain amino-transaminase 

1 (BCAT1) gene whose activity controls the metabolism of leucine and KIC, on 

primary blasts from AML patients and in cell lines (RT-qPCR, CHIP-qPCR). 

• studied the consequences on leukemogenesis of pharmacological and genetic 

inhibition of BCAT1, in cell lines and in mouse models of patient-derived xeno-

graft (PDX). 

• investigated the relationship between BCAA pathway activity, leucine production 

and mTOR pathway activity. 

 

Results  

 

We observed an anabolic direction of the BCAA pathway (usually catabolic in cancer cells 

as in AML cells devoid of IDH mutation) as well as leucine accumulation specifically in 

primary blasts with IDH2 mutation and in cellular models. In mutated IDH2 cells, we ob-

served an overexpression of the BCAT1 gene and the preferential use of an alternative 

promoter, associated with a remodeling of epigenetic marks linked to the presence of 
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the IDH2 mutation. Pharmacological (gabapentin, BCAT inhibitor) and genomic (shRNA) 

inhibition of BCAT1 in mutant IDH2 leukemic cells inhibits cell growth and induces apop-

tosis in cellular models, primary blasts and in PDX mice models, compared to the wild 

type IDH2 context. Inhibition of BCAT1 is also associated with an engagement of myeloid 

differentiation, favored in cells with IDH2 mutation. We showed that IDH2 mutation leads 

to increased mTORC2 activity and decreased mTORC1 activity. 

 

 

Conclusion 

 

Our study identifies a metabolic reprogramming of leukemic cells expressing a mutant 

IDH2, characterized by the anabolic activity of the BCAA pathway. Inhibition of this path-

way represents an interesting therapeutic approach in AML with IDH2 mutation, as it 

affects proliferation and differentiation processes. 

 

Keywords : Isocitrate dehydrogenase, acute myeloid leukemia, branched chain amino 

acids, BCAT1 
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3 LIST OF ABBREVIATIONS 

ACC : acetyl-CoA carboxylase 

ACO : aconitate hydratase 

ACLY : ATP-citrate lyase 

ACSS2 : acyl-CoA synthetase short-chain family member 2 

Ara-C : cytarabine 

αKA : α-ketoacids 

αKG : alpha-kétoglutarate 

αKIC : α-ketoisocaproate 

αKIV : α-keotisovalerate 

αKMV : alpha-ketomethylvalerate 

AMPK : AMP-activated protein kinase 

ALL : acute lymphoblastic leukemia 

ARCH : Age related clonal hematopoiesis 

ATM : ataxia telangiectasia mutated 

ADP : adenosine diphosphate  

AML : acute myeloid leukemia 

ATP : adenosine triphosphate 

ASXL1 : additional sex combs like 1 

BCAT1 : branched chain amino transferase 1 

BCAT2 : branched chain amino transferase 2 

BCL2 : B Cell Leukemia/Lymphoma 2 

BCOR  : BCL6 corepressor 

BM : bone marrow 

CEBPA : CCAAT/enhancer-binding protein alpha 

CH : clonal hematopoiesis 

CLP : common lymphoid progenitor 

CMP : common myeloid progenitor 

CR : complete response 

DHODH : dihydro-orotate dehydrogenase 

DCA : dichloroacetate 
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DCK : deoxycytidine kinase 

DDR : DNA damage repair 

DNA: desoxyribonucleic acid 

DNMT : DNA methyltransferase 

ELN : European LeukemiaNet 

ETC : electron transport chain 

ETS2 : E26 oncogene homolog 2 

EZH2 : enhancer of zeste homolog 2 

FAO : fatty acids oxidation 

FCM: flow cytometry 

FLT3 : fms-like tyrosine kinase 3 with internal tandem duplication 

G6PD : glucose 6 phosphate dehydrogenase 

GLUT1 : glucose transporter 1 

HSC : hematopoietic stem cell 

HMT : histone methyltransferases 

IDH1 : isocitrate deshydrogenase 1 

IDH2 : isocitrate deshydrogenase 2 

IDH3 : isocitrate deshydrogenase 3 

FABP4 : fatty acid-binding protein 4 

FIS1 : mitochondrial fission 1 

FLCN : Folliculin 

GDH : glutamate dehydrogenase 

GLS : glutaminase 

GMP : granulocyte/monocyte progenitor 

GOT : glutamate-oxaloacetate transaminase 

GPT : glutamate-pyruvate transaminases 

HIF1 : hypoxia inducible factor 1  

HPC : hematopietic progenitor cell 

HSC : hematopoietic stem cell 

LAT1 : L-type / large neutral amino acid transporter 1 

LDHA : lactate dehydrogenase A 

LMPP : lymphoid-primed multipotent progenitor 
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LSC : leukemic stem cell 

KGDH : αKG dehydrogenase 

KMT2A : lysine N-méthyltransférase 2A 

MCL1 : myeloid cell leukemia sequence 1 

NAD : nicotinamide adenine dinucleotide 

NADH : nicotinamide adenine dinucleotide 

NADPH : nicotinamide adenine dinucleotide phosphate 

NPM1 : nucleophosmin 1 

MDH1 : malate dehydrogenase 1 

MECOM1 : MDS1 And EVI1 Complex Locus 

MEP : megakaryocyte/erythrocyte progenitor 

MY : myelocyte 

NAPMT : nicotinamide phosphoribosyltransferase 

NGS : Next generation sequencing 

OXPHOS : oxidative phosphorylation 

PPARγ : peroxisome proliferator-activated receptor-γ 

PB : peripheral blood 

PDX : patient-derived xenografts 

PDK1 : pyruvate dehydrogenase kinase 1 

PEP : phosphoenolpyruvate 

PI3K : phosphoinositide 3-kinase 

PHF6 : PHD finger protein 6 

PKM2 : pyruvate kinase M2 

PM : promyelocyte 

PMN : polymorphonuclear neutrophil 

PPM1D : protein phosphatase Mg2+/Mn2+ dependent 1D 

PTPMT1 : Protein Tyrosine Phosphatase Mitochondrial 1 

RNA : ribonucleic acid  

ROS : reactive oxygen species 

RRM2b: ribonucleotide reductase regulatory TP53 inducible subunit M2B 

SIRT3 : sirtuine 3 

SIRT5 : sirtuine 5 
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SRSF2 : Serine And Arginine Rich Splicing Factor 2 

SREBPs : sterol regulatory element-binding proteins 

STAG2 : stromal antigen2 

TCA : tricarboxylic acid cycle 

TET : Ten-eleven-translocation hydroxylase 

TK1 : thymidine kinase 1 

TNF- α : tumor necrosis factor-α 

TP53 : tumor protein 53 

U2AF1 : U2 small nuclear RNA auxiliary factor 

VLCAD: very-long-chain acyl-CoA dehydrogenase 

ZRSR2 : zinc finger CCCH-Type, RNA binding motif and serine/arginine rich 2 
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4 INTRODUCTION 

4.1 METABOLISM IN HEMATOPOIETIC STEM CELLS: FROM QUIESCENCE TO COMMITMENT 

4.1.1 Hematopoietic stem cells characteristics and hierarchy 

In the era of Darwinism theory, Ernst Haeckel was the first to use the word stem cell in 

1868. Since the initial concept referring to the primordial unicellular organism from which 

all multicellular life descended has evolved. Despite extensive exploration on hematopoi-

etic system ontogenesis, the genuine origin of pre-hematopoietic stem cells (HSCs), 

which give rise to the definitive HSC line, is still rather unclear. Initially thought coming 

from the yolk sac, there is now increasing evidence that HSC originate from the embry-

onic aorta (aorta gonad mesonephros, AGM) and more specifically from an endothelial 

intermediate (hemogenic endothelium)1. Next, HSCs migrate to the fetal liver and spleen 

to ultimately reside in the bone marrow2. Embryonic and neonatal HSCs rapidly prolifer-

ate to constitute the HSC pool that will sustain all lifelong. In contrast, adult HSCs rarely 

divide3. These transitions from embryonic/neonatal stage to adult hematopoiesis require 

drastic alterations in metabolic state, which will not be developed in this manuscript. 

HSCs are characterized by pluripotency, self-renewal, and a specific phenotype, as well 

as engraftment into the hematopoietic organs. HSC hierarchy is still a matter of debate 

since the first model have been hypothesized in the early’s 2000. In this model, the first 

branch point segregates lymphoid potential to the common myeloid progenitor (CMP) 

that give rise to myeloid, erythroid, and megakaryocytic lineage, followed by several fur-

ther branching steps on either side of the tree progressing from multi- to bi- and finally 

unipotent progenitor cells (Figure 1A). Unraveling new surface markers by flow cytome-

try (FCM) suggested several modifications of this classical tree, including common lym-

phoid and myeloid fates (through the lymphoid-primed multipotential progenitors 

(LMPP)) remaining possible until further down the tree, an early megakaryocyte commit-

ment, as well as subdivision of the multipotent progenitor (MPP) compartment into dis-

tinct subpopulations (Figure 1B). There are several limits in these models. First, most of 

the studies assessing these concepts have been realized in mice models that might not 

be similar in humans. Second, most of the HSC subpopulation and progeny have been 

historically defined by FCM. However, it is now clear that the HSC pool itself is functionally 
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and molecularly heterogeneous. In addition, the differentiation state is defined by a col-

lection of metabolic and molecular properties. Around 70% of all expression changes 

between HSCs and early progenitors occur independently of lineage choice, with a similar 

observations at methylation and chromatin accessibility levels (reviewed in 4). Sustained 

by single cell transcriptomic analysis, these results combined with more stochastic pat-

tern of differentiation by FCM, defined HSC fate more as a continuum of differentiation. 

Velten and colleagues have investigated the fate decisions made during human adult 

hematopoiesis by presenting combined analysis of single-cell transcriptional and func-

tional data and found that whilst multipotent cells exist in the adult stem cell compart-

ment, the majority of blood progenitor cells are in fact unipotent (Figure 1C)5; these data 

are in agreement with a previous report6. The hierarchical or non-hierarchical relationship 

between multipotent HSCs that adopt distinct lineage-restricted fates remains however 

a debate topic, with recent revised roadmaps suggesting that the megakaryocyte/plate-

let-biased lineage arises independently of other hematopoietic fates7.  

 

 

Figure 1: Evolution of hematopoiesis models (from 4). In contrast to the traditional branch-

ing model with its stepwise progression from stem cells via multipotent to bipotent and 

finally unipotent progenitors (A, B) acquisition of lineage specific fates appear as a contin-

uous process where unilineage-restricted cells emerge directly from a continuum of undif-

ferentiated HSCs, without any transitional state through multi- and bipotent stages (C). A) 

HSC hierarchy state-of-the-art around the year 2000. B) Incorporation of new surface 

markers identifies HSC pool as a more heterogeneous entity. As a hallmark, the myeloid 

and lymphoid branches remain common further down in the hierarchy via the LMPP and 

MPP populations. C) Single cell transcriptomics studies suggest a continuum of differenti-

ation more than a temporal fixed state. 
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This evolutionary concept allows to depict more precisely pathophysiology, especially in 

acute leukemia. However, as initiating cells of acute leukemia, defined as leukemic stem 

cells (LSC), are thought to arise from HSC and/or their progeny, identifying their normal 

counterparts could be detrimental for treatment decision as leukemic cells from different 

lineage do not have the same chemosensitivity profile. As an example, transcriptomic 

studies identify that some acute myeloid leukemias (AML) were more closed to T-cell 

acute lymphoblastic leukemias (T-ALL) due to T-cells transcriptional enrichment or that 

some Ph+ ALL may in fact arise from a common myeloid progenitor despite B-cell en-

gagement of the leukemic progeny8.  

4.1.2 HSC metabolism 

HSCs reside in a hypoxic bone marrow environment as their metabolic requirements and 

adaptations to their niches evolved during development. These metabolic adaptations 

confer them distinct status from their differentiated progeny. At steady state, HSCs are 

non-proliferative cells maintained in a quiescent state, the G0 phase of the cell cycle. As 

HSC reside in a relatively reduced condition, they are termed reactive oxygen species 

(ROS)-low. They are mainly using anaerobic glycolysis and fatty acids oxidation (FAO) as 

source of energy while differentiated cells primarily rely on mitochondrial oxidative phos-

phorylation (OXPHOS). Upon response to cell-intrinsic or cell-extrinsic stimuli (stress, in-

fection, injury, inflammatory signals, regenerative context...), quiescent HSCs switch from 

glycolysis (their conversion of pyruvate to acetyl coenzyme A (acetyl-CoA) required to 

fuel the TCA cycle, is blocked) to OXPHOS to produce energy and metabolic substrates. 

Indeed, active proliferation cannot be sustained by the limited flux of glucose-derived 

intermediates to the TCA cycle. Therefore, regulation of TCA cycle flux by limiting sub-

strate/oxygen availability represents a level of control for determining HSC fate, i.e. de-

cision between quiescence, self-renewal or differentiation. This metabolic switch results 

in increasing amounts of TCA products, including acetyl-CoA and alpha-ketoglutarate 

(αKG); this switch also incudes an increase in NAD+ and S-adenosylmethionine (SAM) 

metabolites, that are essential to epigenetic modifiers such as the NAD+-dependent 

deacetylases sirtuins (SIR) and the histone methyltransferases (HMT). The activity of met-

abolic pathways, metabolic variation, and the environmental inputs (such as nutrient 

availability, hypoxia) impact the engagement of signaling pathways and the 
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concentration of substrates used to modify nucleic acids (including various RNAs species) 

and chromatin. Many of the chemical modifications that decorate RNA, DNA and his-

tones are adducts derived from intermediates of cellular metabolic pathways. In addition, 

numerous enzymes removing such genomic marks use metabolites as part of their en-

zymatic reaction. Thus, cellular metabolism constitutes a fundamental component of 

chromatin status and thereby of genome regulation.  

4.1.2.1 Energy-producing metabolic pathways  

Glycolysis is the process by which one molecule of glucose is converted into two mole-

cules of pyruvate and two hydrogen ions. Pyruvate is converted to acetyl coenzyme A 

(acetyl-CoA) which enters the tricarboxylic acid cycle (TCA) cycle, also called the Krebs 

cycle, enabling the production of ATP and nicotinamide adenine dinucleotide (NAD+) 

reduced (NADH), a critical coenzyme for enzymes that fuel multiple reduction-oxidation 

reactions. Under hypoxic conditions, glycolysis is a way for HSC to sustain low levels of 

energy as only 2 ATP molecules per glucose molecule are generated (mitochondrial res-

piration produces 36 ATP molecules per glucose molecule). This process is sustained by 

the serine-threonine kinase AKT that act primarily as a downstream target of the phos-

phoinositide 3-kinase (PI3K), the mechanistic target of rapamycin (mTOR, that belongs 

to the family of PI3K-related kinases, and that can participate into two distinct complexes, 

mTORC1 and mTORC2, cf. infra) and the hypoxia inducible factor 1 subunit alpha (HIF1α) 

which individually increase glycolysis through transcriptional upregulation or phosphor-

ylation of glucose transporters (such as the glucose transporter 1, GLUT1), glycolytic en-

zymes (as the lactate dehydrogenase A, LDHA) and metabolic regulatory enzymes (as the 

pyruvate dehydrogenase kinase 1, PDK1). HIF1α, together with HIF1β, also known as 

ARNT, forms the HIF1 activity and mediates an active switch from glycolytic to oxidative 

metabolism and vice versa9. Under normoxic conditions, HIF1α is hydroxylated by oxygen 

(O2)- and αKG-dependent prolyl hydroxylases (PHDs), then recognized by the von Hip-

pel-Lindau (VHL) tumor suppressor protein which recruits a specific ubiquitination com-

plex, and degraded by the proteasome. Under hypoxic conditions, HIF1α prolyl hydrox-

ylation is suppressed, stabilizing HIF1α protein. HIF1α is regulated by myeloid ecotropic 

viral integration site 1 homolog (MEIS1), a homeodomain transcription factor which is a 

critical regulator of adult bone marrow hematopoiesis. Compared to mature bone 
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marrow cells, HSCs have elevated levels of HIF1α and increased expression of hypoxia-

inducible genes, including those controlling glycolysis10. HSC-specific deletion of HIF1α 

or MEIS1 results in an increased mitochondrial respiration, decreased glycolytic flux, in-

creased ROS production and apoptosis of HSCs, indicating that mitochondrial metabo-

lism and apoptotic pathways are linked in HSC11. Self-renewing HSCs cannot properly 

work when they are unable to engage mitochondrial OXPHOS to generate energy. In-

deed, deletion of phosphatase and tensin homolog (PTEN)-like mitochondrial phospha-

tase (PTPMT1) induces a pyruvate influx block into mitochondria. This metabolic rewiring 

leads to a large expansion of the HSC pool in the mouse while preventing HSC differen-

tiation into downstream lineages; these observations indicate that interference with py-

ruvate entry into mitochondria deeply impacts HSC fate12.  

Despite low pyruvate income, mitochondria biogenesis remains active to provide enough 

acetyl-CoA which is necessary for HSC epigenetic regulation. Acetyl-CoA is generated in 

the mitochondria through the catabolism of glucose and amino acids and mainly by FAO; 

it is the acetyl donor for lysine acetylation reactions in mammalian cells, notably on his-

tone. Acetyl-CoA enters the TCA cycle where it combines with oxaloacetate to generate 

citrate. Citrate travels from the mitochondria and gets converted in both the cytosol and 

the nucleus to acetyl-CoA again by the ATP-citrate lyase (ACLY). The abundance of acetyl-

CoA correlates with the levels of global histone acetylation and is thus highly dependent 

on glucose availability, FAO, and mitochondrial respiratory function. Coupling of these 

processes has a functional significance; for instance, the decrease in intracellular acetyl-

CoA abundance that occurs during glucose deprivation induces histone redistribution to 

rewire transcriptional activity to favor pathways that produce acetyl-CoA for oxidation13. 

When sources of acetyl-CoA, such as glucose and acetate, are limited (metabolic stress), 

acetyl-CoA levels are maintained by acyl-CoA synthetase short-chain family member 2 

(ACSS2), which generates acetyl-CoA from acetate; nuclear ACSS2 forms complexes with 

transcription activators at the promoter regions of different sets of genes to locally sup-

port histone acetylation and activate gene expression programs14,15.  

4.1.2.2 The TCA cycle is a signaling hub  

Mitochondria and the nucleus maintain a bidirectional regulation and mitochondria con-

stantly communicate with the cytosol to initiate biological events under homeostatic and 
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stress conditions16. Indeed, cells check whether mitochondrial metabolism is fit before 

they engage in complex and highly demanding cellular functions, including differentia-

tion or adaptation to stress and reversely, mitochondria regulate the expression of genes 

to facilitate cellular functions (Figure 2). 

Isocitrate oxidation by NADP-dependent isocitrate dehydrogenases (IDH) enzymes lead 

to αKG production, a metabolite at the center of a wide range of physiological processes 

besides cellular metabolism (Figures 2 and 3). Indeed, αKG is the co-substrate of 

Fe(II)/aKG-dependent dioxygenases, a family of enzymes that catalyze the oxidative de-

carboxylation of αKG producing succinate and CO2 from O2. αKG is notably a substrate 

of dioxygenase enzymes involved in DNA repair as the AlkB family of enzymes, in the 

regulation of histone as the jumonjiC domain-containing histone lysine demethylases 

(KDM2-7) which are the major histone demethylases, and the members of the ten eleven 

translocation hydroxylases (TET1-3) family involved in DNA demethylation (Figure 3). 

Low activity of IDH enzymes leads to high density chromatin structure, hypermethylated 

phenotype and, therefore, gene repression. Specifically, histone acetylation by histone 

acetyltransferases relies on the availability of acetyl-CoA14. Other TCA cycle metabolites 

have diverse non-metabolic signaling roles. For example, acetyl-CoA, itaconate, succin-

ate, fumarate, and L-2 hydroxyglutarate (L-2HG, a metabolite produce from αKG, cf. infra) 

can alter the response of both the innate and adaptive immune systems by rewiring the 

epigenetic landscape of the cells through inhibition of histone and DNA demethyl-

ases17,18. 
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Figure 2 : Cellular energy generation pathways (from 19). In a cell with normal mitochon-

drial function, ATP is generated in the cytosol through glycolysis and in the mitochondria 

through the coupling of the TCA cycle and OXPHOS. OXPHOS is driven by NADH, which is 

produced in the TCA cycle and shuttled into the mitochondria from glycolysis. The glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) reaction in glycolysis consumes cytosolic 

NAD+, which is regenerated by the malate dehydrogenase 1 (MDH1) reaction. 

 

Another energy-producing metabolic pathway providing αKG is glutaminolysis, in which 

deamination of glutamine (a nutritionally semi-essential amino acid) by glutaminase 

(GLS) gives rise to glutamate; subsequent deamination of glutamate by glutamate dehy-

drogenase (GDH) produces αKG and ammonia. αKG is also produced through glutamine 

transamination into α-ketoglutaramate, which after an ɷ-amidase-catalyzed hydrolysis 

(active both in cytosol and mitochondria), releases αKG and ammonia. α-ketoglutara-

mate, that is a ketoacid, is involved in amino acids metabolism (Figure 3A). Other en-

zymes, including glutamate-pyruvate transaminases (GPT1/2) and glutamate-oxaloace-

tate transaminase (GOT1/2), can also produce αKG, allowing parallel synthesis of alanine 

and aspartate respectively, that can also be used as precursors for TCA cycle intermedi-

ates and protein synthesis. 
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Figure 3: The metabolite αKG is involved in a plethora of physiological reactions besides 

fueling TCA cycle and OXPHOS (from 20). A) αKG biosynthetic pathways; αKG originates 

from transamination of glutamine by glutamine transaminases (GTs) or glutamate by glu-

tamate-pyruvate transaminase 1 (GPT1)/glutamic-oxaloacetic transaminase 1 (GOT1), in 

the presence of pyruvate (Pyr)/oxaloacetate (OAA) respectively; inside the mitochondria, 

GPT2 and GOT2 isoforms catalyze the same reactions. B) αKG is involved in multiple cel-

lular processes. For examples, αKG induces global histone and DNA demethylation; abun-

dance of αKG regulates PHDs activity thus controls the response to hypoxic environment; 

αKG activates PHD1 to induce nuclear factor-kappa B (NF-κB) degradation; collagen fibers 

hydroxylation at proline residues by αKG-dependent proline 4-hydroxylase allows collagen 

monomers stabilization. 

 

The survival of quiescent HSCs in the anaerobic bone marrow niche is dependent on an 

active glycolysis. The use of anaerobic glycolysis has a protective advantage for resting 

HSCs, given that the alternative metabolic pathway, mitochondrial OXPHOS (OXPHOS 

refers to the redox reactions involving the flow of electrons along a series of membrane-

bound proteins, coupled with the generation of ATP, oxidative phosphorylation is the 

fourth and final step in cellular respiration), is associated with the production of DNA-

A. 

B. 
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damaging ROS. However, anaerobic glycolysis is a relatively inefficient method of ATP 

production and HSCs undergoing self-renewal or differentiation-associated divisions 

have robust energy demands. Active proliferation cannot be sustained by the limited flux 

of glucose-derived intermediates to the TCA cycle. In line, disrupting mitochondrial 

OXPHOS upon the loss of protein tyrosine phosphatase mitochondrial 1 (PTPMT1), a mi-

tochondrial phosphatase targeting phosphatidylinositol phosphates (PtdIns3P/PI(3)P) 

blocks early HSC differentiation21. 

This metabolic switch results in increasing amounts of TCA products, including acetyl-

CoA and αKG; this switch also includes an increase in NAD+ and S-adenosylmethionine 

(SAM) metabolites, that are essential to epigenetic modifiers such as the NAD+-depend-

ent deacetylases sirtuins (SIR) and enzymes that use SAM as a methyl-group donor as 

the histone methyltransferases (HMT), DNA methyltransferases (DNMT), TET and JmjC 

proteins (Figure 4A). These enzymatic reactions are critical for the dynamic regulation of 

gene expression in response to commitment and differentiation and the reaction rates 

of these enzymes are highly responsive to substrate availability. Thus, regulation of TCA 

cycle flux (by limiting substrate/oxygen availability) represents a level of control for de-

termining HSC fate, i.e., decision between quiescence, self-renewal, or differentiation. In 

line, the maintenance of stem cells pluripotency has been associated with αKG levels22,23 

and modification of αKG levels is sufficient to regulate chromatin modifications such as 

H3K9me3, H3K27me3, H4K20me3 (repressive chromatin marks) and TET-mediated DNA 

demethylation22 (Figure 4B).  
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Figure 4: Metabolic pathways provide substrates for enzymes that modify chromatin (from 
24). A) Metabolic pathways implicated in the generation of carbon groups required for meth-

ylation (turquoise), acetylation (orange), or demethylation (dark blue) of chromatin. Tetra-

hydrofolate (THF); S-adenosylhomocysteine (SAH); methyltransferases (MT); pyruvate de-

hydrogenase complex (PDC) (B) Chromatin modification reactions that require intermedi-

ary metabolites. 5-methylcytosine (5mC); 5-hydroxymethylcytosine (5hmC); histone acetyl-

transferases (HATs); Jumonji-domain containing histone demethylases (JMJD); histone ly-

sine methyltransferases (KMT); YFG, your favorite gene. SAM is the major methyl donor for 

methylation of cytosine bases in DNA and histone residues by DNA methyltransferases 

(DNMTs) and histone methyltransferase (HMTs), respectively. Acetyl-CoA is an essential 

substrate for acetylation of histone residues carried out by HATs. 

 

As shown Figure 5, the glycolytic metabolism and TCA cycle in HSCs are interlinked with 

numerous metabolic pathways as glutamine metabolism, branched-chain amino acid 

(BCAA) catabolism (IDH-derived αKG can be transaminated to glutamate through the 

BCA transaminase-1 or 2 (BCAT1/2); cf. infra) or FAO25, 26. Notably, fatty acids are trans-

ported into the cells and are activated in the cytoplasm to Acyl-CoA. Fatty acyl-CoA en-

ters the mitochondria where it is a substrate for FAO, generating acetyl-CoA that, like 

glucose, fuels the TCA cycle. FAO is utilized as an energy source by both HSCs and more-

 
 

A 

B 
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committed progenitors to aid self-renewal and differentiation. Inhibiting FAO has been 

shown to reduce HSCs capability; the peroxisome proliferator-activated receptor delta 

(PPARδ), a transcriptional nutrient sensor and regulator and the FAO pathway, both 

downstream of PML, provide the required energy to allow for the proper execution of 

asymmetric (HSC-preserving) versus symmetric (HSC-exhausting) division27. 

 

Figure 5: Overview of metabolic pathways contributing to HSC homeostasis and differenti-

ation (from 28). Metabolic pathways regulate various stem cell behaviors (e.g., self-renewal, 

migration, and differentiation) by modulating energy production through glycolysis or ox-

idative phosphorylation and by regulating the generation of metabolites, which can mod-

ulate multiple signaling pathways. 

 

4.1.2.3 Nutrient sensing pathway: the mTORC1 signaling network 

To respond to the status of energy and/or nutrient availability in the extracellular envi-

ronment, HSC have several sensors responsible for maintaining cell homeostasis with the 

extracellular environment, such as the serine/threonine kinase AMP-activated protein ki-

nase (AMPK), which senses cellular AMP levels and coordinates a metabolic switch from 

anabolism toward catabolism under energy deprivation conditions (as hypoxia or hypo-

glycemia). Compared to mature bone marrow cells, HSCs exhibit increased rates of 
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glucose consumption and lactate production, and decreased rates of OXPHOS and O2 

consumption10. The serine/threonine kinase LKB1 also balances proliferation and quies-

cence in HSCs by regulating cell survival, cell cycle progression and mitochondrial func-

tion29. Although LKB1 is known to limit cell growth in the absence of nutrients by phos-

phorylating AMPK, thereby inhibiting mTORC1 signaling (cf. infra), most of the effects of 

LKB1 on HSC homeostasis are independent of AMPK and mTORC1, but downstream ef-

fectors of LKB1 signaling include AMPK-related kinases. 

Another important sensor is the mTORC1 complex (AMPK is one of the key regulators of 

mTORC1 activity in response to glucose) and is essential for HSC homeostasis. mTORC1 

plays a central role in regulating the production of proteins, lipids, and nucleotides while 

also in suppressing catabolic pathways such as autophagy (reviewed in 30); therefore 

mTORC1 controls the balance between anabolism and catabolism in response to envi-

ronmental conditions, and coordinates cell growth and metabolism with environmental 

inputs including nutrients and growth factors (Figure 6A). mTORC1 also regulates mito-

chondrial functions as mitochondrial biogenesis, mitophagy, mitochondrial fission 

and/or fusion. The activity of mTORC1 is coordinated with the activity of the other amino 

acid-sensing kinase, i.e., the general control nonderepressible 2 (GCN2), whose function 

in HSC is not well defined.  

While mTORC1 regulates cell growth and metabolism, mTORC2 instead controls prolif-

eration and survival. The most important role of mTORC2 is likely the phosphorylation 

and activation of serine-threonine kinase AKT, a key effector of insulin/ PI3K signaling. 

AKT activation notably regulates the activity of FOXO transcription factors (FOXO1, 

FOXO3, FOXO4, and FOXO6) that participate in the transcription of genes involved in 

cell-cycle arrest, apoptosis, and detoxification of ROS (e.g., p21, p27, BIM, PUMA, 

SESTRIN3) which are detrimental for HSC31. AKT directly regulates the activity of glycogen 

synthase kinase 3 beta (GSK-3β), a kinase that modulates proliferation in response to 

various stimuli, and that is one of the subtypes of the serine/threonine kinase GSK3; AKT 

phosphorylates GSK-3β to an inactive form. Unexpectedly, mTORC2 signaling is regu-

lated by mTORC1, due to the presence of a negative feedback loop between mTORC1 

and insulin/PI3K signaling.  

HSCs have a relatively low PI3K-AKT-mTOR activity compared to more mature cells or 

progenitors. Indeed, mTORC1 hyperactivation in HSC leads to HSC depletion through the 
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induction of multiple tumor suppressors, including cyclin-dependent kinase inhibitor 2A 

(CDKN2A/p16Ink4A), TP53, ROS production32, 33. In line, deletion of mTORC1 negative 

regulators, as phosphatase and tensin homolog (PTEN), tuberous sclerosis 1 (TSC1), pro-

myelocytic leukemia protein (PML) and F-box/WD repeat-containing protein 7 (Fbxw7), 

results in similar observation such as HSC depletion through hyperproliferation and de-

fective repopulating potential. Under stress, the AKT-mTOR upregulation is one of the 

major mechanisms driving dormant HSCs to cycle, thus meeting the demand of hema-

topoiesis. mTORC1 also responds to intracellular and environmental stresses incompati-

ble with cellular growth (low ATP levels, hypoxia, or DNA damage)30. In summary, both 

hyperactivation and inhibition of the PI3K-AKT-mTOR impair HSC self-renewal and re-

duce the HSC pool thus resulting in hematopoietic diseases. (Figures 6A and 6B).  

mTORC1 signaling is also strongly implicated in amino acid sensing (Figure 6C). mTORC1 

senses both intra-lysosomal and cytosolic amino acids through several mechanisms that 

are not all coupled to the control of the Rag GTPase-mTORC1 axis. Cytosolic leucine, an 

essential amino acid, and arginine, signal to mTORC1 through a pathway comprising the 

GATOR1 and GATOR2 complexes. Under leucine, but not arginine, deprivation condi-

tions, SESTRIN2 (a direct leucine sensor upstream of mTORC1) inhibits GATOR2 whereas 

leucine stimulation causes SESTRIN2 dissociation from GATOR2. SESTRIN2 is regulated 

by the stress-responsive activating transcription factor 4 (ATF4), which is activated by 

long-term amino acid deprivation and other cellular stresses34. Cytosolic arginine also 

activates mTORC1 through the GATOR1/2-Rag pathway by directly binding the arginine 

sensor CASTOR1 (cellular arginine sensor for mTORC1). Like SESTRIN2, CASTOR1 binds 

and inhibits GATOR2 in the absence of arginine and dissociates upon arginine binding 

to allow mTORC1 activation.  
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Figure 6: mTORC1 and mTORC2 serve as hubs to regulate many cellular processes and are 

central in growth factors and nutrients sensing in HSC (from 35). (A) Signaling pathways 

upstream of mTORC1 and mTORC2. Positive regulators of mTORC1 signaling are shown 

in yellow, negative regulators are shown in blue. The mTORC1 complex includes DEPTOR 

and PRAS40 (negative regulators) and RAPTOR and mSLT8 (positive regulators). mTORC1 

is regulated by a complex of Ras-related GTPases (Rag) that control mTORC1 localization 

to the lysosomal surface in response to nutrient levels; Rag GTPases mediate also glucose 

sufficiency36. mTORC2 activity is primarily regulated by class IA PI3Ks. Following activation 

by upstream signals (growth factors, nutrient status, oxygen level) PI3K is recruited to the 

cell membrane where it converts phosphatidylinositol (4,5)-bisphosphate (PIP2) to phos-

phatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 recruits 3-phosphoinositide-dependent 

protein kinase-1 (PDK1) and AKT to the plasma membrane where PDK1 activates AKT. The 

primary negative regulators of the PI3K-mTOR pathway are PTEN, TSC1 and TSC2. PTEN 

converts PIP3 to PIP2 and subsequently inhibits the recruitment of PDK1 to the plasma 

membrane. TSC2 is a GTPase-activating protein, and it is associated with TSC1 for inacti-

vating the small G protein Ras homolog enriched in brain (Rheb). AKT phosphorylates TSC2, 

which results in binding of TSC2 to 14-3-3 and subsequent reduction in GAP activity of the 

TSC1/TSC2 complex. GTP-bound Rheb phosphorylates and subsequently activates 

mTORC1. (B) mTORC1 drives ATP-consuming anabolic processes necessaries for prolifera-

tion and growth (protein and lipid synthesis), controls ribosome biogenesis and several 

metabolic processes (for example, the OXPHOS; mTORC1 also increases the ATF4-depend-

ent expression of methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2 

(MTHFD2), a key component of the mitochondrial tetrahydrofolate cycle that provides one- 

carbon units for purine synthesis; mTORC1-dependent activation of sterol regulatory ele-

ment-binding protein (SREBP) leads to increased flux through the oxidative pentose phos-

phate pathway (PPP)) and inhibits autophagy (for example, ULK1 is a kinase that forms a 

complex with ATG13, FIP2000, and ATG101 and drives autophagosome formation; the 

C 
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transcription factor EB (TFEB) drives the expression of genes for lysosomal biogenesis and 

the autophagy machinery). (C) The nutrient sensing pathway upstream of mTORC1. 

mTORC1 activation is coupled to diet-induced changes in amino acid concentrations. 

Amino acids inside the lysosomal lumen alter the Rag nucleotide state through a mecha-

nism dependent on the lysosomal v-ATPase, which interacts the Ragulator-Rag complex to 

promote the guanine-nucleotide exchange factor (GEF) activity of Ragulator toward 

RagA/B. The lysosomal amino acid transporter SLC38A9 interacts with the Rag-Ragulator-

v-ATPase complex and is required for arginine to activate mTORC1. GATOR1 consists of 

DEPDC5, Nprl2, and Nprl3 and inhibits mTORC1 signaling by acting as a GAP for RagA/B. 

The KICSTOR complex (consisting of Kaptin, ITFG2, C12orf66, and SZT2) tethers GATOR1 

to the lysosomal surface and is necessary for the appropriate control of the mTORC1 path-

way by nutrients. GATOR2 is a complex comprising Mios, WDR24, WDR59, Seh1L, and 

Sec13 and is a positive regulator of mTORC1 signaling that interacts with GATOR1 at the 

lysosomal membrane. In addition to sensing leucine for its activation, CASTOR proteins 

were identified as a putative arginine sensor for the mTORC1 pathway, which is activated 

by extracellular arginine and interacts with GATOR2 and activate mTORC1 via promotion 

of the hetero-dimerization of GTP-RagA and GDP-RagC 37. 

 

Aminoacyl-tRNA synthetases are critical enzymes for protein synthesis by ligating amino 

acids to their corresponding tRNAs but also for protein homeostasis by sensing amino 

acid availability. Han and colleagues pinpointed that leucyl-tRNA synthetase functions as 

a leucine sensor for mTORC1 by its activity as a GTPase-activating protein (GAP) for 

RagD38. 

The mTORC1 complex also plays the major role in the regulation of protein translation. 

mTORC1 phosphorylates the ribosomal protein S6 kinase beta-1 (S6K1), also known as 

p70S6 kinase (p70S6K, p70-S6K) on its hydrophobic motif site, Thr389, enabling its phos-

phorylation and activation by PDK1. S6K1 activates several substrates that promote 

mRNA translation initiation, including eukaryotic translation initiation factor 4B (eIF4B), a 

positive regulator of the 5’cap binding eIF4F complex. mTORC1 also phosphorylates the 

eIF4E-binding protein 1 (4E-BP1) and promotes its dissociation from eIF-4E, thereby al-

lowing eIF-4E to interact with eIF-4A and eIF-4G to accelerate the translation of cap-

dependent protein. In line, mTORC1 supports mitochondrial biogenesis during erythro-

poiesis and mTORC1 inhibition leads to reduced red blood cell counts (Figure 6B)39. 
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Summary points:  

- HSC metabolism is regulated during differentiation; this regulation is based on hypoxia 

condition imposed by the bone marrow microenvironment and nutrients availability.  

- HSC glycolytic metabolism is progressively shutdown during differentiation. The switch 

from aerobic glycolysis to OXPHOS is necessary and sufficient to recruit quiescent HSCs 

into hematopoiesis, and rapidly abolishes the self-renewal capacity of the cells. This 

switch allows energy production for biosynthesis proliferation.  

- αKG production through IDH activity (TCA cycle) and glutaminolysis is associated to a 

wide range of physiological processes besides cellular metabolism. 

- TCA is at the crossroads between energy metabolism and epigenetics and metabolite 

availability influence chromatin modifications and gene expression. 

 

4.2 ISOCITRATE DEHYDROGENASE (IDH) ENZYMES 

4.2.1 IDH metabolic properties 

In all eukaryotic cell types except mature red blood cells, three different IDH paralogs 

exist. In the cytosol and peroxisomes, IDH1 (the IDH1 gene is located in 2q33.3) catalyzes 

the oxidative decarboxylation of isocitrate to αKG with a highly unstable intermediate 

state (oxalosuccinate), and produces carbon dioxide (CO2) while reducing cofactors 

NAD(P)+ (used as electron acceptor) to NAD(P)H. This reaction is bidirectional as the re-

ductive carboxylation of αKG to isocitrate oxidizes nicotinamide adenine dinucleotide 

phosphate (NADPH) to NADP+ (Figure 7). IDH2 (gene located in15q26.1) catalyzes the 

same reversible reaction within the mitochondria. This reaction requires binding to a di-

valent metal ion, typically Mn2+ or Mg2+. 
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Figure 7: IDH1 and IDH2 enzymes catalyze a two-step reaction. First, isocitrate is oxidized 

to oxalosuccinate), with concomitant reduction of NADP+ to NADPH. Second, oxalosuccin-

ate losses its beta-carbonyl group, which is released as CO2, giving rise to the formation of 

aKG. The IDH3-mediated reaction is unidirectional. The reverse reaction is a reductive car-

boxylation. 

 

Most of the TCA is sustained inside the mitochondria, thus the contribution of IDH1 is 

less understood, except that the isoforms may facilitate cofactors accessibility in these 

different subcellular compartments.  

At a protein level, IDH1 and IDH2 are both hetero-tetrameric enzymes with 2α:1β:1γ sub-

unit ratio, that function as homodimers. The IDH1 and IDH2 polypeptides are very similar, 

with an overall of 42% sequence identity40. Despite differences in cofactor specificity and 

allosteric properties, IDH1 and IDH2 are much more closely related to the E. coli NADP+-

specific enzyme (approximately 32% residue identity) than are the yeast NADP+-specific 

enzymes (less than 15% residue identity), suggesting a possible conservation of structure 

related to function in the TCA cycle41. The α and β subunits form a heterodimer (αβ) and 

the α and γ subunits form another heterodimer (αγ), which are assembled into a hetero-

tetramer (α2βγ) and further into a hetero-octamer (the hetero-tetramer and hetero-oc-

tamer are sometimes called holoenzyme). The α subunit is essential for the catalytic ac-

tivity whereas the β and γ subunits play regulatory roles in the α2βγ hetero-tetramer. The 

activity of the α2βγ hetero-tetramer is positively regulated by citrate and ADP and inhib-

ited by ATP and NADH42,43. The active site, formed by the large and small domains of one 

subunit and a small domain of the other subunit, includes the NADP+-binding and the 

intramolecular charge transfer (ICT)-metal ion-binding site (Figure 8). In order to initiate 

substrate binding, subunits defining the catalytically active site modify their structure as 

one transform into an asymmetric open conformation, while the other adopts a quasi-

open conformation. The catalytically active enzyme is based upon ICT binding in a closed 

conformation.  

Main IDH regulation is based on self-regulatory mechanisms through hetero-tetrameric 

interactions. In the inactive enzyme configuration, Asp279 occupies the isocitrate-binding 

site and forms hydrogen bonds with Ser94. Isocitrate allosterically breaks the hydrogen 

bonds between these residues and enables Asp279 to chelate the metal ion which is nec-

essary to reach the active enzyme configuration. However, IDH enzymes are also indi-

rectly regulated by upstream substrates such as citrate; the α2βγ hetero-tetramer and αγ 
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heterodimer can be allosterically activated by citrate and ADP. Ma and colleagues re-

ported that binding of the citrate induces significant conformational changes at the al-

losteric site, which are transmitted to the active site through the heterodimer interface, 

leading to stabilization of the isocitrate binding at the active site and activation of the 

enzyme43. The Lys256 residue is also important for the catalytic activity, as it keeps the 

substrate binding pocket accessible for and enables binding of ICT; in line, Lys256 acety-

lation reduces IDH2 activity44. 

                

Figure 8: IDH1 protein secondary structure. A) IDH1 has 3 conformation states: an inactive 

open, an inactive semi-open, and a catalytically active closed conformation. IDH1 com-

prises two monomers which each consist of a large domain (residues 1–103 and 286–414,), 

a small domain (104–136 and 186–285) and a clasp domain (137–185). The clasp domain 

holds the two subunits together and define the catalytic active site. B) (from 45) Simplified 

schematic representation of IDH1 in its inactive state (open). Two clefts are present on ei-

ther side of the clasp domain: a shallow and a deep cleft. The deep cleft lies between the 

large and small domain of one monomer and the small domain of the second monomer. 

The deep cleft contains the active binding site for NADP+. The two clasp regions join the 

two monomers together. In the inactive open conformation, Asp279 occupies the position 

where the isocitrate substrate normally forms hydrogen bonds with Ser94. This steric hin-

drance is relieved in the active closed conformation. 

 

IDH3 is a hetero-tetramer with two α-subunits (the IDH3A gene is located on 15q25.1–

q25.2), one β-subunit (IDH3B gene on 20p13), and one γ-subunit (IDH3G gene on Xq28). 
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IDH3 is NAD-dependent and catalyzes the irreversible conversion of isocitrate to αKG 

while reducing NAD+ to NADH46. This isoform is principally regulated by substrate avail-

ability (i.e., isocitrate and NAD+) and inhibited by ATP and its products (i.e., αKG and 

NADH)47. Allosteric effectors are also involved in its activity such as calcium, ADP, and 

citrate that activate its catalytic activity, whereas ATP, NADH, and NADPH inhibit its ac-

tivity48. Thus, when NADH or αKG levels are elevated (due to high mitochondrial energy 

level or elevated αKG production from glutamate and glutamine), mitochondrial ICT level 

increases due to IDH3 inhibition. The αKG produced by IDH3 is metabolized to succinate, 

and the NADH is used by the electron transport chain (ETC) to generate ATP 49. When 

mitochondrial NADH/NAD ratio is high ( i.e., due to high energy level), mitochondrial 

metabolites as citrate are exported to the cytosol to participate in anabolic processes 

(this process allows to shuttle citrate out of mitochondria instead of utilizing it by TCA 

cycle). IDHs play important roles in both the occurrence and the regulation of these pro-

cesses.  

The 3 IDH isoforms have overlapping but no redundant roles in metabolism including, 

but not limited to, mitochondrial OXPHOS, glutamine metabolism, lipogenesis, glucose 

sensing, and regulation of cellular redox status (Figure 9). IDH1 is involved in lipid me-

tabolism (in addition αKG is a key factor in fatty acid production through reductive car-

boxylation, whereas IDH2 might be more involved in the regulation of oxidative respira-

tion50. In addition, IDH1 is involved in glucose sensing. In mammalian pancreatic islets, 

Ronnebaum and colleagues showed that knockdown of IDH1 results in impairment of 

glucose-stimulated insulin secretion and significant modification of lactate metabolism. 

This knockdown promoted glucose incorporation into fatty acids and glucose-induced 

increases in NADPH/NADP+51. In this cycle, glucose-derived pyruvate enters the TCA cy-

cle through pyruvate carboxylase, that catalyze the ATP– dependent carboxylation of py-

ruvate to oxaloacetate. Several enzymatic step conduct to isocitrate, that ultimately exits 

the mitochondria. IDH1 converts this isocitrate to αKG, thus producing NADPH. It is 

thought that αKG and/or NADPH promote insulin secretion, possibly by modulating αKG 

hydroxylases or voltage-gated potassium channels, respectively52. The potential role for 

IDH1 in glucose metabolism is also supported by IDH1 overexpression in mice models 

that induce overactive glucose-stimulated insulin secretion phenotype, fatty liver, hyper-

lipidemia, and obesity53.  
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Figure 9: Metabolic properties of wild type IDH enzymes (from 54). Depending on the iso-

form, the cofactor, and the localization, IDH enzymes are involved in different cellular pro-

cesses including mitochondrial energy production, glutamine metabolism, lipogenesis, ep-

igenetic profile, cell responses to hypoxia and cellular redox status. IDH1 and IDH2 are 

homodimeric NADP+-dependent enzymes and catalyze the ATP-dependent carboxylation 

of pyruvate to oxaloacetate  are localized in different cellular compartments. IDH1 is in the 

cytoplasm whereas IDH2 is expressed in mitochondria. In contrast, IDH3, also expressed in 

the mitochondria, uses NAD+ as cofactor, forms heterodimers or hetero-tetramers com-

posed of αβ and αγ subunits and works in an irreversible manner (which is the opposite for 

IDH1 and IDH2). Inside the mitochondria, metabolites are processed for energy generation, 

mostly through TCA and the production of NADH. NADH, rich in reduced electrons, is used 

by mitochondrial ETC to produce ATP. In the reductive carboxylation reaction, citrate is 

formed from isocitrate by ACO by reducing αKG and consuming CO2. This reaction confers 

a tight regulation of cellular energy thanks to mitochondrial transhydrogenase enzymes. 

These enzymes are able to regulate mitochondrial NADH and NADPH interconversion for 

energy homeostasis but are also critical for fatty acids production in the peroxisome. As 

reactions catalyzed by IDH1 and IDH2 are reversible, the directionality relies the relative 

Km values of the forward oxidative reaction and the reverse reductive carboxylation reac-

tions. The αKG/citrate ratio is also a critical determinant of glutamine-dependent reductive 

carboxylation, that is inhibited by NADP+ and isocitrate levels. 

 

The reductive carboxylation retains glutamine as a crucial growth-promoting nutrient 

when mitochondrial metabolism is impaired55; in cells with mitochondrial dysfunction, 

the malate dehydrogenase 1 (MDH1) reaction directly couples reductive carboxylation to 

glycolysis (Figure 10)56. 
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Figure 10: Relationship between mitochondrial function, reductive carboxylation, and gly-

colysis (from 19). In the event of mitochondrial dysfunction, glutamine carbon metabolism 

is shifted to reductive carboxylation in the cytosol, providing oxaloacetate to fuel the MDH1 

reaction and thus facilitate glycolysis.  

In addition, IDH-dependent reactions produce NADPH, which is necessary for multiple 

cellular processes. NADPH is a key cellular reducing agent, required for detoxification 

processes through reduction of glutathione, thioredoxins, activation of catalase and cy-

tochrome P450, which are all involved in the protection against ROS. NADPH is also in-

volved in the breakdown of lipids for energy. By providing mitochondrial NADPH for 

NADPH-dependent antioxidant enzymes, IDH maintain a pool of reduced glutathione 

and peroxiredoxin. These molecules protect mitochondria from ROS-mediated oxidative 

damage (as lipid peroxidation and DNA damage), and from other stresses (heat shock, 

tumor necrosis factor-α (TNF-α) indicating that IDH are also important for cell stress re-

sponses. In line, Mailloux and colleagues have shown that IDH activity increases in re-

sponse to a variety of oxidative stress, while activity of other TCA cycle enzymes, includ-

ing αKG dehydrogenase (KGDH) and IDH3, decreases57. Park and colleagues have shown 

that IDH1 or IDH2 deficiency leads to increased lipid peroxidation, oxidative DNA dam-

age, intracellular peroxide generation, and decreased survival after oxidant exposure and 

that overexpression of either IDH suppress ROS accumulation58. However, as the main 

source of NADPH comes from glucose 6 phosphate dehydrogenase (G6PD, a rate-limit-

ing enzyme of the pentose phosphate pathway) activity in glycolytic state, IDH role in 

maintaining redox status might be only true in cells with unattenuated OXPHOS. 
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Although IDH1 and IDH2 play a crucial role in the defense against oxidative stress, they 

are inactivated by oxidation (i.e., lipid peroxidation products, ROS)59,60. This process is 

likely mediated by enzymatic modifications including glutathionylation in the presence 

of high levels of oxidized glutathione and non-enzymatic glycation in the presence of 

high glucose levels, as demonstrated in diabetic human and rat tissue61,62. 

Of note, specific IDH mutations cause loss of wild-type IDH functions, resulting in de-

creased NADPH and GSH levels and increased ROS levels, both in steady-state conditions 

and after induction of ROS production63,64. 

 

4.2.2 Transcriptional and post-transcriptional regulation 

Transcriptional regulation of IDH1 and IDH2 genes is regulated by different sets of tran-

scription factors : sterol regulatory element-binding transcription factor 1a (SREBP1a), 

activating transcription factor 6 (ATF6), CCAAT/enhancer-binding protein alpha (CEBPA), 

ectopic viral integration site 1 (EV1/MECOM1), GATA-binding factor 1 (GATA1) and signal 

transducer and activator of transcription 5B (STAT5B) for IDH1, and runt-related tran-

scription factor 1 (RUNX1), myc-associated zinc finger-related factor MAZR/PATZ1, neu-

rofibromin 1 (NF1) and SRY-Box Transcription Factor 9 (SOX9) for IDH2. The presence of 

a SREBP-binding element in the IDH1 promoter region suggests that IDH1 activity is co-

ordinately regulated with the cholesterol and fatty acid biosynthetic pathways, and that 

IDH1 may fuel the needs of these pathways in cytosolic NADPH. IDH1/2 gene expression 

is also regulated by androgens, at least in prostatic tissue65,66.  

IDH are highly conserved over species. Phosphorylation of Ser113 on bacterial IDH directly 

impacts on enzyme activity (the phosphorylated enzyme is unable to bind isocitrate)67,68. 

Although this residue is conserved in eukaryotic proteins (Ser94), there was no evidence 

of IDH phosphorylation in humans nor in any mammalian until recently69. Chen and col-

leagues showed that IDH1 functional activation involves phosphorylation at tyrosine res-

idues (Y391 and Y42) that implicate separate groups of kinase (Figure 11)70; this mechanism 

does not occur at the corresponding residues in IDH2 where tyrosine residues are re-

placed by phenylalanine. A different mechanism of regulation exist on IDH2, that notably 

implies acetylation of residue Lys413 that reduces IDH2 activity71; indeed, deacetylation by 

the mitochondrial deacetylase SIRT3 promotes IDH2 dimerization. Acetylation/de-
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acetylation at residue Lys256 is also a critical mode of IDH2 regulation. Deacetylation of 

Lys256 by the mitochondrial deacetylase SIRT3 in response to caloric restriction activates 

IDH2 and leads to increased NADPH levels and reduced levels in glutathione in its re-

duced state (GSH) thus impairing the ability to scavenge ROS and increasing cellular sus-

ceptibility to oxidative stress72. Similar effects are observed upon IDH2 desuccinylation 

by SIRT573. Regulation by distinct sirtuins suggests a crosstalk and/or synergy between 

different post-translational modifications. Glutathionylation of proteins by the reversible 

glutaredoxin (a thiol group transferase) reaction serves to protect against irreversible ox-

idation of cysteines; such protection has been demonstrated for IDH2 as oxidized gluta-

thione (GSSG) inactivates IDH2 by forming a mixed disulfide bond with Cys269 74. 

 

 

Figure 11: Regulation of IDH1 through phosphorylation (from 75). Y42 phosphorylation oc-

curs in IDH1 monomers, which promotes dimer formation with enhanced substrate (iso-

citrate or αKG) binding, whereas Y42-phosphorylated dimers show attenuated disruption to 

monomers. Y391 phosphorylation occurs in both monomeric and dimeric IDH1, which en-

hances cofactor (NADP+ or NADPH) binding. Tyrosine kinases (TKs) phosphorylate IDH1 at 

Y42 and activate Src to phosphorylate IDH1 at Y391, which contributes to reductive carbox-

ylation. 

 

Altogether these observations establish a link between intracellular signaling and central 

metabolism and thus, couple energy and biomass provision to proliferation. 

 

4.2.3 IDH in hematopoiesis 

Self-renewal, lineage specification, and earliest differentiation of HSC are influenced by 

a variety of intra and extracellular signals (metabolic activity, nutrients, etc.). Metabolically 
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activated HSCs are poised to undergo lineage priming and produce different lineage-

biased multipotent progenitors. Autophagy (that is activated in response to nutrient dep-

rivation and other stressors to generate energy and allow survival) plays an essential role 

by clearing activated mitochondria to allow OXPHOS-driven HSCs to efficiently revert to 

a mostly glycolysis-based quiescence metabolism. Without autophagy, HSCs display an 

overactive OXPHOS-driven metabolism that promotes myeloid-biased differentiation 

and loss of stemness, likely as a direct consequence of epigenetic reprogramming76. 

These observations link metabolic reprogramming with epigenetic modifications in the 

control of HSC fate and engagement into myeloid lineages. In addition, one of the main 

regulators of gene expression during myeloid differentiation is histone and DNA meth-

ylation. αKG is an important metabolic intermediate that acts as a cofactor for several 

chromatin-modifying enzymes such as Fe(II)/αKG-dependent dioxygenase but also other 

αKG-dependent hydroxylase. Many dioxygenases are mandatory in hematopoiesis and 

myeloid differentiation such as histone demethylases Jumonji 2 (JMJD2), Jmj C domain-

containing histone demethylase-1 (JHDM1), and the DNA demethylase TET2.  

TET enzymes oxidize the methyl group of 5-methylcytosine (5mC) to yield 5-hy-

droxymethylcytosine (5hmC) and other oxidized methylcytosines, facilitating both pas-

sive and active demethylation which are detrimental mechanisms for chromatin modifi-

cations, gene expression and differentiation77. TET proteins, with the co-factors Fe2+ and 

αKG, use oxygen to oxidize 5mC into 5hmC, generating CO2 and succinate as by-products 

(Figure 12). The enzymatic activity of TET can be modulated by additional factors. For 

instance, vitamin C (ascorbate) can enhance TET activity, potentially via reduction of the 

iron ion. TET proteins and 5hmC were identified/rediscovered almost 15 years ago. In-

creasing evidence has demonstrated the essential functions of TET enzymes in regulating 

gene expression, promoting cell differentiation, and suppressing tumor formation (re-

viewed in 78). 5hmC in gene bodies and enhancers has been positively correlated with 

increased gene expression in various cell types. In the hematopoietic system, TET2-me-

diated demethylation occurs primarily at cell-type–specific enhancer regions; this process 

modulates enhancer activity and gene expression programs that are important for es-

tablishing cell identity and for differentiation. Interestingly, Tet2 deletion results in global 

depletion of 5hmC at sequences bound by the insulator binding protein CCCTC-binding 

factor (CTCF), indicating that TET2 activity shapes the local chromatin environment at 
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enhancers. Numerous mice models have shown that conditional loss of TET2 activity 

leads to an expansion of the lineage negative Sca1+ cKit+ (LSK) cells, increased stem cell 

function such as self-renewal, and development of myeloproliferative neoplasms. Thus 

αKG availability (and IDH activity) directly impacts on myeloid differentiation by acting 

on αKG-dependent TET2 proteins. Collectively, these data argue for a direct contribution 

of IDH-driven signaling in the commitment to HSC differentiation. 

 

Figure 12: Gene regulation by TET proteins (from 78). (A) Enzymatic activity of TET. TET 

proteins, with the co-factors Fe2+ and αKG, use oxygen to oxidize 5mC into 5hmC, gener-

ating CO2 and succinate as by-products ; lack of oxygen in hypoxia inhibits TET function. 

(B) Model of TET-mediated enhancer regulation. Prior to the commissioning of an enhancer, 

pioneer transcription factor (indicated as TF
1
) binds to nucleosomal DNA and recruits TET 

which oxidizes the surrounding 5mC into 5hmC (and/or other oxi-mCs), facilitating DNA 

demethylation. TET proteins and TF1 promote enhancer accessibility by recruiting nucleo-

some remodeling complexes, thus allowing binding of secondary transcription factors (in-

dicated here as TF2) that are otherwise inhibited by DNA methylation or the presence of 

nucleosomes.  

 

The expression of IDH1 and IDH2 genes progressively increases during myeloid differen-

tiation. IDH expression reaches a maximum level at the promyelocyte state and then de-

creases when reaching more mature forms such as polymorphonuclears and monocytes 

(Figure 13). Increase in IDH expression thus coordinates with metabolic rewiring from 
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glycolytic to OXPHOS. The increase of IDH enzyme activity and quantity translates into 

higher levels of αKG23.  

 

Figure 13: IDH mRNA expression in human hematopoietic different cell types. Gene expres-

sions were from obtained from the Bloodspot database (www.bloodspot.eu). Common my-

eloid progenitor, CMP; granulocyte-macrophage progenitor, GMP; megakaryo-

cyte/erythroid progenitor, MEP; promyelocytes, ProMyelo; myelocytes, Myelo; polymorpho-

nuclear, PMN; Monocytes, Mono. 

 

In the zebrafish model, Idh1 knockdown induces blockade in myeloid differentiation, as 

evident by an increase in transcription factor PU.1/SPI1 expression, a decrease in myelo-

peroxydase (MPO) and significantly impaired terminal differentiation. However, Idh2 

knockdown also induces a blockade in myeloid differentiation but definitive hematopoi-

esis is not affected. As the Idh1 knockdown phenotype is not rescuable by Idh2 overex-

pression, non-redundant functions in the myeloid differentiation process are seemingly 

exert by Idh1 and Idh2 in this model79.  

 

Summary points:  

- Among the canonical functions of IDH enzymes is the production of αKG, a mitochon-

drial key metabolite with pleiotropic activity  

- Besides αKG production, the oxidative decarboxylation catalyzed by IDH enzymes leads 

to the formation of reducing equivalents, NAD(P)H, involved in ATP production, lipid 

synthesis, and antioxidant defenses. 
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- Reductive carboxylation retains glutamine as a crucial growth-promoting nutrient when 

mitochondrial metabolism is impaired.  

- Wild-type enzymes are interesting actionable therapeutic targets. 

4.3 ACUTE MYELOID LEUKEMIA  

4.3.1 Epidemiology and classification  

Acute myeloid leukemia (AML) is a disease marked by abnormal differentiation of the 

myeloid cell lineage. It is heterogeneous with respect to contributing factors, presenta-

tion and clinical outcome. According to data from the Institut de Veille Sanitaire, the 

frequency of AML is about 3 cases per 100,000 inhabitants, a frequency which increases 

with age to reach 20 per 100,000 at 70 years80. With a median age at diagnosis of 67 

years old and an equivalent sex ratio, AML is characterized by recurrent molecular and 

cytogenetic abnormalities that led to modern clinical classifications81,82. These classifica-

tions stratify patients in specific prognosis subgroups and are used to decipher treatment 

strategies for patients eligible for intensive chemotherapy and/or HSC transplantation 

(HSCT)83. The ELN 2017 classification is actually the most commonly classification in clin-

ical practice, which stratifies patients in 3 different risk groups: favorable, intermediate 

and unfavorable. This classification is essentially based on recurrent karyotypic abnor-

malities and some molecular markers as CEBPA, nucleophosmin 1 (NPM1), fms-like tyro-

sine kinase 3 with internal tandem duplication (FLT3-ITD), additional sex combs like 1 

(ASXL1), RUNX1, or tumor protein 53 (TP53)84. There is some limitations to this classifica-

tion such as the absence of secondary type mutations type in risk stratification (e.g. DNA 

(cytosine-5-)-methyltransferase 3 alpha (DNMT3A), serine and arginine rich splicing factor 

2 (SRSF2), splicing factor 3B subunit 1 (SF3B1)) or mutational interaction such as sug-

gested by Papaemmanuil and colleagues82. Interestingly, after 60 years old, there are no 

major modifications among ELN risk group distribution under and beyond 70 years old, 

which is the same regarding NPM1 and FLT3-ITD mutations distribution and cytogenet-

ics, suggesting that other confounding factors (i.e. immune regulation, metabolism, sec-

ondary mutations) may also impact on survival85. Integrating secondary AML-like related 

gene mutations (stromal antigen 2 (STAG2), BCL6 corepressor (BCOR), U2 small nuclear 

RNA auxiliary factor 1 (U2AF1), enhancer of zeste homolog 2 (EZH2), zinc finger CCCH-



 

42 

Type, RNA binding motif and serine/arginine rich 2 (ZRSR2), SF3B1, ASXL1 and SRSF2) 

identifies specific subset of high-risk patients ; this may improve the definition of high-

risk older AML patients and improve older patients identification who derive survival 

benefit from HSCT in first remission86. 

 
Figure 14: Mutations in AML. Circos plot represent mutation interaction in a cohort of 132 

AML patients (median age: 58, range 18-75 years). Data have been collected retrospectively 

in intensively treated patients in Lyon Hospital center.  

 

Combination of mutation contribute to the etiology of AML. Gene expression profiling 

identifies 16 transcriptional groups of patients with AML on the basis of their molecular 

signatures, correlated with the presence of chromosomal abnormalities (e.g., t(8;21), 

t(15;17) and inv(16)), driver mutations (FLT3, RUNX1, CEBPA and lysine methyltransferase 

2A (KMT2A, formerly mixed lineage leukemia, MLL)), abnormal expression of the onco-

gene MECOM1 and specimens with normal karyotype (NK)87. Furthermore, 11 mutational 

patterns emerge, each with distinct diagnostic features and clinical outcomes, that high-

light the cooperation between somatic mutations. Class-defining lesions include muta-

tions in genes regulating RNA splicing (SRSF2, SF3B1, U2AF1 and ZRSR2) or regulating 

chromatin (ASXL1, STAG2, BCOR, EZH2, KMT2A and PHD finger protein 6 (PHF6)) or both 

(18% of patients), complex karyotype alterations, cytogenetically visible copy-number al-

terations (aneuploidies) or a combination (13%) and IDH2R172 mutations (1%) co-
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associated with NPM1 mutation82. NPM1-mutated AML is the largest class (27%), with 

patients also carrying mutations in DNA methylation or hydroxymethylation genes 

(DNMT3A, IDH1, IDH2 and TET2).  

Studies assessing the feasibility and benefit of treatment allocation based on cytogenetic 

and molecular results have been reported88. Examples of the successful development of 

precision medicines, such as targeted inhibitors of FLT3 (such as midostaurin and 

gilteritinib), IDH1 (ivosidenib), IDH2 (enasidenib), BCL-2 (venetoclax), as the development 

of monoclonal antibodies and cellular immunotherapies, represent the beginning of a 

paradigm shift that will reshape the approach to the treatment of patients with AML 

(reviewed in 84). A Beat AML study was recently published, applying a precision medicine 

strategy where patients aged ≥ 60 years are matched to a therapeutic approach based 

on a full genetic and cytogenetic analysis (within 7 days) ; patients who were treated in a 

genetically defined subgroup had a lower early-death rate (30-day mortality rate of 3.7% 

vs. 20.4%) and improved overall survival (median OS, 12.8 vs. 3.9 months) compared with 

the group that received the standard-of-care treatment approach88. 

 

4.3.2  From clonal hematopoiesis to overt leukemia 

4.3.2.1 Leukemic stem cells initiate and maintain the disease 

AML arises through the sequential acquisition of somatic mutations, most initially occur-

ring in the HSC compartment. Next generation sequencing (NGS) have revealed complex 

patterns of AML clonal organization and evolution during leukemogenesis. Samples from 

AML patients may show a hierarchical organization of the leukemic clones, with a rare 

fraction of leukemic stem cells (LSCs, generally defined as CD34+CD38low/−CD123+) at the 

top of the hierarchy. LSCs are functionally defined as cells that are capable of initiating 

the disease when transplanted into immunodeficient animals. Analogous to how normal 

HSCs generate progenitors and mature blood cells, LSCs differentiate to give rise to leu-

kemic progenitor cells (blasts) while also retaining some biological properties of HSCs, 

especially their self-renewal capacity. As an example, LSCs activate an AMPK/mitochon-

drial fission 1 (FIS1) pathway that inhibit differentiation and support self-renewal. In LCS, 

this axis drives mitophagy to degrade stressed mitochondria generated from oncogenic 

transformation while in normal HSCs it maintains stemness and regenerative 
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potential76,89. LSCs also highjack HSCs-specific pro-survival mechanisms to limit pro-

grammed cell death. For instance, LSCs rely on an overexpression of BCL-2 and/or mye-

loid cell leukemia sequence 1 (MCL1) anti-apoptotic proteins or functional inhibition of 

receptor interacting serine/threonine kinase 3 (RIPK3), a regulator of necroptosis and an 

inhibitor of inflammasome90,91. The overexpression of B-cell lymphoma 2 (BCL2) family 

members in LSCs represents an important driver of chemoresistance (reviewed in 92).  

Stemness properties are clinically relevant in human AML as stemness transcriptional sig-

natures can predict therapy response; the prognostic significance of stemness transcrip-

tional programs in LSCs has been recently confirmed at the single cell level93. In addition, 

leukemic AML myeloblasts can also adapt their energetic metabolism toward a high 

OXPHOS (as LSCs) to survive chemotherapy94.  

Upon treatment with conventional therapeutics, leukemic blasts while not LSCs are killed, 

allowing particular resistant LSCs, as quiescent LSCs located in osteoblast-rich areas of 

the bone marrow, to re-establish the disease. Quiescence is one of the main contributors 

to LSC drug resistance as conventional chemotherapeutics predominantly target dividing 

cells95,96. LSCs also aberrantly overexpress BCL-2 that positively regulates OXPHOS; in 

line, BCL-2 inhibition reduces OXPHOS and selectively eradicates quiescent LSCs97. In an-

other hand, leukemic AML myeloblasts (bulk tumor) can also become LSCs if not eradi-

cated by the therapy, by acquiring mutations conferring self-renewal capacity. 

 

4.3.2.2 Premalignancy 

Deep sequencing studies have evidenced that LSCs often emerge from a pool of “pre-

leukemic” mutated HSCs or from their progeny, upon acquisition of additional mutations. 

Pre-leukemic HSCs are functionally defined by their ability to reconstitute a normal hem-

atopoietic hierarchy in in vivo transplantation studies without obvious change in the lin-

eage output of the hematopoietic system. In patient-derived xenografts (PDX), pre-leu-

kemic mutated HSCs have a competitive repopulation advantage over normal HSCs. The 

fitness advantage relative to other clonal lineages is the defining feature of clonal hem-

atopoiesis (CH). It has been demonstrated that part of the population (3% before age 50, 

up to 15% after age 70) develops CH. During the course of human ageing, gain mutations 

in HSCs could be driven by erroneous DNA repair and age-associated single-base 
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substitutions; this finding has been termed age-related clonal hematopoiesis (ARCH). CH 

is very common in the elderly, trending toward inevitability98. CH can be subcategorized 

according to the gene and mutation subtype involved, etiology and clinical features, in-

cluding age, blood-count effects and associated comorbidities. A recent analysis of non-

cancer cohorts has identified CH at both hotspots and non-hotspots in children, indicat-

ing a need to also explore CH in younger-age cohorts99. 

Since HSC accumulate mutations by cell-cycle independent mechanisms, founder muta-

tions might also arise in quiescent HSCs (reviewed in 100). It is assumed that mutations 

that promote self-renewal, proliferation, and/or reduced cell death will lead to the ex-

pansion of a mutated HSC clone at a disproportionate rate compared to other clones. 

For instance, the TET2 and DNMT3A mutations known to disrupt HCS self-renewal pro-

grams in mice models, are among the most common early lesions found in pre-leukemic 

HSCs. From recent data, DNMT3A, which encodes a de novo DNA methyltransferase that 

catalyzes the methylation of cytosine bases in CpG dinucleotides, is the most frequently 

mutated gene in CH. Pre-leukemic HSC exist at diagnosis, can survive chemotherapy and 

can be present at clinical remission, and accumulating evidence indicate that refractori-

ness to chemotherapy and disease relapse can occur as a result of bona fide pre-leukemic 

HSC clones having acquired additional driver mutations and having been transformed 

into new LSC clones99,101,102.  

Individuals with CH are at greater risk for progression to blood cancers, response to 

chemotherapies103,104, bone marrow transplant105–107, and increased mortality from non-

hematological cancers through cell-non-autonomous effect108,109 and cardiovascular dis-

ease (atherosclerosis and myocardial infarction; cf. infra). The association of CH with the 

subsequent development of diseases has led to the use of term “clonal hematopoiesis of 

undetermined potential (CHIP)” 110. ARCH and CHIP are technical findings, not diseases, 

characterized at the molecular level by the presence of a low-variant allele fraction (VAF) 

of above 2% ; they constitute an at-risk clinical entity (reviewed in 110–116). CHs associated 

with chromosomal alterations have also been studied and shown to be associated with 

the development of hematologic diseases , including lymphoid malignancies, with dis-

tinct categories of genetic abnormalities enabling to stratify the risk of incident myeloid 

and lymphoid malignancies111,112. 



 

46 

Individuals with CH are at greater risk for hematological malignancies such as AML, 

myeloproliferative neoplasms (MPN), or myelodysplastic syndrome(MDS)), at an esti-

mated rate of 0.5%-1.0% per year compared to <0.1% for non-CH controls. The risk of 

AML in CHIP/ARCH patients is mutations specific, i.e., defined by the nature of the lesion, 

the subclonal abundance, and the VAF (reviewed in 113). This risk is not the same for all 

patients with CH and increases with the size of the clone and clonal complexity; this latter 

can be assessed by the number of mutations108,109. CH-associated DNMT3A, TET2 or 

ASXL1 mutations are linked to a low risk of progression to AML and their persistence 

during complete remission after induction therapy does not have prognostic value for 

relapse114–116. By contrast, CH lesions such as mutations in TP33, U2AF1, IDH1 or IDH2 

impart a relatively high risk of subsequent AML (although there are some differences 

between the above mentioned studies mainly because risk is related to both nature of 

the lesion and VAF), allowing the identification of high-risk mutational signatures that 

can predict with high confidence CH progression to AML with a median of 6 to 10 years 

prior to disease onset113,114. Both conditions, clonal hematopoiesis and myeloid malig-

nancies, are strongly associated with age, further supporting a mechanistic link. 

Recently, Watson and colleagues investigate the clonal architecture and evolutionary dy-

namics of healthy blood by analyzing targeted DNA sequences of ∼50,000 blood cancer–

free individuals and positive selection for beneficial mutations, rather than neutral ge-

netic drift, was found to dictate the genetic diversity of normal blood117
. Moreover, this 

study has defined the fitness of key CH driver genes (Figure 15) and has also showed 

that highly fit variants confer an increased risk of AML. In the future, combining this 

framework with studies that will track individuals over time will shed light on how CH 

lesions acquire further mutations that drive overt disease. 
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Figure 15 : The fitness landscape of CH variants (from 117). Inferred fitness effects and mu-

tation rates for the top 20 most commonly observed CH variants. Error bars represent 95% 

confidence intervals.  

Interestingly, the recent (yet unpublished) examination of the molecular consequences 

of DNMT3AR882 mutation in primary CD34+ cells in human CH at the single cell level re-

veals differentiation skewing, even before clinically observable changes in blood counts, 

and notably a myeloid over lymphoid bias, in line with the strong association of this 

genotype with myeloid versus lymphoid neoplasms, and the preferential hypomethyla-

tion of PRC2 targets118.  

When using 0.0003% VAF lower threshold, almost 95% of healthy individuals over 50-60 

years old possess AML-related mutations119; as ARCH /CHIP mutations collectively are 

“weak drivers”, progression from ARCH to MPN or MDS/AML is probably selected upon 

specific conditions (bone marrow niche degradation, decline in HSC functions for in-

stance, immune anergy). As examples, a tumor necrosis factor (TNF)a-driven inflamma-

tory context favors Tet2 mutant CH and chemotherapy drives protein phosphatase 

Mg2+/Mn2+ dependent 1D (PPM1D) mutant CH119,120. In addition, as disease phenotypes 

differ upon CH, the subsequent mutations acquired by the CH clone might play an in-

structive role in dictating disease phenotype. In AML, activation of emergency hemato-

poiesis pathways and inhibition of differentiation drive disease development 122. The 
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microbiome may also impact ; in Tet2-deficient mice, microbial systemic inflammation 

through increased IL-6 production leads to severe myeloproliferation, extramedullary 

hematopoiesis and splenomegaly that mimic a pre-leukemic myeloproliferation123. 

CH is also a strong risk factor for therapy-related (t-) myeloid neoplasms. The highest risk 

of therapy-induced expansion is seen in CH with damage repair (DDR) variants, specially 

TP53, PPM1D (which is part of a regulatory feedback loop with TP53) and CHEK2, and in 

patients receiving radiation, platinum, or topoisomerase II inhibitor therapy for unrelated 

malignancies124. In line, Wong TN and colleagues also showed that preexisting mutant 

HSC clones carrying TP53 mutations seemingly selectively expand under the pressure of 

cytotoxic therapy and cause t-AML and t-MDS several years later with the acquisition of 

subsequent mutations105. Another study has shown that in patients treated for solid can-

cers, CHIP mutations are more prevalent than in populations not selected for cancers125. 

The mechanism of selection for TP53- and PPM1D-associated clones differs from 

DNMT3A- and TET2-associated clones, as TP53 and PPM1D mutants are at particularly 

high risk of expansion and progression in patients receiving radiotherapy or chemother-

apy. 

4.3.2.3 CH increases all-cause mortality and the risk of cardiovascular disease 

The link between CHIP, cancer treatment and specific gene mutations has been defined 

in a seminal study by Coombs and colleagues where data of paired tumor and blood 

samples from 8810 individuals were used to dissect the role of CHIP in patients with solid 

tumors125; different patterns of clonal evolution have been now identified in case of ther-

apy related-myeloid neoplasms development after anti-cancer treatment exposure126.  

In the case of atherosclerosis, carriers of CH have about a 2-fold increased risk of coro-

nary heart disease127. TET2-associated CHIP represents a vascular risk driven by interac-

tions between clonal monocytes-macrophages and the endothelium, as TET2-mutant 

monocytes promote inflammation (the pro-inflammatory effects of Tet2 loss-of-function 

mutations have been established in mice128. Mice models have shown that Tet2-deficient 

macrophages exhibit an increase in NOD-like receptor family pyrin domain containing 3 

(NLRP3) inflammasome-mediated interleukin-1b (IL-1β) secretion through a mechanism 

that is independent of Tet2 catalytic activity infiltrate myocardium and traffic to athero-

sclerotic plaques leading to cardiovascular injury (Figure 16)109,128. Moreover, recent 
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studies have also shown that in both atherosclerotic mice and patients with atheroscle-

rosis harboring TET2 or DNMT3 mutation, HSC proliferation rates are increased (evi-

denced by HSC shorter telomeres) driving leukocytosis (elevated levels monocytes, neu-

trophils and platelets), a factor associated with atherosclerosis130. Together, these inter-

actions potentiate themselves to generate more atherosclerosis and enforce CHIP evo-

lution. Designing strategies to target TET2 loss-of-function mutations could potentially 

be considered for attenuate cardiovascular disease129.  

 

 

 

 

 

 

 

Figure 16: TET2-associated CHIP promotes atherosclerosis. Upper panel: TET2 influences 

IL-1β production in multiple ways that are independent of its catalytic abilities 131. Lower 

panel : A model linking atherosclerosis, increased hematopoiesis, clonal proliferation, and 

leukocytosis (from 132).  
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Mutation causing ARCH are not necessarily identical to those present in pre-leukemic 

HSCs, driving leukemia and/or relapse101,132. Even though ARCH/CHIP cases are charac-

terized by the association at high significance with mutations that have previously been 

seen mutated in myeloid neoplasia (i.e. TET2, DNMT3A, ASXL1, SF3B1, PPM1D and TP53), 

they could also exist in the absence of any mutations in candidate drivers or in the pres-

ence of mutations yet not referenced in the COSMIC catalog98,108. Recently, germline ge-

netic variations within the TERT and TET2 loci have been identified, that shape HSCs func-

tion, leading to CHIP through mechanisms that are specific to CH ; these data and others 

highlight the importance of the germline context133,134.  

Understanding the phenotypic consequences of ARCH/CHIP-related lesions and of CH 

expansion remains an intense area of investigation. Multiple mechanisms and factors ac-

count for the etiology of CH, for its expansion and for progression to overt malignant 

hematopoietic diseases, such as genetic predispositions (reviewed in 134), intrinsic path-

ogenic effects of the somatic lesions, metabolic reprogramming of pre-leukemic HSCs 

by stromal niche cells (reviewed in 136), factors as inflammation exposure providing ge-

nomic instability, anergic immune system and chronic systemic inflammation (reviewed 

in 136,137), cellular states, epigenetic profiles, spatial distributions and interactions with the 

microenvironment (Figure 17)139. As an example, Fennelle and colleagues recently evi-

denced two non-genetic transcriptional signatures that participate in malignant clonal 

dominance: the repression of antigen presentation (downregulation of β2microglobulin 

(B2m)) which suggests that clonal fitness might be related to the capacity of the cells to 

remain hidden from the immune system, and the increased expression of secretory leu-

kocyte peptidase inhibitor (Slpi) that has anti-inflammatory functions. These signatures 

are present both in leukemia-initiating cells and in overt AML disease, indicating that 

they are mitotically heritable and not acquired during disease progression. In addition, 

some of the fittest clones have a gene-expression signature reminiscent of LSC, providing 

a clue to how these heritable identities provide an advantage140. 
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Figure 17 : Model of clonal evolution leading to AML pathogenesis and progression (from 
113). The presence of CHIP/ARCH and/or pre-leukemic HSCs is established in a proportion 

of AML patients. Besides TP53- or post-CH-driven AML, other AML subtypes (defined as 

pan-AML/de novo AML) might arise from more punctual oncogenic events such as trans-

locations (e.g. KMT2A translocations) or selective mutations (e.g. NPM1/FLT3-ITD muta-

tions)141.  

 

The presence of CHIP/ARCH and/or pre-leukemic HSCs confers a new paradigm for the 

management of AML relapse as the characterization of disease molecular features will 

also impact the choice of post-induction or post-consolidation therapy141,142. The increas-

ing frequency with which people with CH are identified and the need for counseling these 

patients is driving many institutions to create specialized clinics144. 
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4.4 ISOCITRATE DEHYDROGENASE MUTATIONS IN AML 

The biology of cancer-associated isocitrate dehydrogenase mutations have been exten-

sively reported145–148; an extensive bibliography on the development of small molecule 

targeted inhibitors, which inhibit the D-2HG oncometabolite is also included in the at-

tached review.  

Together with the mutations in succinate dehydrogenase (SD) and fumarate hydratase 

(FH), IDH mutations link deregulation in central carbon metabolism to tumorigenesis. 

IDH mutations are prevalent in grade II and III gliomas (>70%) and secondary glioblas-

tomas (55%-88%), in cartilaginous and bone tumors (20%-80%), intrahepatic cholangio-

carcinoma (6%-30%) and are also found in myeloid malignancies i.e., in a minority of 

myelodysplastic syndromes (MDS) and accelerated myeloproliferative neoplasms (MPN), 

in AML (15%-20% de novo AML), and peripheral T-cell lymphomas (AITL) (Figure 18).  

 

Figure 18: Mutations in IDH genes have been identified in more than 20 different neo-

plasms (from 145). Overexpression or downregulation of wild-type IDHs (shown in blue) 

have also been observed. 

 

The impact of IDH mutations on AML prognosis remains controversial, although a gen-

erally inferior outcome is seen with IDH1 mutations and a relatively favorable prognosis 

may be seen with IDH2 mutations, particularly IDH2R172K mutations, in the setting of 

standard intensive chemotherapy. IDH mutations are associated with specific patient and 
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disease characteristics notably an older age at presentation (Figure 19), diploid, or other 

intermediate-risk cytogenetics (i.e., trisomy 8), genetic lesions (SRSF2, DNMT3A, NPM1, 

MLL partial tandem duplications, FLT3-ITD) and a sustained platelet count at presenta-

tion. The impact of IDH mutations is thus context dependent, with IDH mutations that 

occur in the setting of NPM1 mutations (without FLT3-ITD) appearing to confer more 

favorable outcomes. 

 

Figure 19: Median age at AML diagnosis of patients with IDH2R140 or IDH2R172 mutation 

(median: 66.1 years old; P=0.003, compared to wild type IDH) and NPM1 mutation (me-

dian: 60.2 years old, P=0.32). Data were extracted from the TCGA database. Legend: VUS 

= variant of undermined significance. 

IDH mutations are drivers of clonal hematopoiesis in aging (however less frequent than 

mutations in DNMT3A or TET2). Whereas most individuals with clonal hematopoiesis mu-

tations in DNMT3A and TET2 will rarely develop AML, individuals with IDH1/2 mutations 

at the time of baseline sampling, are at very high risk of AML progression. Interestingly, 

IDH mutated context is associated with a long latency of up to 20 years prior to the 

development of AML, although rising VAF is associated with faster time to overt dis-

ease115,149. It is also clear that IDH mutant clones persist in long-term clinical remission150; 

what is their natural history, clinical fate, multilineage differentiation potential and rela-

tionship to other mutations is currently investigated. It has been recently reported that 
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mutation in IDH predisposes to cardiovascular disease in AML patients, because R-2HG 

exacerbates doxorubicin-mediated cardiotoxicity151. As previously mentioned, CHIP has 

been associated with all-cause mortality due to an increased risk of coronary artery dis-

ease and mutations in CHIP drivers DNMT3A and TET2 are also significantly associated 

with the progression of degenerative aortic valve stenosis152. 

 

4.4.1 Mutations in IDH enable conversion of aKG to D-2HG 

IDH mutations are heterozygous, missense mutations, leading to the substitution of the 

amino acids that play key role in substrate binding in the enzyme active site (Arg140 or 

Arg172 in IDH2; Arg132 in IDH1 analogous codon of Arg172 of IDH2). Mutations are neo- 

morphic gain of function, which affect cofactor binding affinity (increased affinity to 

NADPH) and affect conformation of the enzyme’s active site. These mutations abrogate 

the IDH forward reaction (i.e., the oxidative decarboxylation of isocitrate to aKG), and 

results in a partial reverse reaction leading to the reduction αKG to D-2HG (and conver-

sion of NADPH to NADP+). Less abundant level of αKG in the cytosol seemingly results 

in lower D-2HG level production by IDH1R132 mutations; D-2HG serum levels in AML pa-

tients with mutant IDH1 or IDH2 agree with this observation153. It is still rather unclear if 

mutant IDH cells have normal αKG levels or if the mutational context alters αKG availa-

bility regarding cellular needs144.  

At diagnosis, D-2HG is a biomarker predictive of the presence of IDH mutations in 

AML145,153. In isolated myeloid sarcomas, a situation in which molecular characterization 

is not routinely performed due to technical difficulties, D-2HG elevation is also predictive 

of the presence of an IDH mutation155,146. Prospective evaluation of D-2HG levels during 

treatment of newly diagnosed AML treated with standard chemotherapy reveals that 

both D-2HG level and mutated IDH allele burden decreased with response to treatment. 

Failure to normalize D-2HG levels is associated with treatment failure whereas elevated 

D-2HG levels at CR are associated with poorer outcome suggesting that D-2HG is a bi-

omarker predictive of clinical response to intensive chemotherapy in AML patients with 

IDH mutations153,156. 
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In physiological conditions, D-2HG is produced at very low levels in the cytoplasm by the 

promiscuous activity of phosphoglycerate dehydrogenase (PHGDH), an enzyme that cat-

alyze the first step in de novo serine biosynthesis pathway and that is frequently overex-

pressed in cancer157; it seems thus plausible that D-2HG elevation in wild type IDH tumor 

cells may have a pathological effect. In the mitochondria, D-2HG is produced by the D-

2-hydroxyglutarate dehydrogenase (D2HGDH) (Figure 20). In addition, malate dehydro-

genases (MDH) 1 or 2 and lactate dehydrogenase A (LDHA) can generate L-2HG, the 

levogyre form of D-2HG. L-2HG accumulates in hypoxic conditions through LDHA, or 

acidic pH/environment resulting from lactate accumulation, a situation reminiscent of 

the Warburg effect. Consequently, L-2HG sustains the activity of HIF pathway when cells 

must adapt to hypoxia. L-2HG is also implicated in maintaining the redox balance (re-

viewed in 158). Interestingly, L-2-HG is five- to tenfold more potent than D-2-HG in inhi-

bition of some α-KG-dependent dioxygenases. Thienpont and colleagues showed that 

tumor hypoxia broadly reduces the activity of TET and causes DNA hypermethylation159. 

TET activity is limited by oxygen supply, but TET is also a target of L-2HG160; those two 

mechanisms may thus contribute to epigenetic landscape modifications in hypoxic tu-

mors. 

 

 

Figure 20: Production cycle of 2HG (from 158).  
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2HG also contributes T cell differentiation and tumor immunity (Figure 21). 2HG is found 

to be five- to tenfold higher in T-helper 17 cells (TH17, involved in the promotion of in-

flammation) compared with T regulatory cells (Treg, involved in the suppression of inflam-

mation) and elevated 2HG is associated with transcriptional inhibition of fork head box 

P3 (FOXP3), the master regulatory transcription factor of Treg cells. The origin of 2-HG in 

TH17 cells was traced to glutamate, which can be converted to α-KG by glutamic-oxalo-

acetic transaminase (GOT) (Figure 21A)161. In addition, in human gliomas, D-2HG exerts 

a direct effect on tumor-infiltrating T cells by disturbing T cell metabolism and shapes 

the glioma immune microenvironment162. In those tumors, differentiation of infiltrating 

myeloid cells is also blocked by the presence of D-2HG, resulting in an immature pheno-

type and preventing T cell response. Interestingly, infiltrating monocytes-derived macro-

phages show a complex re-orchestration of tryptophan metabolism; in this model R-2HG 

is taken up by myeloid cells to enzymatically induce tryptophan 2,3-dioxygenase (TDO2)-

dependent activation of the kynurenine pathway (and not the indoleamine 2,3-dioxygen-

ases (IDO)1 and IDO2) and, subsequently, the AhR163. This pathological tryptophan deg-

radation results in an amino acid starvation-like response that triggers the expression of 

LAT1/CD98, a key transporter for tryptophan linked to T cell activation and differentiation 

(Figure 21B).  
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Figure 21: 2HG is a direct and indirect immunosuppressive metabolite. A) The D-2HG is 

poorly cell-penetrative but the transporter solute carrier family 13 member 3 (SLC13A3) 

can import the oncometabolite into T lymphocytes. Increased D-2-HG altered the gene 

expression and differentiation pathway of CD8+ T cells, leading to decreased antitumor 

capacity (from 158). B) D-2HG increases the activity of TDO; this drives metabolism of l-

tryptophan (L-Trp) to the AhR ligand kynurenine (Kyn). Kynurenine induces the transloca-

tion of AhR to the nucleus, where it increases production of IL-10 and decreases expression 

of the co-stimulatory molecules CD86 and CD80 and of major histocompatibility complex 

class II (MHCII). This results in decreased antigen presentation and increased T cell sup-

pression, which drives a more immunosuppressive tumor microenvironment. Cyp1a1, aryl 

hydrocarbon hydroxylase and cytochrome P450 enzyme; TIPARP, transcriptional repressor 

of AhR; AHRR, AhR receptor; Gzmb, granzyme B (from 164). 

As mentioned in section 4.2 of the manuscript, IDH2 enzymatic activity is restricted 

through Lys413 acetylation71. Chen and colleagues recently reported that in AML cells, 

inhibitory Lys413 acetylation optimizes mutant IDH2-driven transformation, by producing 

sufficient D-2HG for transformation and avoiding cytotoxic accumulation of intracellular 
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D-2HG165. This mechanism is isoform specific as the acetyl-CoA acetyltransferase 1 

(ACAT1) and deacetylase SIRT3 involved in this process (see Figure 22) are mitochondrial 

and cannot modify cytosolic mutant IDH1.  

 

Figure 22: Identification of post-translational modifications on mutant IDH2 enzyme that 

act in concert to provide precise regulation of D-2HG production (from 165). Flt3 kinase 

promotes Lys413 acetylation by phosphorylating mutant IDH2 on Tyr107, which enhances 

ACAT1 recruitment to mutant IDH2. FLT3 simultaneously activates ACAT1 but inhibits 

deacetylase SIRT3 through direct tyrosine phosphorylation, which also contributes to mu-

tant IDH2 lysine acetylation. 

 

4.4.2 D-2HG accumulation triggers leukemogenesis through multiple mechanisms 

At the cellular level, the tumorigenic effect of D-2HG relies on its capacity to behave as a 

weak antagonist of aKG (reviewed in 158,166). For a clear inhibition on aKG-dependent di-

oxygenases, a 100-fold molar excess of D-2HG over aKG is required. 

High D-2HG levels affect the activity of αKG-dependent dioxygenases (more than 60 are 

known) involved in a wide range of cellular processes such as DNA repair (AlkB homolog 

2 (ALKBH2) and 3 (ALKBH3), belonging to a family of demethylases that catalyze demeth-

ylation on ssDNA, dsDNA, mRNA, tRNA and proteins), hypoxia (EGLN prolyl 4-
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hydroxylases), angiogenesis, maturation of collagens of the extracellular matrix (collagen 

hydroxylases) or regulation of epigenetics (histone demethylases; TET proteins, FTO RNA 

demethylase among others).  

Notably D-2HG inhibits demethylation at several histone sites (H3K9, H3K27, H3K36, 

H3K79) leading to the accumulation of methylation on chromatin. H3K9 methylation is 

one of the changes induced by mutant IDH that may be mechanistically important as 

aberrant retention of H3K9 methylation is known to restrict access of lineage-specific 

transcription factors on the chromatin. In addition, 2-HG-driven increase in H3K9 meth-

ylation was recently demonstrated to impair recruitment of DNA damage repair factors 

to sites of double-stranded DNA breaks, resulting in vulnerability to therapies targeting 

DNA damage pathways, and conferring a “BRCAness” phenotype and sensitivity to poly 

(ADP-ribose) polymerase (PARP) inhibitors167,168.  

Through inhibition of the TET demethylases, D-2HG induces accumulation of DNA 

methylation at CpG islands, leading to a characteristic epigenomic phenotype called 

CpG island methylator phenotype (G-CIMP). Such wide epigenetic modifications are as-

sociated with altered expression of genes involved in cellular differentiation. However, 

the molecular pathways by which IDH mutation and consequently TET2 inhibition affect 

the self-renewal process and block the differentiation of hematopoietic stem/progeni-

tor cells, remain largely elusive. Single-cell RNA-sequencing (scRNA-seq) to HSC from 

mice with somatic deletion of Tet2 or expression of Idh2R140Q, show that Idh2R140Q do not 

phenocopies Tet2 deletion and that Idh2R140Q does not induce major changes in gene 

expression169 (Figure 23). In Idh2R140Q HSC, disruption appears less pronounced than in 

Tet2-deleted HSC, which could be consistent with the fact that in clonal hematopoiesis 
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IDH2 mutations are less frequently observed.

 

Figure 23: Cell cluster frequency changes in Idh2R140Q mutant mice and Tet2 KO mice 

(from 169).  

From this study, another interesting mechanism emerges. Comparing the effects of the 

methyltransferase DNMT3A and of TET2, that have opposing biochemical activities but 

paradoxically result in similar phenotypic outcomes (CH, hematological malignancies), 

the authors found that Dnmt3a and Tet2 mutations in murine HSC led to divergent dif-

ferentiation biases through opposing changes in DNA methylation at transcription fac-

tor-binding sites (Figure 24). Most patients with IDH mutations (>95%) had ≥1 co-mu-

tation, primarily in DNMT3A, and IDH and TET2 mutations are usually mutually exclusive 

in AML. Mouse models suggest an epigenetic cooperation between Idh and Dnmt3a al-

terations, leading to activation of a stem cell-like gene signature170. It remains to be de-

termined how methylation changes due to DNMT3A mutation combine with methylation 

changes induced by mutant IDH in human pre-leukemic cells. 

Izzo	F	et	al.,	2020,	Nature	Gene<cs,	52,	378-387.	

Tet2	KO/wt	 Idh2	R140Q	/wt	
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Figure 24: Tet2 loss leads to divergent differentiation biases through opposing changes in 

DNA methylation at transcription factor-binding sites (from 171). Key lineage-determining 

transcription factors (as kruppel like factor 1 (KLF1) implied in erythroid differentiation or 

PU.1/SPI1 involved in the myelomonocytic engagement) are susceptible to changes in DNA 

methylation, particularly those with CpG-dense DNA-binding motifs; erythroid-related 

transcription factors have higher CpG content in their binding motifs than myelomono-

cytic-related transcription factors. 

 

Hypermethylated signature at specific DNA locus is not uniformly related to gene ex-

pression downregulation and may affect the structure of the genome into domains called 

topologically associated domains (TADs), which insulate genes in one domain from acti-

vation by enhancers in different domains; thus, other hypermethylation-related mecha-

nisms could be implied in myeloid differentiation block.  

m5C and 5hmC are also present on various RNA species including mRNA. TET2 is an 

RNA-binding protein that play a role in post-transcriptional regulation172,173. TET-medi-

ated RNA hydroxymethylation is seemingly predominant at intronic regions within 

preRNA174. Hence, this process represents a novel pathway by which loss of TET2 function 

and mutant IDH could influence RNA biology, hematopoietic differentiation, and myeloid 

malignancies. Of note, an increased level of RNA:m5C has been associated to the re-

sistance to 5-aza-2'-deoxycytidine/Decitabine, a DNA hypomethylating agent historically 

used against MDS and AML175. The key epigenetic activities inhibited by D-2HG that drive 

leukemogenesis remain to be defined. 
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4.4.3 D-2HG-mediated metabolic rewiring  

In addition to its epigenome activities, accumulation of D2-HG rewires metabolic path-

ways in cancer cells and affects mitochondrial functions, i.e. inhibits ATP synthase β sub-

unit (ATP5B, a subunit of mitochondrial ATP synthase or complex V) 176, induces hyper-

succinylation177, and inhibits the ETC by compromising the activity of cytochrome c oxi-

dase (COX) resulting in a lower mitochondrial threshold to induces apoptosis, thus sen-

sitizing cells to BCL-2 knockdown177,178. These metabolic perturbations lead to a specific 

vulnerability of mutant IDH cells177,178,179, addiction to metabolites180,181, or decrease in 

proliferation/viability176,181,182, a situation that can be exploited therapeutically. For in-

stance, Sabatier and colleagues reported that D2-HG induces vitamin D receptor-related 

transcriptional changes, priming leukemic cells to differentiate with pharmacologic doses 

of all-trans retinoic acid (ATRA) and/or vitamin D, in a CEBPA-dependent manner 183. This 

result and previous184,185 further illustrate that CEBPA is a key effector of mutant IDH AML 

biology. There are also preclinical advances in restoring TE2 function by vitamin C; two 

studies showed that vitamin C supplementation reduce HSC self-renewal and partially 

reverse the block in HSC differentiation seen in Tet2-deficient animals186,187; similar treat-

ment and changes in a Tet2-/-FLT3-ITD AML mice model alters the progression of leuke-

mia186. 

Metabolic changes reported in the most common mutant IDH cancers (i.e., gliomas) have 

been extensively described and included altered redox homeostasis, altered cholesterol 

metabolism and reliance on glutaminolysis; in addition, cells are less glycolytic and rely 

more on OXPHOS; in contrast, there are conflicting results regarding the impact of IDH 

mutations on PI3K/AKT/mTOR activity (reviewed in 188).  

Little is known about the metabolic changes in mutant IDH AML. Mutant IDH1 AML 

cells are characterized by a profound vulnerability to depletion of the coenzyme NAD+ 

and nicotinamide phosphoribosyltransferase (NAMPT) inhibition181; Interestingly, 

NAMPT expression and NAD levels are controlled by epigenetic marks at a NAMPT en-

hancer region in tumors189, opening opportunities for targeting epigenetic remodeling 

to target NAD metabolism.  

Baccelli and colleagues showed that a subset of AMLs including mutated IDH AML 

showed OXPHOS hyperactivity and are addicted to ETC complex I activity190. Stuani and 
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colleagues recently confirmed an enhanced OXPHOS activity in IDH1 mutated cells 

lines and primary human AML samples; OXPHOS maintenance is mediated by FAO in a 

CPT1a- and CEBPα- dependent manner. This phenotype is dependent, but not only, on 

D-2HG. In keeping, enrichment in FAO and OXPHOS gene signatures was associated to 

relapse and absence of response to ivosidenib in mutant IDH1 AML patients185. 

 

 

Figure 25: Various metabolic pathways are altered in mutant IDH cells and contribute to 

their phenotype. 

 

 

4.5 METABOLISM IN AML  

LSCs share metabolic features with normal HSCs and deregulation of metabolic pro-

cesses supports LSC emergence and leukemogenesis. Leukemogenic genetic and epige-

netic lesions fundamentally change the way how LCSs and leukemic progenitor cells 

(blasts) proliferate, differentiate, and interact with the bone marrow microenvironment, 

but also their general energetic metabolism. Reciprocally, tumor microenvironment 

drives metabolic changes and impacts on how leukemic cells satisfy energetic and ana-

bolic demands (biosynthesis of molecules). 
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4.5.1 General aspects in AML metabolism 

Like most cancer cells, AML cells are characterized by uncontrolled proliferation requiring 

large amount of energy. One key alteration in cancer metabolism is the increased glucose 

uptake and dependence on aerobic glycolysis, not so much for energy production which 

can be provided by other pathways (such as the pentose-phosphate pathway, a meta-

bolic pathway parallel to glycolysis) but rather as a platform to increase the biomass 

required to rapidly provide a new cell (e.g., cellular membrane, ribosome biogenesis, DNA 

synthesis). High proliferating cells have important metabolic demands that extend be-

yond ATP production and need anabolic carbons, acetyl-CoA and NAD phosphate 

(NADP), reduced (NADPH) for macromolecular synthesis (fatty acids, nucleotides, amino 

acids).  

Deregulation of biomass accumulation creates an addiction of tumor cells to an adequate 

anabolic supply. A way to sustain this, described by Otto Warburg, is named the ‘Warburg 

effect’ (reviewed in 191,192). In the Warburg reaction, regardless of whether oxygen is pre-

sent, glucose is converted into lactate by the glycolytic enzyme lactate dehydrogenase A 

(LDHA; the cofactor for LDHA is NADH which is converted to NAD+) while generating 4 

molecules of ATP per glucose molecule, which results in lower yields of ATP than 

OXPHOS. In the Warburg effect, the bulk of the glucose is not committed to carbon ca-

tabolism for ATP production; for instance, this reaction serves to provide anabolic car-

bons for fatty acid synthesis. It has been recently shown that the Warburg effect is driven 

by an hyperactivity of the LDHA seemingly due to a loss of interaction between LDHA 

dimers and/or tetramers and the tumor suppressor folliculin (FLCN), a protein implicated 

in multiple cellular processes which acts as a bona fide endogenous uncompetitive inhib-

itor of LDHA193; as the FLCN mutation rate is low across cancers, this suggests an epige-

netic and/or post-translational inactivation. More recently, it has been shown that lactate 

production in tumor cells must also result from the metabolism of non-glucose sub-

strates, as glutamine can be converted into lactate by the TCA cycle ; this reaction pro-

duces NADPH for lipid biosynthesis and oxaloacetate for the refueling of the TCA inter-

mediates (reviewed in 192). 

Key components of the Warburg effect (increased glucose consumption, decreased 

OXPHOS and lactate production) are distinguishing features of oncogene activation ; 

these effects can also be caused by oncogenes that hijack signaling pathways, such as 
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PI3K (Figure 26)194. In addition tumoral cells use diversions from glycolysis, most im-

portantly the pentose-phosphate pathway (PPP), a highly energetic pathway that pursue 

nucleotides, amino acids, and electron carriers necessary for cancer progression195.  

 

Figure 26: Differences between OXPHOS, anaerobic glycolysis, and aerobic glycolysis (War-

burg effect) (from 191). Generation of lactate (anaerobic glycolysis) by LDHA allows glycol-

ysis but results in minimal ATP production when compared with OXPHOS. 

 

4.5.2 Metabolic reprogramming and metabolic vulnerabilities in AML 

The reprogramming of metabolic pathways allows the maintenance of AML growth and 

survival by altering bioenergetics, biosynthetic and redox functions to meet the higher 

demands of AML cells; therapies targeting different aspects of AML cells metabolism 

have demonstrated efficacy (reviewed in 196–199).  

 

4.5.2.1 Glycolysis 

Glycolysis is increased in most cases of primary AML myeloblasts compared to normal 

myeloid progenitors (reviewed in 149, 151, 153) and leukemic cells induce complex variations 

of the metabolic homeostasis of the host to ensure high glucose concentrations in the 

bone marrow (e.g., increase of insulin resistance and inhibition of insulin secretion by 

tissues). Increased glycolysis has been associated with drug resistance, notably through 

the cytosolic export of the proliferating cell nuclear antigen (PCNA), a scaffolding protein 

involved in DNA replication which interacts with the nicotinamide phosphoribosyltrans-

ferase (NAMPT) involved in NAD biosynthesis201.  

The glycolytic flux is partly mediated by AMPK activation96; a high glycolytic flux seems 

to correlate with a decreased level of autophagy leading to a more aggressive leukemias 
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in vivo202. In glycolytic settings, oxidative PPP through G6PD activity is the major contrib-

utor to NADPH that is essential for the synthesis of various organic molecules; overex-

pression of G6PD has been reported in AML and associated with overall poor progno-

sis203. Sensitivity to G6PD inhibition seems to be linked to the activity of mTORC1; indeed, 

in AML cells mTORC1 signaling promotes glycolysis and leads to glucose addiction 

through PPP, a phenomenon that is not found in normal HPCs. Thus, level of mTORC1 

activity determines the sensitivity of AML cells to glycolysis inhibition as switch-off 

mTORC1 activity leads to glucose-independent cell survival that is sustained by an in-

crease in OXPHOS203. Inhibition of G6PD activity leads to leukemic growth arrest and 

synergize with cytarabine, also known as cytosine arabinoside (ara-C). While glycolysis is 

increased in AML blasts, quiescent LSCs, unlike quiescent HSCs, are less reliant on gly-

colysis and instead utilize OXPHOS to meet their energy                                  requirements; 

this is due to the fact that OXPHOS utilizes the available nutrients more efficiently97. 

Several studies provide evidence that at least some hematopoietic malignancies use the 

Warburg effect. The pyruvate kinase M2 (PKM2) which converts phosphoenolpyruvate 

(PEP) to pyruvate (the third irreversible reaction of glycolysis) and HIF1a, both inducers 

of the Warburg effect, have been implicated in hematopoietic diseases (reviewed in 36). 

PKM2 is overexpressed in proliferating tissues and tumor cells and favors aerobic glycol-

ysis (production of pyruvate) compared with the alternative splicing form PKM1204. Dele-

tion of the two glycolytic enzymes PKM2, and LDHA, inhibits BCR-ABL- and MLL-AF9-

driven AML in mice models while preserving normal HSC functions205. Short-term treat-

ment by echinomycin, a peptide blocking HIF1a activity, prevents serial transplantation 

of AML by the induction of apoptosis of LSC (CD34+CD38-) in a xenogeneic model of 

human AML206. The possible involvement of HIF1a in IDH-mutant AML cells has not been 

studied yet. However, in neural tumors (gliomas, glioblastomas), the phenotype of IDH-

mutant cancer cells is partly related to HIF1a activity207. As the observed metabolic effects 

of mutant IDH greatly vary between primary patient-derived materials and established 

experimentally (neural cell lines), the Warburg effect appears to be dependent on the 

intrinsic metabolic context. 

Despite AML seems to rely on glycolysis, several studies highlighted that AML cells had 

higher mitochondrial biogenesis and an increased oxygen consumption rate compared 

to normal hematopoietic progenitors208. Increased mitochondrial mass in AML did not 
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translate into an increase in ETC complex I, III, IV, and V activities indicating that AML 

have low spare reserve capacity compared with normal cells 209.  

4.5.2.2 Fatty acid metabolism 

De novo lipid biosynthesis sustains cell proliferation by providing signaling molecules 

and molecules for synthesis of membranes (reviewed in 163, 164). AML cells, but not HSCs, 

are metabolically dependent on FAO (and OXPHOS) for survival 212.  

Bone marrow adipocytes represent an extracellular source of long chain fatty acids for 

leukemic cells (Figure 27) that could be internalized via the leukemia cell scavenger re-

ceptor CD36 and transferred to the nucleus by an intracellular lipid chaperone fatty acid-

binding protein 4 (FABP4) followed by ligation of peroxisome proliferator-activated re-

ceptor-γ (PPARγ), a member of the nuclear hormone receptor family. Activated PPARγ 

then induces downstream target genes, including CD36, FABP4, and BCL2. In this process, 

the intramitochondrial FAO enzyme very-long-chain acyl-CoA dehydrogenase (VLCAD) 

catalyzes the first intramitochondrial step of long-chain FAO ; VLCAD activity is required 

for AML cells survival213. The increase of bone marrow adipocytes in elderly patients may 

contribute to the worst overall survival in this subset of population; in line, Behan and 

colleagues demonstrated that bone marrow adipocyte markedly impaired the antileuke-

mia efficacy of chemotherapeutic agents, and that the rate of relapse after chemotherapy 

is higher in obese mice compared to their normal-weight counterparts 214.  

 

 

Figure 27: Medullar microenvironment reprograms energy metabolism in AML (from 211. 

AML cells undergo FAO, a major source of energy production, if fatty acid is available. In 

the oxidative stressed bone marrow microenvironment, AML cells are supplied for free fatty 

acids by abundant bone marrow adipocytes. Mitochondrial FAO generates the reducing 

compounds NADH and flavin adenine dinucleotide 2 (FADH2) for ECT and provides acetyl-

CoA to TCA cycle to produce ATP. 
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FAO is an important source of cytosolic NADPH ad the production of FAO-derived 

NADPH is key to counteract the oxidative stress in the context of metabolic stress215. FAO 

is associated with quiescence and drug-resistance in LSC,  suggesting that eradication of 

chemoresistant cells might be achieved by targeting FAO dependency of LSC. In this 

context, several strategies have been developed216. Pharmacological inhibition of car-

nitine palmitoyltransferase 1 (CPT1) responsible for the translocation of fatty acids from 

the cytosol to the mitochondrial matrix, with etomoxir enhanced AML sensitivity towards 

apoptosis-inducing agents that interfere with the mitochondrial apoptosis machinery. 

These data indicated that this may be due to a specialized function of FAO that is not 

related to ATP production. Rather, FAO may serve to regulate the BCL2 homologous an-

tagonist/killer (BAK)-dependent mitochondrial permeability transition, a core function in 

cytochrome c-dependent apoptosis regulation212. FAO is also a key catabolic pathway 

involved in the generation of NADH and FADH2, which are the electron donors of com-

plex I and complex II of the ETC, respectively, and leading to the production of acetyl-

CoA (Figure 28). In AML cells co-cultured with bone marrow adipocytes, FAO inhibition 

with avocatin B (a FAO inhibitor derived from avocado), caused adaptive stimulation of 

free fatty acid uptake through upregulation of fatty acid-binding protein 4 (FABP4) 

mRNA, enhanced glucose uptake and switch to glycolysis ; however, its combination with 

cytarabine shows highly synergistic efficacy in apoptosis induction170,171.  

Inhibition of other key lipogenic enzymes such as stearoyl CoA desaturase 1 (SCD1) re-

vealed to be of interest in AML. Based on applied mass spectrometry-based lipidomics, 

Southam and colleagues have shown that BaP, a combined treatment with the lipid-reg-

ulating drug bezafibrate (BEZ) and the sex hormone medroxyprogesterone acetate 

(MPA), caused redirection of pyruvate utilization, leading to αKG conversion to succinate 

and conversion of oxaloacetate into malonate, to deal with oxidative stress in AML cell 

lines219.  
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Figure 28: Fatty acid synthesis and oxidation in HSC/LSC and proliferating cells. FAO is 

activated by PML that regulates the PPAR signaling ; the PML-PPARδ-FAO pathway con-

trols notably the asymmetric division of HSC27. FAO can contribute to the accumulation of 

acetyl CoA in the cytoplasm that is needed to initiate fatty acid synthesis, (fatty acid syn-

thesis and FAO can support each other). It seems that in quiescent and undifferentiated 

cells (HSC) the competition between fatty acid synthesis and FAO is less prominent, as these 

cells display a lower membrane synthesis rate. ACC: acetyl-CoA carboxylase; AMPK: AMP-

activated kinase; CoA: Coenzyme A; CPT: carnitine palmitoyltransferase; FABP: fatty acid 

binding protein; FADH2: flavin adenine dinucleotide; FASN, fatty acid synthase; PDH3, 

Prolyl hydroxylase 3. 

 

4.5.2.3 Amino acids 

The multiple roles of amino acid metabolism in leukemia growth and survival have been 

described in details in196–198,200. AML cells are particularly dependent on glutamine. Glu-

tamine supplies nitrogen for purine and pyrimidine synthesis, as well as for the genera-

tion of non-essential amino acids and protein synthesis. It is imported via the glutamine 

importer SLC1A5 (glutamine is required for leucine uptake as import of one molecule 

leucine by the amino acid transporter LAT1/SLC7A5 requires the export of one molecule 

of glutamine) or is produced intracellularly by lysosomal degradation of proteins ob-

tained from autophagy, endocytosis or macropinocytosis. Glutamine occupies a central 

role in cell metabolism from various metabolic pathways that can convert it into αKG. As 

a first step, glutamine is directly converted to αKG via glutamate dehydrogenase (GDH) 

or converted to glutamate through glutaminase (GLS); inhibition of GLS C, a glutaminase 

isoform that is most abundantly expressed in AML, leads to reduced OXPHOS, 
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proliferation arrest and apoptosis without any activity against normal HSC (as glutamine 

controls OXPHOS in AML cells, removal of glutamine leads to apoptosis and it has been 

shown that glutaminolysis inhibition efficacy relies on mitochondrial depolarization, in-

trinsic caspase-dependent apoptosis). Glutaminolysis inhibition also sensitizes leukemic 

cells to priming with venetoclax, a “BH3-mimetic” antagonist of BCL2220. Glutamine avail-

ability is a limiting step for mTORC1 activation221; indeed, intracellular glutamine concen-

tration controls the uptake of leucine, and leucine is required for Rheb-mediated 

mTORC1 activation222.  

In addition, glutamine deprivation in AML cells results in the up-regulation of 3-phos-

phoglycerate dehydrogenase (PHGDH) and phosphoglycerate aminotransferase (PSAT), 

two enzymes involved in the biosynthesis of serine.  

AML blast cells also frequently show defects in enzymes of the arginine-recycling path-

way, i.e., argininosuccinate synthase-1 or synthetase (ASS1, involved in intracellular syn-

thesis of arginine) and ornithine transcarbamylase (OCT), which makes AML cells auxo-

trophic for arginine and dependent on exogenous sources223. Plasma arginine levels of 

AML patients are significantly decreased compared to those of healthy volunteers224. Ar-

ginine is a conditionally non-essential amino acid (cells can synthesize arginine but under 

certain circumstances this amino acid is imported) important for the supply of metabo-

lites including nitric acid and polyamines. The arginine deiminases BCT-100 and ADI-PEG 

20 showed potent anti-leukemic activity by depleting rapidly intracellular arginine, 

prompting their clinical development 225.  

The roles of amino acid metabolism in leukemia growth and survival are also supported 

by the use of cysteine as a precursor for the biosynthesis of glutathione (GSH) required 

for the maintaining of intracellular redox potential. 

In chronic myeloid leukemia (CML) blast crisis cells, defined by an enhanced proliferation 

and survival and a differentiation arrest, the synthesis of essential branched-chain amino 

acids (BCAA) leucine, valine, and isoleucine is enhanced by the up-regulation of branched 

chain amino acid transaminase 1 (BCAT1), encoding an αKG-dependent transaminase 

catalyzing the amination of branched-chain keto acids (BCKA) (Figure 29)226. In this set-

ting, BCAT1 inhibition impairs CML blast crisis propagation, supporting an essential role 

for BCAA production in this disease. BCAT1 has been shown to be enriched and activated 
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in LSCs in human AML linking BCAA catabolism to HIF1α stability and regulation of the 

epigenomic landscape through TET2 activity227.  

 

Figure 29: Glutamine metabolism in AML (from 197). GLS converts glutamine (Gln) to glu-

tamate (Glu), which is a necessary step for Gln to enter the TCA cycle. In the cytosol, BCAT1 

initiates the catabolism of BCAAs (reversible transamination of BCKAs to BCAAs valine, 

leucine and isoleucine, which are essential for cell growth) and results in the production of 

Glu. 

 

Recently, a pan-metabolome analysis revealed that in human LSC amino acid uptake, 

steady-state levels, and catabolism were all increased compared to more mature AML 

blasts (amino acid depletion did not either affect normal HSC in terms of diversity, col-

ony-forming potential or engraftment). OXPHOS in LSCs, and not in AML blasts, is selec-

tively sensitive to amino acids loss and inhibition of amino acid metabolism reduces 

OXPHOS and induces cell death228. This lack of metabolic flexibility is therefore an attrac-

tive target for developing therapies against LSCs. However, at relapse, LSCs usually de-

velop a compensatory ability to overcome the loss of amino acid metabolism by increas-

ing FAO228.  

4.5.2.4 Mitochondrial metabolism  

Various studies have focused on mitochondrial metabolism and its inhibition (reviewed 

in 149, 151). It appears that targeting OXPHOS without considering the metabolic 
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background might be inefficient as the glycolysis is negatively controlled by OXPHOS 

and is induced by TCA-mediated allosteric inhibition of glycolytic enzymes (the “Pasteur 

effect”). Therefore, OXPHOS inhibition should result in compensatory upregulation of 

glycolysis to maintain ATP levels and redox balance, resulting in modest antiproliferation 

effects. In this context, Molina and colleagues reported that AML cells with a reduced 

capacity for compensatory glycolysis are more sensitive to OXPHOS inhibition (ETC com-

plex I inhibitor IACS-010759) and undergo apoptosis. Interestingly, IACS-010759 also in-

duces signs of myeloid differentiation through CD14 expression229.  

The dihydroorotate dehydrogenase (DHODH) protein is a mitochondrial enzyme that 

catalyzes the ubiquinone-mediated conversion of dihydroorotate dihydroorotate (DHO) 

to orotate, and provides electrons to the ETC via ubiquinone ; DHODH links mitochon-

drial bioenergetics to de novo pyrimidine synthesis230. Sykes and colleagues recently re-

ported that inhibiting DHODH activity shows anti-leukemic activity and induces a partial 

differentiation of AML cells in murine models and human cell lines231; similar results have 

been reported with the BAY-2402234, which is actually in clinical development232.  

Devimistat (CPI-613®) is a novel lipoate analog that inhibits the TCA cycle at two key 

carbon entry points, through inhibition of pyruvate dehydrogenase (PDH) and αKG de-

hydrogenase complexes (KGDH). Devimistat inhibits the entry of glucose and glutamine 

derived carbons233,234. PDH inactivation contributes to the collapse of mitochondrial func-

tion and leads to specific apoptosis235. CPI-613 also induces massive increase in mito-

chondrial ROS, a signal that inhibits KGDH activity234. CPI-613 has demonstrated clinical 

efficacy and is actually in phase III development in AML settings (NCT03504410)236.  

Inhibition of mitochondrial translation (and not nuclear translation) by tigecycline also 

shows antileukemic activity in mouse models of human leukemia208.  

Inhibition of mitochondrial metabolism could also be an effective approach to overcome 

resistance to treatment. As an example, Farge and colleagues have shown that AraC-

resistant AML cells harbor metabolic features and gene signatures consistent with a high 

OXPHOS status. Targeting/lowering OXPHOS via the CD36-FAO-OXPHOS axis with met-

formin sensitizes the cells to Ara-C and abrogates Ara-C resistance94. In line, enrichment 

in genes relevant for mitochondrial function is negatively correlated with the sensitivity 

to Ara-C and associated with a poor prognosis237.  
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Figure 30 : Pharmacological inhibitors in clinical development and used to inhibit mito-

chondrial activities in AML (from 198). Due to increased mass of mitochondria with lower 

ETC capacity, AML cells are at the brink of a failing respiratory system. There seems to be 

a delicate balance between the requirement for OXPHOS-dependent energy supply, gly-

colysis, ROS induced stress, ETC reserve and other mitochondrial functions that are im-

portant for proliferation, survival, and cell fate decisions in AML. Impacting on OXPHOS 

may also be a trigger for AML differentiation. 

 

BCL2 and venetoclax 

Venetoclax, a highly specific BH3 mimetic, is an orally administered inhibitor of BCL2 

(formerly ABT-199, GDC-0199) ; venetoclax also inhibits the anti-apoptotic BCL2L2/BCL-

w protein (reviewed in 238,239). When used alone, venetoclax has a modest activity in pa-

tients with AML, although Jordan and colleagues previously showed that inhibition of the 

BCL2 family proteins with navitoclax (ABT-263) impaired OXPHOS in LSCs (LSCs overex-

press BCL2), leading to cell death97, 193. As documented by numerous preclinical and clin-

ical studies, combination therapy with venetoclax and hypomethylating agents or low-

dose cytarabine (LDAC) demonstrates superior anti-leukemic activity in comparison to 

single agents241–243. Notably the randomized, double-blind study VIALE-A compared aza-

cytidine (aza) in combination with venetoclax (ven) versus azacitidine + placebo in pa-

tients not eligible for intensive chemotherapy with AML at diagnosis; this combination 

was highly efficient in IDH mutated patients with 70-80% complete response rates reach-

ing and long-lasting responses196. Combination of venetoclax with azacitidine (ven/aza) 
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inhibits amino acid uptake and catabolism241; the combination has been shown to be 

effective against LSCs which depend on amino acid metabolism for OXPHOS and sur-

vival228. However, ven/aza fails to eradicate LSCs in relapsed/refractory (R/R) patients, 

probably because of various altered metabolic properties in LSCs. Conversely, Jones and 

colleagues showed that resistance to the combination ven/aza can be overcome by tar-

geting fatty acid transport in R/R LSCs as R/R LSCs depend on both amino acid and fatty 

acid metabolism for OXPHOS and survival181, 197. R/R LSCs observed upon ven/aza treat-

ment can also be eradicated by inhibiting the activity of the nicotinamide phosphoribo-

syltransferase (NAMPT), a rate-limiting enzyme in nicotinamide metabolism, because R/R 

LSCs demonstrate elevated nicotinamide metabolism 245. Recently, Bosc and colleagues 

also showed that venetoclax enhances the efficacy of cytarabine (AraC) by reversing the 

hyperactivation of OXPHOS upon AraC treatment ; accordingly, treatment of ven/AraC-

resistant AML cells with inhibitors blocking ECT function and activity, substantially de-

layed relapse246.   

It has also be reported that venetoclax preferentially targets mutated IDH AML cells ; in 

a phase II clinical trial of venetoclax monotherapy, mutated IDH relapsed/refractory AML 

patients had a response rate of 33% compared to 10% in wild type IDH patients 240. This 

result was unexpected given that the mechanism by which IDH mutations increase BCL2 

dependence is via the production of the oncometabolite D-2-hydroxyglutarate (D-2HG) 

(247 and cf. infra), and that reduction of D-2HG with enasidenib may antagonize veneto-

clax activity. Cathelin S and colleagues recently provided some answers by showing that 

enasidenib monotherapy results in a significant decrease in BCL2 expression in 

enasidenib-responders ; the reduction in BCL2 expression thus potentiates mitochondrial 

priming and sensitization to venetoclax248. A clinical trial of ivosidenib + venetoclax ± 

azacytidine is ongoing; interim trial results have been presented at American Society of 

Clinical Oncology meeting in 2020 and demonstrated a composite remission rate of 80% 

in patients with both newly diagnosed and relapsed mutated IDH1 myeloid malignancies, 

with 50% of patients attaining minimal or measurable residual disease (MRD) negativ-

ity249. Updated trial results with longer follow-up are anticipated in 2022. In addition, a 

trial of enasidenib in combination with venetoclax (NCT04092179) is actually enrolling. 

As most of targeted therapies, mechanisms of resistance to venetoclax have been de-

scribed. Resistance to venetoclax results from BCL2 mutation,  failure to engage 
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apoptosis through BAX loss, decreased expression of BCL2, and/or survival bypassing on 

alternative BCL2 family members such as MCL1 or BCL2L1 (reviewed in 239). The resistance 

is also accompanied by changes in mitochondrial homeostasis and cellular metabolism 

as those linked to TP53 mutations250. Pharmacologic inhibition of mitochondrial protein 

synthesis with antibiotics that target the ribosome (as tedizolid and doxycycline) over-

come venetoclax resistance ; when used in combination, those drugs cooperate to acti-

vate the integrated stress response (ISR), which suppresses the glycolytic capacity, result-

ing in ATP depletion and cell death251. 

 

4.5.3 Influence of the genomic context on metabolism in AML cells 

Genetic alterations closely associated with metabolism seemingly behave as cancer driv-

ers in cancers, rather than genes affiliated to metabolic pathways252. In AML, several mu-

tations have been associated with metabolic reprogramming such as FLT3-ITD, TP53, 

MYC and IDH1/2.  

Human and murine FLT3-ITD cell lines exhibit significant decrease of mitochondrial res-

piration, increase of glycolytic activity and phosphorylated form of mitochondrial hexo-

kinase 2 (HK2). FLT3-ITD confers indirectly a protection against cytochrome c release by 

preventing opening mitochondrial permeability transition pore, and using glycolysis in-

hibitor restore at least partially cytotoxic activity of sorafenib253. Mutant FLT3 induces 

severe mitochondrial oxidative stress (impaired production of the antioxidant factor glu-

tathione) that is relayed by the ataxia telangiectasia mutated (ATM) kinase or its down-

stream effector glucose 6-phosphate dehydrogenase (G6PD)254. Finally, glutaminolysis, 

along with other TCA metabolic pathways, plays an important role in increasing the sur-

vival and resistance of quizartinib-treated FLT3-ITD AML cells (as the resistance of 

imatinib-treated BCR-ABL+ cells) ; moreover genes involved in fatty acid synthesis (MECR) 

and phosphatidylinositol metabolism (PLCH1) demonstrate a significant synergistic le-

thality with quizartinib255. 

MYC and TP53 play important roles in metabolic regulation ; TP53 mutations and dereg-

ulation of MYC coordinate multiple metabolic events to fuel metabolic rewiring and sus-

tain unrestrained growth in malignant cells (reviewed in 256–258). 
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The frequency of TP53 mutations in AML is approximately 10%. However, in AML with 

complex karyotype, the rate of TP53 mutations and/or deletions is almost 70%. In addi-

tion, TP53 mutations are associated with poor prognosis and decreased survival in 

AML259. Mutant TP53 regulates metabolism by affecting glycolysis (mutant TP53 can have 

dramatically different phenotypic effects in terms of glycolysis and enhancing OXPHOS 

(Figure 30A)260. In line, whereas doxorubicin (an anthracycline) and dichloroacetate 

(DCA), an inhibitor of mitochondrial pyruvate dehydrogenase kinase 1 (PDK1) that can 

shift glycolysis to OXPHOS synergize to enhance p53 activation and AML suppression, 

this combination has no effect on leukemia cell lines and primary leukemic cells express-

ing mutant TP53214,215. Mutant TP53 also promotes lipid synthesis through the inhibition 

of AMPK activity, known to inhibit the lipid synthesis through phosphorylation of sterol 

regulatory element-binding proteins (SREBPs) activation and acetyl-CoA carboxylase 

(ACC)216, 217. Finally, mutant TP53 promotes nucleotide synthesis through cooperating 

with the erythroblastosis virus E26 oncogene homolog 2 (ETS2) transcription factor, to 

transcriptionally activate multiple nucleotide metabolism genes, including ribonucleotide 

reductase regulatory TP53 inducible subunit M2B (RRM2b), deoxycytidine kinase (DCK), 

and thymidine kinase 1 (TK1) (Figure 30A)265. 

The expression of MYC is downstream of multiple control mechanisms that are regulated 

by nutrient levels and respond to metabolic stress (Figure 30B). In AML, deregulation of 

MYC (chromosome amplification/translocation, super-enhancer activation, aberrant up-

stream signaling) along with the inactivation of the serine-threonine protein phosphatase 

2A (PP2A) which marks MYC for ubiquitin-mediated proteasomal degradation, is persis-

tently found266. In a similar way to TP53 mutation, MYC deregulation rewires multiple 

metabolic pathways to generate energy and building blocks for the growing of tumor 

cells. Conversely, tumor cells need to modulate MYC expression and/or function for bet-

ter survival under poor nutrient conditions (increased demands of glucose, glutamine, or 

essential amino acids). 
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Figure 30: Metabolic rewiring by oncogenic TP53 and MYC. (A) Regulation of metabolism 

by gain-of-function TP53 mutations (from 267). TP53 promotes GLUT1 translocation to the 

plasma membrane through activation of a small GTPase RhoA, thus promoting glycolysis 

and Warburg effect. Mutant TP53 also promotes glycolysis through inducing the expression 

of HK2 and enhancing mTORC1-mediated phosphorylation of PKM2. Mutant TP53 induces 

the expression of gene involved in the mevalonate and fatty acid synthesis pathway 

through SREBPs activation. (B) The effect of nutrient and growth factor availability on MYC-

driven metabolism (from 257). In normal proliferating cells, MYC-driven metabolism is acti-

vated in the presence of nutrients and growth factors and individual exposure to nutrients 

or growth factors is not sufficient to activate MYC-driven metabolism, while in cancer cells, 

MYC deregulation leave cells unable to turn off MYC-driven metabolism independent of 

growth factors and nutrient availability.  

 

 

 

 

 

 

A. 

B. 
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4.6 BRANCHED CHAIN AMINO ACIDS (BCAA) METABOLISM 

 

Branched chain amino acids (leucine, isoleucine, and valine) have an aliphatic sidechain 

with a branch (a central carbon atom bound to three or more carbon atoms) (Figure 31). 

The three proteinogenic BCAAs are among the nine essential amino acids for humans, 

accounting for 35% of the essential amino acids in muscle proteins and 40% of the pre-

formed amino acids required by mammals268.  

 

Figure 31: Branched chain amino acids. The side carbon chain is composed of 3-4 carbon 

atoms branched to the aliphatic core.  

 

BCAA are transported into the cytosol through the L-Type amino acid transporter 1 

(LAT1) also known as the solute carrier family 7 member 5 (SLC7A5). LAT1 transports 

BCAAs into the cell via a bi-transport system that simultaneously exports glutamine. 

BCAA might also be transported through LAT2 (SLC7A8) and LAT4 (SLC43A2).  

 

The mTORC1 complex regulates BCAA catabolism independently of leucine sensing as 

rapamycin treatment significantly suppressed the leucine-induced activation of the com-

plex despite similar increases in leucine and αKIC levels269. 

 

 

4.6.1 BCAA metabolism  

After their absorption in the gut, BCAAs are catabolized in two major steps (Figure 32), 

in the muscle and liver. BCAA catabolism begins with a transamination reaction catalyzed 

by the branched chain aminotransferase (BCATs). BCAA produce branched chain α-ke-

toacids (BCKDA), known as α-ketoisocaproate (αKIC), α-ketoisovalerate (αKIV), and α-

keto-β-methylvalerate (αKMV), and corresponding to leucine, valine, and isoleucine 
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transamination respectively. Valine is found at the highest concentration in circulation, 

followed by leucine and isoleucine. αKIC was reported to have the highest concentration 

in the human blood suggesting preferential use of leucine in several metabolic pro-

cesses270. 

 

 

Figure 32: Schematic representation of BCAA catabolism. BCAA are converted into 

branched-chain α-ketoacids (BCKDA) by removing their amino group; the alpha-keto acids 

must travel to the liver to undergo oxidation. BCKDA are decarboxylated by the branched-

chain α-ketoacid dehydrogenase complex (BCKDC). Finally, they are catabolized by a series 

of enzyme reactions: acetyl-CoA and acetoacetate from leucine, succinyl-CoA from valine, 

and both acetyl-CoA and succinyl-CoA from isoleucine. Most of acetyl-CoA enters the TCA 

cycle. Succinyl-CoA and propyonil CoA are also used for glycogenesis through carnitine 

metabolism and acetoacetate for ketogenesis. 

 

BCAT1 (cytosolic) and BCAT2 (mitochondrial) are αKG-dependent transaminases. Kruppel 

like factor 15 (KLF15) and peroxisome proliferator-activated receptor δ (PPARδ) partici-

pate in the control of BCAT1 expression271. KLF15 is induced under unfed conditions, 

which allows it to suppress lipogenesis and increase BCAA catabolism to provide sub-

strates for enhanced glycogenosis272. Like other transaminases, BCAT require the cofactor 

pyridoxal-5'-phosphate (PLP or vitamin B6) to catalyze the reaction.  

BCAT transamination is bidirectional. BCAA catabolism is regulated by both allosteric 

(through vitamin B6 or PLP) and covalent mechanisms (through αKG availability). The 
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redox-active dithiol/disulfide C315-Xaa-Xaa-C318 (CXXC) center, which allow the reversi-

ble nature of the transamination plays a major role in catalytic reactions. BCAT2 is more 

sensitive to the redox environment of the cell and BCAT1 demonstrates a lower redox 

potential (approximately 30 mV) compared to BCAT2, suggesting that redox status may 

influence BCAA catabolism273. BCAT enzymes operate near equilibrium, with both sub-

strate and BCKA concentrations being at or below their Km values. This equilibrium allows 

BCAT isozymes to quickly respond to metabolic demand in the tissue concerned.  

In the next step, the mitochondrial complex branched chain α-keto acid dehydrogenase 

(BCKD, also known as BCKDC, for BCKD complex) irreversibly catabolizes BCKA through 

oxidative decarboxylation. BCKD is found on the mitochondrial inner membrane and is 

composed of E1α (also known as branched chain keto acid dehydrogenase E1 subunit 

alpha, BCKDHA) and E1β (BCKDHB), E2 (DLT), and E3 (DLP).  

BCKDHC is an important gatekeeping enzyme that is regulated by reversible phosphor-

ylation catalyzed by a specific BCKD kinase (BCKDK); this phosphorylation inhibits BCK-

DHC activity and blocks BCAA catabolism. On the opposite, dephosphorylation of BCK-

DHC by the mitochondrial protein phosphatase PP2Cm (encoded by PPM1K gene) stim-

ulates BCKDHC activity. The coordinated response between BCKDK and PP2Cm achieves 

optimal BCKDHC activity to maintain BCAA homeostasis and are directly regulated by 

BCKDA levels and especially αKIC274,275.  

 

4.6.2 BCAA metabolism in HSC and progenitors 

BCAA metabolism in HSC and progenitors remain largely elusive. Recently, Wilkinson and 

colleagues showed that BCAA homeostasis is critical for HSC proliferation and survival. 

BCAA imbalance, and especially high concentration of valine, inhibits HSC growth more 

strongly than insufficiency of the three BCAAs. Therefore, imbalance of BCAAs may be an 

essential promoter of dysfunction of HSCs26.  

In the human hematopoietic system, BCAT1 expression is elevated in HSC and progres-

sively downregulated throughout differentiation, when compared to BCAT2 (Figure 33).  
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Figure 33: A) BCAT1 and BCAT2 expression in the hematopoietic tree (from 

https://gexc.riken.jp/). B) human BCAT1 log2 expression. Data sets are GSE17054 (HSC), 

GSE19599 (GMP, MEP), GSE11864 (monocytes). Common myeloid progenitor, CMP; gran-

ulocyte-macrophage progenitor, GMP; hematopoietic progenitor, early HPC; megakaryo-

cyte/erythroid progenitor, MEP; promyelocytes, PM; myelocytes, MY; polymorphonuclear in 

the bone marrow, PMN_BM; polymorphonuclear in the peripheral blood, PMN_PB. 

 

A similar gene expression profile is observed for other key regulators of BCAA metabo-

lism and especially PPM1K and BCKDHA (data not shown). Liu and colleagues reported 

a high expression of PPM1K in mouse long-term-HSCs compared with short-term HSCs, 

progenitors (MEP, CMP, CLP, and Lin- cells) and differentiated cells276. In murine HSC, 

PPM1K, which activate BCKDKC, promotes BCAA catabolism and maintains the glycolysis 

and quiescence of HSCs through the downregulation of the transcription factor MEIS1 

and cell cycle regulator p21/CIP276. Gu and colleagues showed that BCAT1 is repressed 

by EZH2-PRC2 mediated H3K27me3 in normal hematopoietic processes 277. 

https://gexc.riken.jp/
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BCAT1 could also to have regulatory functions in mature myeloid cells. Oral administra-

tion of BCAA had stimulatory effects on peripheral blood mononuclear cells (PBMCs) and 

led to increased IFN-g production278. Papathanassiu and colleagues also demonstrated 

that BCAT1 is critical in human macrophage inflammatory responses; BCAT1 inhibition 

reduces oxygen consumption and OXPHOS but also glycolysis, suggesting a pleiotropic 

function of BCAT1 in cellular metabolism279.  

 

The role of BCAA metabolism in cancer pathogenesis has been a topic of interest and 

has recently been extensively reviewed in 26,280,281. 

 

4.6.3 BCAA metabolism in leukemia 

Recent studies have illustrated the main contribution of BCAT1 in human leukemia. Hat-

tori and colleagues evidenced a link between altered BCAA metabolism and propagation 

of blast crisis chronic myeloid leukemia (BC-CML)226. These authors showed that BCAT1 

is functionally required for CML and up regulated during CML progression. They identi-

fied Musashi2 (MSI2), an oncogenic RNA binding protein that physically associates with 

the BCAT1 transcript, as a positive regulator of BCAT1 protein accumulation in leukemic 

cells. Blocking expression or enzymatic activity of BCAT1 induces cellular differentiation 

and significantly impairs the propagation of BC-CML both in vitro and in vivo. Metabolic 

analysis demonstrates intracellular BCAA production by BCAT1; consistently, direct sup-

plementation with BCAA ameliorates the defects caused by BCAT1 knockdown. They also 

showed that BCAA anabolism is associated with mTORC1 activation. In addition, the au-

thors evidenced that, BCAT1 expression also predicts disease outcome in an AML patient 

cohort.  

In another study, Raffel and colleagues showed that high BCAT1 expression mimics IDH 

mutations in AML227. The authors performed high-resolution proteomic analysis of hu-

man LSC and non-stem cell populations and found that the BCAA pathway was enriched 

and BCAT1 protein and transcripts were overexpressed in LSCs. Depletion of BCAT1 sup-

pressed the proliferation and survival of AML cells in vitro, and eliminated leukemic initi-

ation in vivo, indicating a requirement for BCAT1 in AML LSCs. BCAT1 depletion also 

resulted in accumulation of αKG, leading to EGLN1-mediated degradation of HIF1α, and 
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HIF1α overexpression was sufficient to restore cell growth and survival after BCAT1 

knockdown. Conversely, BCAT1 overexpression decreased intracellular αKG levels and 

caused DNA hypermethylation through inhibition of TET2, “mimicking” the effects of IDH 

mutations. As reported, by Hattori and colleagues226, the authors also found that high 

BCAT1 expression is associated with poor survival in patients with AML, but not in IDH- 

or TET2-mutant AML, consistent with the redundant role of BCAT1 overexpression and 

IDH mutations in suppressing TET2 activity. High BCAT1 expression was associated with 

enrichment of LSC signature genes, and BCAT1 expression increased upon AML relapse. 

Thus, BCAT1 activity supports LSC. 

More recently, Jin and colleagues showed that BCAT1 overexpression confers a worst 

overall prognosis among normal karyotype AML. As IDH mutational context has been 

reported to confer a specific “BRCAness” phenotype167,168 and that BCAT1 overexpression 

might recapitulate IDH epigenetic phenotype227, the authors hypothesized that a 

“BRCAness" phenotype could also be observed in AML samples overexpressing BCAT1. 

They observed an increase in the base line level of DNA damage marker γ-H2AX and 

found an excess of cytoxicity when PARP inhibitors were combined with genotoxic agents 

in BCAT1 overexpressing cells282.  

4.6.4 BCAA metabolism in glioma 

BCAT1 expression is especially high in the brain, contributing to cytosolic glutamate gen-

eration for neurotransmitter production. Tonjes and colleagues found that a distinct sub-

set of glioblastomas, which have wild type IDH, have increased expression of BCAT1 283. 

The authors found that expression of BCAT1 is necessary for the progression of gliomas. 

BCAT1 expression seems to be controlled by αKG levels suggesting that αKG or D-2HG 

levels may influence BCAA metabolism. In culture, inhibition of BCAT1 resulted in partial 

cell cycle arrest and substantial suppression of proliferation. BCAT1 knockdown also de-

creased invasiveness and led to decreased secretion of glutamate, an excitatory brain 

neurotransmitter. This indicates that increased glutamate secretion mediated by cancer 

cells with increased BCAT1 levels may be involved in the pathogenesis of neurotoxicity 

to tumor-adjacent normal brain tissue and may contribute to the propensity of patients 

with glioma to have seizures.  
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IDH mutant tumoral cells are also dependent on glutaminolysis even though the molec-

ular mechanism underlying this selectivity remains284. Interestingly, glutamine reliance 

seems to be related to BCAT complexes as BCAT1 loss increases reliance on glutaminase 

for glutamate and glutathione synthesis in mutant IDH glioblastomas179.  

 

4.7 WORKING HYPOTHESIS 

 

IDH is at the corner stone between metabolism and epigenetic. Comprehensive 

studies reporting metabolic changes with respect to mutant IDH have mainly focused 

on glioma, but little is known about mutant IDH-induced specific alterations in metabo-

lism in primary AML cells (reviewed in 188).  

 

It remains important to explore these metabolic changes for leukemogenesis and to ex-

plore their potential for therapeutic exploitation and notably to identify therapies that 

may exploit D-2HG-driven molecular effects. For instance, D2-HG induces vitamin D re-

ceptor-related transcriptional changes, priming leukemic cells to differentiate with phar-

macologic doses of all-trans retinoic acid (ATRA) and/or vitamin D183. D-2HG as a metab-

olite itself (in wildtype IDH cellular context) primarily suppresses glycolysis in leukemia 

cells and thereby rewires leukemic metabolism285. Stuani and colleagues also recently 

reported that OXPHOS plays a crucial role in mutant IDH biology and in response to IDH 

inhibitors185. In IDH1 mutated glioblastomas, McBrayer showed that D-2HG inhibit αKG-

dependent transaminases BCAT1 and BCAT2, thereby decreasing glutamate levels, in-

creasing BCAA levels and more specifically leucine amino-acid.  By using this metabolic 

specificity, the authors identify that glutaminase inhibition specifically sensitized IDH mu-

tant glioma cells to oxidative stress and radiation 286. Raffel et al showed in AML settings 

that BCAT1 links BCAA catabolism to HIF1α stability and regulation of the epigenomic 

landscape, thus mimicking the effects of IDH mutations227. 

 

    Previous results of our team and others have shown that the differentiation block in-

duced by IDH mutants is reversible using a specific allosteric inhibitor, enasidenib287–289. 

Clinical results have been now reported290,291. Although the survival benefit provided by 

mutant IDH2 inhibition is clear, primary resistance have been described and relapse 



 

85 

remains of major concern. An essential question for the implementation of every targeted 

or metabolic-driven therapy is the determination of the escape mechanism and also their 

diversity. 

 

The major aims of the project are: 

1. Identify deregulated metabolic pathways in IDHmut human primary leuke-

mic cells by pan-metabolome approach, decipher functional consequences 

of metabolism alteration, and evaluate if this metabolic pathway might 

represent a potential metabolic vulnerability. 

2. Evaluate the molecular bases of response and acquired resistance to 

enasidenib on paired diagnosis/relapse samples obtained from the AG-

221/CC90007/enasidenib clinical trial 
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5 METHODOLOGY 

5.1 METABOLITES ASSESSMENT AND MASS SPECTROMETRY 

 

5.1.1 2HG measurement 

2HG metabolites levels were determined by ion-paired reverse-phase LC coupled to neg-

ative mode electrospray triple-quadrupole mass spectrometry using multiple reactions 

monitoring, and integrated elution peaks were compared with metabolite standard 

curves for absolute quantification as previously reported292. 

 

5.1.2 Liquid-chromatography/mass spectrometry (LC-MS) 

Liquid chromatography coupled to a mass spectrometer analyses were performed at the 

CEA (Commissariat à l'énergie atomique et aux énergies alternatives) in Saclay (France) 

in collaboration with Dr. Christophe Junot (director of the Laboratoire d'étude du métab-

olisme des médicaments, LEMM) and under the supervision of Drs Sandrine Aros-Calt 

and Florence Castelli. Sample preparation consisted essentially in the removal of proteins 

by methanol precipitation (initial steps). Two 150 µL volumes of each sample were trans-

ferred to clean, labeled Eppendorf tubes before being dried in a Speed Vacuum. In addi-

tion, 100 µL of each sample was transferred into a 5 mL Eppendorf tube (30 samples x 

100 µL = 3 mL total). This volume was vortexed and then separated into 4 x 1.5 mL Ep-

pendorf tubes (750µL in each). These 4 tubes were used for the development of the anal-

ysis of AML extracts on LC-MS (choice of the optimal concentration mainly). The mass 

spectrometry analyzer was an Exactive (Thermo). Different columns were used, for the 

broadest possible metabolomic analysis. Finally, we chose to run these samples on a first 

ZIC-HILIC column (Hydrophilic Interaction Liquid Chromatography; SeQuant) allowing, 

by the weak interactions between the charged metabolites and the neutral zwitterionic 

stationary phase, a good selectivity for polar and hydrophilic compounds: sugars, small 

metabolites, organic acids and bases, amino acids, peptides among others. Both negative 

and positive modes were used to increase the total number of compounds identified. 

Metabolites heatmap was realized by BRB-arrray Tool 4.5.0.2. 
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5.1.3 GC-MS based metabolic analysis: BCAA tracing 

Cells were cultured and labeled in media supplemented with either 170 μM [(U)-13C]-L-

Leucine, 30 or 170 μM [(U)-13C]- KIC sodium salt (for 13C tracer experiments; Cambridge 

Isotope Laboratories). The concentrations are based on the standard RPMI-1640 media 

formulation. At the time of collection (0, 30 and 60 minutes respectively), cells were 

washed twice with ice-cold PBS and iced shocked in liquid azote. After thawing, insoluble 

particles by centrifugation were removed by centrifugation the supernatants were col-

lected and dried using a SpeedVac at 30°C. The cell extracts were dissolved. Calibration 

samples (150–250 mM) were prepared from 98% 15N-enriched leucine (Isotec Inc.) and 

13C-enriched KIC and 13C,15N-enriched leucine. All signals were identified either with au-

thentic samples or by reference to literature values. These analysis were realized by Pr 

Ottolenghi Christopher (Hopital Necker, service de biochimie analytique, Paris). 

 

5.2 CELL CULTURE 

5.2.1 Cell lines and reagents 

PLB-985 and K562, cell lines were cultured in non-treated culture dishes, plates, or flasks 

at 37°C in 5% CO2 with Fisher Scientific RPMI 1640 Medium (Gibco, 11340892) supple-

mented with 10% fetal bovine serum (FBS, Sigma Aldrich, F2442), 1% Glutamine, 100 

UI/ml Penicillin. HEK 293T cells used for lentiviral production were grown in Dulbecco's 

Modified Eagle Medium (DMEM, glucose 4.5 g/L, and sodium pyruvate) supplemented 

with 10% FBS, 1% Glutamine and 100 UI/ml Penicillin. BCAT1 inhibitors were BCATc in-

hibitor 2 (Cayman Chemical, 9002002) and gabapentin (Tokyo Chemical Industry Co.). 

mTORC1 and mTORC2 inhibitors were purchased from Selleckchem (GSK458 (S2658), 

PP242 (S2218) and rapamycin (S1039)).  

 

5.2.2 Human primary samples  

All samples were obtained from the department of Hematology, Gustave Roussy (Villejuif, 

France) in a collaboration with Dr. Stéphane DeBotton. Peripheral blood and/or bone 

marrow aspirates samples were obtained at time of diagnosis or relapse. Informed con-

sents were obtained from all patients in accordance with the Declaration of Helsinki. AML 

diagnosis was morphologically proven according to the French-American–British (FAB) 
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classification. Immunophenotyping and cytogenetic analyses were done locally. Descrip-

tion of the karyotypes followed the International System for Human Cytogenetic Nomen-

clature. Patients with AML provided a written informed consent in accordance with the 

declaration of Helsinki. Bone marrow samples were enriched in AML blast cells using 

Ficoll gradient density centrifugation. Characteristics of the patients are provided in table 

below. 

  
Patient num-

ber 
Age IDH status Karyotype NPM1 FLT3-ITD 

IDH2m 

#1 77,6 IDH2 R140Q Normal mut wt 

#2 60,5 IDH2 R172H Normal wt wt 

#3 73,9 IDH2 R140Q Trisomy 8 wt wt 

#4 47,7 IDH2 R140Q -7 wt wt 

#5 47,0 IDH2 R140Q Normal mut mut 

#6 58,2 IDH2 R172K Normal wt wt 

#7 73,3 IDH2 R140Q Normal wt mut 

IDHwt 

#1 65.2 wt MK mut wt 

#2 66.4 wt MK wt wt 

#3 59.1 wt -7 wt wt 

#4 75 wt Iso6p wt wt 

#5 71.3 wt Normal mut mut 

#6 49.6 wt Normal wt mut 

 

Cells were cultured in serum-free conditions Stemspan medium (StemCell Technologies) 

in the presence of recombinant human cytokines (25ng/ml hSCF, 10ng/ml hFLT3-L, 

10ng/ml hTPO, hIL6 10ng/ml, 10ng/ml hIL3, 1UI/ml hEPO, 1ng/ml hGCSF and 5ng/ml 

human GM-CSF). All cytokines were from PeproTech France (Neuilly s/Seine, France).  

 

5.3 VIRAL CONSTRUCTS AND PRODUCTION 

We used pRRL lentivirus expressing wild type IDH2 or IDH2R140Q as previously reported 

in 287. BCAT1 lentiviral short hairpin RNA (shRNA) constructs were obtained from Hattori 

and colleagues 226. Virus was produced in HEK cells transfected using polyethylenimine 

with viral constructs along with VSV-G and gag-pol. For lentivirus production Rev was 

also co-transfected. Viral supernatants were collected for two days followed by ultra-

centrifugal concentration at 50.000×g for 2h. For lentiviral infections, cells were seeded 

at 2x106/ml with 10μl of lentiviral supernatant, and then GFP+-sorted on Influx -UV (BD 

Biosciences) flow cytometer.   
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5.4 MOLECULAR BIOLOGY ASSAY 

5.4.1 Primary cells analysis 

Mice were sacrificed when marrow or blood infiltration reach at least 80% or at any sign 

of clinical deterioration. Primary AML cells or PDX samples were incubated with SYTOX 

blue (Life Technologies SAS, Saint Aubin, France) to label dead cells prior to flow cytom-

etry sorting based on hCD45 expression. Cells were gathered and sorted based on human 

(PeCy7) and murine (APC) CD45 (Becton Dickinson France SAS, Le Pont-De-Claix, France) 

expression.  

 

5.4.2 DNA extraction, Real-time qPCR analysis  

Cells were processed for DNA extraction with the All Prep DNA/RNA Microkit (Qiagen) 

and DNA was quantified with the Nano-Drop ND-1000 spectrophotometer (Nano-Drop 

technology). cDNA was synthesized from total RNA purified (using the RNeasy microkit, 

QIAgen) from GFP+-sorted or sorted primary leukemic samples using the Superscript II 

reverse transcriptase (Invitrogen). The expression level of each gene was assessed by 

qRT-PCR with an ABI PRISM 7500. The 2-ΔΔCt method was used to normalize expression 

to B2M for cell lines and primary AML samples. 

  Forward (5’-3’) Reverse (5’-3’) 

BCAT1 CAACTATGGAGAATGGTCCTAAGCT TGTCCAGTCGCTCTCTTCTCTTC 

transcript 201 GCTACGACCCTTGGGATCT AAGTCCCCACCACCTCTTTT 

transcript 202 GTGCCACTGCCGCTCTCT AAGTCCCCACCACCTCTTTT 

transcript 204 CGGTATCATGGATTGCAGTA CTATTAGGTCTTTAGCCT 

BCAT2 TTCATTCGTCAGAGCCTGGATA ACTACTCCAGGCAAGATGACGC 

BCKDK CAAGACCGTCACCTCCTTTT CTTTCATCATTGGCTGCAAC 

BCKDHA CAGTCCCGCAGGAAGGTGA TAGTGCTCCCCGTAGGTCTGC 

PPM1K GTCAGAAGTGGTGGGAACC GAATTGGCTTGCCATACTTA 

B2M ACTGAATTCACCCCCACTGA CCTCCATGATGCTGCTTACA 

 

5.4.3 HpaII tiny fragment Enrichment by Ligation-mediated PCR assay (HELP) 

Specific cytosine methylation on BCAT1 promotors 1 and 2 was assessed by Thermo Sci-

entific EpiJET DNA Methylation Analysis Kit (MspI/HpaII). Digestion and PCR was realized 

according to manufacturer instruction. 5-mC percentage was then calculated as % of 5-
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mC =100 / (1 + E)Cq2-Cq1. Primer sequences used for HELP assay are summarized in table 

below.  

Cytosine Promotor Forward (5’-3’) Reverse (4-3’) 

c.211 P1 AAATCTGGAGTCCCAGCCT TCAGAGCGAGTCCATAGCT 

c.340 P1 AATATCTGCGCTTGGAAAGG AACCCCTCCAGCATCCCTT 

c.138 P2 ACTCGGATACGCACCCACAGT CGAAGATTCGGAGCCAGCG 

 

5.4.4 Chromatin immunoprecipitation sequencing (CHIP-Seq) 

Chromatin immunoprecipitation (ChIP) was performed at the Centre de recherche en 

cancérologie de Marseille, under the supervision of Dr Syvain Garciaz and Estelle Duprez 

as previously described 293. Mutant and wild type IDH2 samples were obtained from Drs 

Syvain Garciaz and Estelle Duprez. 

 

5.5 WESTERN BLOT ANALYSIS 

Primary samples or cell lines were rinsed with ice-cold PBS, lysed in 10μl/106 cells in RIPA 

buffer, and were shock-frozen in ice. Samples were vortexed and centrifuged at 14,000 

rpm for 10min. The upper phase was removed and quantified with BCA Protein Assay Kit 

(Pierce -Thermo Scientific). Proteins were resolved on 4–12% TGX gels (Criterion, Bio-

Rad) with TGS (Tris-GlycineSDS) running buffer (Bio-Rad) and blotted on PVDF mem-

branes (Trans-Blot TURBO, Bio-Rad). Membranes were blocked for 1h in TBS containing 

0.3% (v/v) Tween-20, with 5% (w/v) BSA powder. Primary antibodies against BCAT1 

(1/1000; Cell Signaling Technologies, 12822), BCAT2 (1/1000; ThermoFisher, PA5-21549), 

AKt (1/1000; Cell Signaling Technologies, 4685), pAkt Ser473 (1/1000; Cell Signaling 

Technologies, 4060), S6K (1/1000; Cell Signaling Technologies, 2708), pS6K Thr389 

(1/1000; Cell Signaling Technologies, 9205), 4EBP1 (1/500; Santa Cruz Biotechnology, sc-

9977), p4EBP1 (1/10000; Santa Cruz Biotechnology, sc-18091-R), hsc70 (1/10000; Santa 

Cruz Biotechnology, sc-1059), were incubated overnight at 4°C in blocking solution. 

Phospho-antibodies were incubated in 5% w/v BSA, 1X TBS, 0.1% Tween-20 at 4°C with 

gentle shaking, overnight. Secondary antibodies (anti-rabbit-IgG peroxidase-linked anti-

body or anti-goat-IgG horseradish peroxidase-linked antibody were incubated for 1h at 

room temperature. Membranes were washed in TBS-Tween 0.3% and immunocomplexes 
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were detected using an ECL Kit (ThermoFisher, 32106) and acquired with an Image Quant 

LAS-4000 (Bio-Rad).  

 

5.6 FLOW CYTOMETRY 

Flow cytometry assays were analyzed using flowjo (BD biosciences) software. 

5.6.1 Annexin V  

Cells were washed in annexin V binding buffer, incubated with PE-coupled annexin V (BD 

biosciences). 

 

5.6.2 Differentiation assay in human primary samples 

Cells were washed with PBS, supplemented with 0.5% SVF (flow cytometry washing 

buffer) and Fcblocked with 0.1µl of human IgG/105 cells for 15 min at room temperature 

(Human TruStain FcX Fc Receptor Blocking Solution, BioLegend) prior to staining. After 

washing, cells were transferred to a 5ml tube and incubated with 1 µl/106 cells of antibody 

for 30- 45 minutes at 2° - 8° C. As a control for this analysis, cells (in a separate tube) 

were treated with equivalent IgG1 isotype antibodies (BD biosciences). Cells were then 

analyzed on a BD LSRFortessa™ (BD biosciences). Cytometric analysis was performed us-

ing phycoerythrin (PE)-conjugated anti-human CD11b (BD biosciences, clone ICRF44), 

FITC-conjugated anti-human CD14 (BD biosciences, clone 61D) APC-conjugated anti-hu-

man CD15 (BD biosciences, VIMC15), PerCP-Cy5-conjugated anti-human CD24 antibod-

ies (BD biosciences, clone ML05), PeCy7-conjugated anti-human CD34 (BD biosciences, 

clone 8G12).  

 

5.7 MURINE EXPERIMENTS 

5.7.1 Patient derived xenograft (PDX) model 

All animal studies were conducted with approval of the local ethics committee. Sorted 

mutant IDH2 and wild type IDH2 primary samples (0.5-1x106 cells) were transplanted in 

NOD SCID IL2Rgammanull (NSG) mice after sublethal irradiation (1.5 Gy). After trans-

plantation, recipient mice were evaluated every week for signs of morbidity and weight 

loss, failure to groom. Mice were monthly evaluated by marrow biopsy to assess PDX 
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engraftment. Premorbid animals were sacrificed, and relevant tissues were harvested and 

analyzed by flow cytometry and histopathology. For BCAT1 knockdown by retroviral 

shRNA transduction, primary AML cells were transduced with either shRNACtrl or shRNA-

Bcat1c/d retrovirus for 48 h. Infected cells were sorted based on GFP expression, and 0.5-

1x106 cells tractor were transplanted in sublethally irradiated NSG recipients. At sacrifice, 

sorted GPF positive and negative blood cells were cytospin and stained with MGG stain 

solution for cytopathologic evaluation.  Marrow and spleen were fixed in and histology 

assessed by a board-certified veterinary pathologist. 

For in vivo mTOR inhibition, human primary samples were transduced with mCherry 

pFuw-luciferase lentivirus and mCherry+ FACS-sorted cells were transplanted in NSG re-

cipients as previously. Engraftment was assessed by hCD45 flow cytometry staining in 

peripheral blood or bone marrow. Mice received by daily oral gavage 3mg/kg/d GSK428 

or vehicle for a month. AML cells burden was assessed with in vitro imaging system (IVIS) 

every week (see below). After 1 month or in case of morbidity signs, mice were sacrificed 

and AML cell burden was measured by flow cytometry and sorted based on hCD45 stain-

ing.  

 

5.7.2 In vitro imaging system (IVIS) 

Luciferin at 15mg/mL was intra-peritoneally injected in pFuw-PDX mice recipients, 

treated with GSK458 or vehicle, 10-15 minutes before imaging on IVIS 50 (Perkin Elmer). 

 

5.8 SURVIVAL ANALYSIS 

BEAT AML and TCGA datasets were used to assess BCAT1 expression on overall survival. 

Samples were stratified according to genotype and BCAT1 expression (high, above me-

dian; low, below median). Survival analysis used a Mantel-Cox log-rank test and a hazard-

ratio (log-rank) test using GraphPad Prism 7 software. 
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6 RESULTS 

6.1 PART I: IDH2 MUTATIONS AND BCAA METABOLISM  

6.1.1 Metabolic profile distinguishes mutant and wild type IDH2 AML cells 

In order to clarify the metabolic abnormalities caused by the expression of mutant IDH 

in the context of primary AML cells, the team has undertaken an untargeted metabolism 

analysis of clinical samples (sera and plasma) from patients with AML harboring (N=17) 

or not (N=7) an IDH2 mutation, by LC-MS (high resolution liquid chromatography-mass 

spectrometry, LC qExactive). This analysis was performed by Dr. Florence Castelli and Pr 

Christophe Junot, LEMM, CEA. Clinical samples included baseline/diagnosis samples and 

obtained at different time points during treatment (frontline intensive chemotherapy). 

Four analytic procedure/sample (HILIC pos/neg and C18 pos/neg columns) were realized 

in order to potentiate metabolites identification. Alignment of detected peaks was per-

formed according to the mass-to-charge ratio (m/z) value and normalized migration 

time. The detected peaks were compared with all substances registered on the Human 

Metabolome Technologies Metabolic Substance Database based on the m/z and MT or 

RT values, including home-made data bases (Drs Castelli and Junot). Obtained peak area 

were converted to aera under the curve (AUC); data processing and analysis will be de-

scribed later on. 

6.1.1.1 Altered metabolism of BCAAs in primary mutant IDH2 AML cells 

Results presented here were obtained from the HILIC-neg dataset. Hilic-negative indi-

cates the dataset obtained by hydrophilic interaction liquid chromatography (HILIC)-

electrospray ionization (ESI) in negative mode. Overall, 2757 substance peaks were iden-

tified. 289 annotated metabolites were identified at baseline (minimal value > 0.1%) and 

unsupervised clustering identified 33 metabolites that were differentially expressed and 

clearly separate samples with or without IDH2 mutation (Figure 34A). Beside D-2-HG, 

the marked difference in the metabolic profile involved metabolites associated to the 

prostaglandin pathway, glutamine metabolism, fatty-acid metabolism and branched-

chain amino acids (BCAA, consisting of valine, leucine and isoleucine) metabolism. Zhang 

and colleagues recently reported the overproduction of prostaglandin E2 (PGE2) in a 
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Dnmt3a KO-Idh2R140Q mouse model of leukemia ; PGE2 has been implicated in promoting 

stem cell self-renewal and cancer stem cell maintenance170.  

Interestingly, two derivatives of the BCAA metabolic pathway were present at lower levels 

in mutant IDH2 samples: the 2-hydroxy-3-methylbutyric acid, that mainly originates from 

the terminal ketogenesis of valine, leucine, and isoleucine, and the α-ketoisocaproic acid 

(αKIC) that is the branched chain α-keto acid (BCKA) of leucine (Figure 34B). For αKIC, 

median AUC was 3.2x107 (range: 9.9x105-5.3x107) in mutated IDH2 samples compared to 

6.1x108 (range: 3.7x107-5.8x108 ) in wild type IDH2 samples (P<0.001). Interestingly, there 

was also a trend toward higher isoleucine and leucine levels in mutant IDH2 samples, 

although the differences were not statistically significant (not shown); the keto analog of 

valine, α-ketoisovalerate (αKIV), and the keto analog of isoleucine, α-keto-β-methyl-

valerate (αKMV), were not identified/annotated in our datasets. We confirmed by GC-MS 

on an independent cohort of mutated (N=21) and wild type (N=10) IDH2 samples, a 

lower serum level of αKIC in mutated IDH2 samples compared to wild type (0.7 vs 9.7 

µmol/l, P=0.0008) (Figure 34C). We also observed a significant negative correlation be-

tween D-2 HG and αKIC levels (R2= 0.47, P=0.006) (Figure 34D).  

We investigated αKIC levels during intensive chemotherapy course and observed that 

αKIC level distinguishes patients with distinct clinical characteristics (Figure 34E). High 

and stable αKIC levels identify patients who attain complete response (CR) (100% vs 50%, 

P=0.13) and show a better disease free survival (DFS) (not reached vs 3.3 months, P=0.03), 

when compared to others patients. In contrast, primary refractory patients and patients 

with early relapse (relapse within 12 months following CR1) showed lower αKIC levels 

(two way RM ANOVA: P=0.03 for interaction). These preliminary data suggest that αKIC 

levels might represent a predictive factor for chemo-resistance and/or poor outcome in 

this clinical context. Patients characteristics are summarized in Figure 34F. 

6.1.1.2 Leucine anabolism is favored in primary mutant IDH2 AML cells 

The catabolic pathway of BCAAs is the predominant direction in most tumor types and 

involves a first reversible transamination step performed by BCAT enzymes, who transfer 

the BCAA amino group to αKG to produce glutamate and a branched chain α-ketoacid 

(BCKA). BCKAs are converted back to BCAAs or oxidized to TCA cycle intermediates 
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through a series of additional enzymatic steps, initiated by an irreversible oxidative de-

carboxylation by the BCKDH complex. The overproduction of D2-HG in mutant IDH2 AML 

cells and the α-KG dependance of transaminases involved in the BCAA metabolism that 

support cancer progression, prompt us to investigate this metabolic pathway in primary 

mutant IDH AML cells. Interestingly, impaired leucine catabolism and inhibition of BCAT1 

and BCAT2 by D-2HG hallmark mutant IDH1 glioma cells179. 

To track the fate of leucine and αKIC in mutant and wild-type IDH2 AML bulks, primary 

SSClowCD45int blasts were purified by FACS and BCAA- and BCKA-tracing experiments 

were performed with [13C]-labeled leucine or [13C]-αKIC respectively. Samples were col-

lected after 1 hour of tracing and metabolite measurement was performed by gas chro-

matography (GC)-MS. BCAA oxidation flux using [13C]leucine established a significant la-

beling of αKIC in wild-type IDH2 blasts, indicating a contribution of transamination to 

BCAA in those cells ([13C]-αKIC conversion to leucine: mutant IDH2 =39.13 ± 6.313; wild-

type IDH2 = 3.967 ± 1.686; P=0.0058). In contrast, a clear enrichment of labeled leucine 

was observed in mutant IDH2 samples, showing the formation of leucine from αKIC but 

not the breakdown of leucine to αKIC. Stable isotope tracer experiments performed in 

the hematopoietic PLB-985 cells (a derivative of the human HL-60 cell line) engineered 

to express either human IDH2R140Q or the wild type allele confirmed a BCAA oxidation in 

the wild type context at 2 h after labeling; in contrast, [13C]-αKIC formation was barely 

detectable in IDH2R140Q cells, while again an efficient production of leucine from αKIC was 

observed (Figures 34G and 34H). Therefore, AML cells with IDH2 mutation show de-

creased levels of αKIC compared to control cells, a situation reminiscent of mutant IDH1 

glioma cells where a BCKA depletion is observed179,294. 
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Figure 34 : A) Heatmap comparison of 33 metabolites in mutant and wild type IDH2 sam-

ples. B) Pathway enrichment analysis of metabolites. P-values were evaluated by two-sided 
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unpaired t test. C) αKIC levels (IDH2mut samples N= 21; IDH2 wt samples N= 10); P-value 

was assessed by two-sided, unpaired t-test. D) Spearman correlation between αKIC and D-

2HG levels in samples at baseline. E) Relative abundance trajectories of αKIC according to 

patients clinical outcome. CR1 was defined as reached at least < 5% of marrow blasts after 

intensive chemotherapy. Late relapse was defined as relapse occurring 12 months after 

CR1. F) Clinical characteristics and outcome of IDHmut and IDHwt patients. G) BCAA- and 

BCKA-tracing experiments; data were normalized to succinate values as internal control. 

P-value was assessed by two-sided, unpaired t-test. H) Characteristics of leucine metabo-

lism in wild type IDH2 and IDH2R140Q samples.  

 

6.1.2 Epigenetic marks regulate BCAT1 expression in mutant IDH2 AML blasts 

6.1.2.1 BCAT1 is overexpressed in mutant IDH2 AML blasts 

To address the contribution of mutant IDH2-induced epigenetic changes to this pheno-

type, we determined whether modulation of the BCAA metabolic pathway may rely on 

altered BCAT expression. No significant change in the expression of the mitochondrial 

BCAT2 enzyme was found by quantitative RT-PCR (qRT-PCR) between FACS-purified mu-

tant (N=8) or wild-type (N=8) IDH2 AML blasts, while accumulation of transcripts from 

the cytosolic BCAT1 was predominant in mutant IDH2 cells (Figure 35A); the BCAT1 gene 

also showed upregulation in the Beat AML dataset 295 for AML patients that share 

(N=114) or not (N=467) IDH2 mutation (Figure 35B); these analyses have been done by 

Nicolas Poulain, PhD in the team. Consistently, western blot analysis showed that BCAT1 

protein expression was high in primary mutant IDH2 AML blasts while lower or nearly 

absent in wild type IDH2 AML controls (Figure 35C), suggesting that despite the genetic 

heterogeneity of human blasts, IDH2 mutation governs the accumulation of BCAT1.  

BCAT1 is the first enzyme involved in the BCKA pathway. BCKA are decarboxylated by 

branched-chain α-ketoacid dehydrogenase complex (BCKDC); BCKDC activity is tightly 

controlled notably by the PPM1K phosphatase and the BCKDH kinase (BDK). BCKDK ex-

pression has been reported to be negatively controlled by high levels of BCAA296. In line, 

we observed a downregulated expression of BCKDK in mutant IDH2 cells (P=0.001) ; this 

result was confirmed in the Beat AML dataset 295 (data not shown). 

To assess if D-2HG can recapitulate BCAT1 expression phenotype observed in human 

samples, PLB-985 cells were treated for 5 days with (2R)-Octyl-α-hydroxyglutarate 

(octy(R)-2HG), a cell-permeable derivative of the D-isomer of 2-HG. A faint increased 

accumulation of BCAT1 proteins levels was observed (Figure 35D) that suggests that 
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BCAT1 expression is sensitive to metabolic and/or epigenetic modifications induced by 

the oncometabolite.  

As alternatively spliced BCAT1 transcript variants have been reported in tumor cells that 

originate from two alternative promoters283, we characterized BCAT1 transcripts expres-

sion by transcript-specific qRT-PCR in primary mutant IDH2 AML blasts. We observed the 

expression of specific transcripts initiated at the alternate promoter 1 (P1) and promoter 

2 (P2) respectively (Figure 35E), 201 being the predominant transcript in primary AML 

cells (Figure 35F). We failed to quantify accumulation of 205 and 206 transcripts due to 

problems in designing unique primers and there are no commercial probes for the quan-

tification of BCAT1 transcripts by qPCR. Expression of transcript 204 was significantly 

higher in IDH2R140Q cells compared with wild type IDH2 cells (Figure 35G), pointing to a 

persistent use of P2 in the mutant IDH2 genetic context. These results indicate that ex-

pression of IDH2R140Q while globally enhancing BCAT1 expression, also enforces the ac-

cumulation of specific transcripts. Whether expression of these transcripts, which differ 

in their first exons and generate ~43 kDa protein species, is translated into functional 

differences in the gene product is yet unknown. In addition, a significant correlation 

emerges between the upregulation of 204 transcript and amounts of octy(R)-2HG, used 

to treated human hematopoietic cell lines devoid of mutation on IDH genes (PLB-985 

and K562) and to “mimic” IDH2 mutation (Figure 35G). Although exogenous 2-HG can-

not entirely recapitulate the effects of mutant IDH enzymes297, our data suggest that the 

oncometabolite elicits the same directionality of metabolic change as IDH genetic ab-

normalities. These results also show the ability of D-2HG to unexpectedly activates tran-

scription of a key metabolic gene. 
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Figure 35: The IDH2 mutation causes significant upregulation of BCAT1. A) Accumulation 

of BCAT1 and BCAT2 transcripts in primary mutant (N=8) and wild type (N=8) IDH2 AML 

samples; P-value was assessed by two-sided Mann Whitney rank test. B) Expression data 

from N=174 AML patients available in the TCGA AML database (N=17 mutant IDH2 AML 

patients); p-value was assessed by two-sided, unpaired t-test. Data are represented as 

mean ± SEM. C) Western blot analysis of BCAT1 and BCAT2 proteins in whole cell lysates 

from primary AML samples (blast enrichment in samples was >80%). Fold changes in pro-

tein accumulation (ratio of the mutant IDH2 samples to wild type controls) were calculated 

using the values normalized with actin. D) Western blot analysis of BCAT1 proteins accu-

mulation in whole cell lysates from PLB985 treated with increasing doses of octy(R)-2HG. 

Fold changes in protein accumulation were calculated using the values normalized with 

actin. E) Schematic drawing of the human BCAT1 locus. Promoter P1 allows the expression 

of 201, 202 and 206 transcripts whereas promoter P2 initiates the expression of 204 and 

205 transcripts. F) Analysis of 201, 202 and 204 transcripts accumulation in human primary 

samples by qRT-PCR. Results were normalized relative to the expression of the pepti-

dylprolyl isomerase A (PPIA)used as control. All qRT-PCR samples were assayed in tripli-

cates. P-value was assessed by one way ANOVA test G). Analysis by RT-qPCR of 201, 202 

and 204 transcripts accumulation in human PLB-985 and K562 cell lines treated with in-

creasing doses of octyl-2HG for 5 days (technical triplicates). P-value was assessed by two 

way ANOVA test. 

 

6.1.2.2 Epigenetic changes in the BCAT1 locus are associated to the IDH2 mutation in 

primary AML blasts 

To more directly test the effects of epigenetic changes due to mutant IDH2 on 204 tran-

scripts expression, we next examined the methylation of P1 and P2 regions, that both 

localize in CpG-enriched regions known as CpG islands (CGI). By exploiting the TCGA 

database, we observed that while P1 methylation pattern tended to be relatively stable 

in the two genetic groups (mean β-value: 0.22 vs. 0.1 in mutant IDH2 and wild type IDH2 

samples respectively), P2 exhibited a significantly higher level of DNA methylation in mu-

tant IDH2 AML blasts compared with wild-type IDH2 0.42 vs. 0.36) (Figure 36A, data 

from Nicolas Poulain PhD in the team). These observations indicate that P2 hypermeth-

ylation unexpectedly allows for 204 transcript upregulation in mutant IDH2 cells, a situ-

ation reminiscent of what was reported in wild type IDH human gliomas where BCAT1 

controls proliferation and invasiveness 283. Hypermethylation at promoter P2 in both mu-

tant IDH2 AML and mutant IDH1 glioma suggests that hypermethylation is associated 

with IDH genetic lesions. This result correlates with high DNA methylation of CGI located 

in the promoter regions P1 (CGI-A) and P2 (CGI-B) in mutant IDH2 AML cells compared 

to wild type IDH2 AML cells (Figure 36B).  
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Semi-quantitative HELP (HpaII tiny fragment Enrichment by Ligation-mediated PCR) as-

says298 that compare representations generated by methylation-sensitive HpaII and by 

methylation-insensitive MspI digestions of the genome followed by ligation-mediated 

PCR, also evidenced a trend to higher degree of methylation at specific cytosine residues 

within P2 in primary mutant IDH2 AML blasts compared to wild type IDH2 controls (Fig-

ure 36C).  

We next looked whether other epigenetic marks might contribute to 204 transcript ex-

pression in mutant IDH2 AML cells by activating highly methylated P2. Recent work has 

proposed regulation of BCAT1 expression in leukemic cells through the activity of en-

hancer of zest homolog-2 (EZH2), the enzymatic subunit of the Polycomb Repressive 

Complex 2 (PRC2) that catalyzes Histone 3 Lysine 27 (H3K27) methylation277 PRC2 is com-

monly located at CGI and high level of DNA methylation may impair PRC2 recruitment 

at CGI and participates to transcripts de-repression299. We thus investigated H3K27me3 

patterns at hypo- (P1) and hyper-methylated (P2) regions by chromatin immunoprecipi-

tation (ChIP)-qPCR assays using samples obtained from primary mutant IDH2 AML cells 

(N=6) and wild type IDH2 AML cells (N=3) and subjected to IP reactions; immunoprecip-

itated DNAs were kindly provided by Drs Sylvain Garciaz and Estelle Duprez (Cancerology 

Research Center, Marseille). A significant decrease of H3K27me3 was observed for both 

P1 and P2 in mutant IDH2 cells compared with wild type IDH2 cells (average decrease of 

~3-fold), as compared with the peptidylprolyl isomerase A (PPIA) negative target. This 

result indicates that the strong expression of BCAT1 in mutant IDH2 cells occurs by break-

ing a H3K27me3-dependent negative regulatory mechanism ; this also indicates that ex-

pression of 204 transcripts occurs independently of EZH2 activity on P2 in mutant IDH2 

cells. Unexpectedly, two histone marks associated to active transcription, i.e., H3K27Ac 

and H3K4me3, were also found decreased in mutant IDH2 cells when compared to con-

trols (Figure 36D). These analyses have been performed by Amaury Bongers, PhD in the 

team. Collectivelly, these observations indicate that epigenetic modifications provide a 

robust way to regulate BCAT1 isoforms expression in AML cells. However, we failed to 

correlate specific epigenetic marks and variation in P2 promoter usage in mutant IDH2 

cells.  
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Figure 36: Methylation pattern at human BCAT1 locus. A) Methylation pattern at promoter 

regions P1 and P2 ; genotypes are indicated; mutant IDH2 affecting the R140 and R172 

residues were pooled. P-value was assessed by two-sided unpaired t test. B) DNA methyla-

tion of CGI located in P1 (CGI-A) and P2 (CGI-B). P-value was assessed by two-sided un-

paired t test. Data in A-B are represented as median ± SEM. C) HELP assay at cytosine 

residues located within P1 and P2 in primary IDH2R10Q (N=7) and wild type IDH2 (N=5) 

AML cells. P-value was assessed by Mann Whitney rank test. Data are represented as mean 

± SEM (3 biological replicates).  D) ChIP-qPCR assays for H3K27me3 and H3K4me3 meth-

ylation and for H3K27Ac acetylation at promoters P1 and P2 in primary AML samples. 

Reactions were performed in triplicate on each sample. The fold enrichment of ChIP over 

input was calculated as 2 to the power of the quantification cycle (Cq) difference between 

input chromatin and ChIP samples. Negative controls are indicated. Data are represented 

as mean ± SEM. 
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6.1.3 Mutant IDH2 AML blasts are strictly dependent on BCAT1 activity for their growth 

and survival 

We next dissected the effects of BCAT1 loss during AML evolution in a patient-derived 

xenograft (PDX) model, and employed retroviral expression of a functionally validated 

short hairpin RNA BCAT1 (shBCAT1) construct to mediate depletion of BCAT1226; this 

construct encodes the GFP protein used as a marker to trace shRNA-expressing trans-

planted cells. We confirmed a strong reduction in accumulation of all BCAT1 transcripts 

relative to a non-targeting negative control shRNA (shCtrl) in the PLB-985 cell line (~80%, 

not shown) and in primary patients samples (~70%, Figure 37A) and subsequent de-

crease of the corresponding protein (Figure 37B).  

Retroviral shBCAT1 and shCtrl constructs were introduced into IDH2R140Q (Patient #3 and 

#4) or wild type IDH2 (Patient #1) AML bulk populations ; transduced populations were 

transplanted by intra-femoral injection (0.1x106 transduced cells per mice) into immun-

ocompromised (NOD scid gamma, NGS) mice after sublethal irradiation (1.5 Gy). Donor 

bone marrow chimerism monitored over 3 months after transplantation showed a time-

dependent increase in transduced AML cells (positive for human CD45, hCD45, and GFP) 

confirming engraftment in each recipient (Figure 37C); at sacrifice, a marked expansion 

of hCD45+ cells was observed in all engrafted animals (Figure 37D). In endpoint studies, 

we found a marked expansion of both the shCtrl- and shBCAT1-transduced wild type 

IDH2 AML cells into bone marrow, demonstrating that BCAT1 knockdown did not signif-

icantly alter the development of the patient-derived xenografts in comparison with wild 

type IDH2-shCtrl engrafted mice (Figure 37E). In contrast, the IDH2R140Q-shBCAT1 AML 

transplanted cohort showed delayed AML expansion, indicating a strong disadvantage 

for the combination of IDH2R140Q and shBCAT1, compared with the IDH2R140Q-shCtrl con-

trol arm (Figure 37E). White blood cell counts confirmed the disadvantage of such com-

bination (Figure 37F). 2-HG plasma level measured as a marker of engraftment and 

maintenance of IDH2R140Q leukemic cells dropped over time in the IDH2R140Q-shBCAT1 

AML transplanted mice, confirming blasts disappearance (not shown). In keeping with 

these observations, we found a negative correlation between the % of GFP+ IDH2R140Q-

shBCAT1 AML cells and the % of hCD45+ cells in the bone marrow, confirming the neg-

ative impact of BCAT1 loss on AML expansion in a IDH2R140Q context (Figure 37G). In 
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vitro, we could demonstrate that BCAT1 inhibition was associated to a decreased viability 

in IDH2R140Q-shBCAT1 primary AML cells as detected in by flow cytometry after staining 

with Annexin V (Figure 37H).  

 
Figure 37: BCAT1 inhibition selectively reduces the growth of primary mutant IDH2 AML 

cells. A) Fold change in BCAT1 expression in primary blasts (N=6) upon transduction with 

a lentiviral vector allowing the constitutive expression of an shRNA raised against BCAT1 

(N=3) or shRNACtrl (N=3). B) BCAT1 protein level in primary blasts invalidated for BCAT1 

expression. C) Percentage of hCD45+ cells in the bone marrow of engrafted mice at one 

month (M+1), two months (M+2) and 3 months (M+3; endpoint) post-transplant; studied 

cohorts were : shRNA Ctrl- (N=6) and shRNA-BCAT1-injected (N=5) wild type IDH2 PDX 

(left panel) and the shRNA Ctrl- (N=10) and shRNA BCAT1-injected (N=9) IDH2R140Q PDX 

(right panel). Chimerism was evaluated every month by bone marrow aspiration. P-value 

was assessed by Mann Whitney rank test.  D) Percentage of hCD45+ cells in the bone mar-

row of engrafted mice at sacrifice. P-value was assessed by Mann Whitney rank test.  E) 
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Percentage of GFP+ cells within the pool of hCD45+ cells in the bone marrow of engrafted 

mice. P-value was assessed by Krustall-Wallis test.  F) White blood cell counts at sacrifice. 

P-value was assessed by Mann Whitney rank test. G) Spearman correlation between the % 

of GFP+ cells and hCD45+ cells in recipient mice. H) Induction of apoptosis upon BCAT1 

invalidation in wild type (N=3) and IDH2R140Q (N=3) primary AML cells cultured in vitro (in 

vitro culture condition was as in 287). P-value was assessed by two-sided, unpaired t-test. 

All data are represented as mean ± SEM. 

 

Altogether these data indicate that BCAT1 function is required for mutant IDH2 AML cells 

maintenance and/or expansion in recipients, while less relevant to the proliferation of 

wild type IDH2 AML cells. Counter-selection of mutant IDH2 cells invalidated for BCAT1 

in vivo highlights the key contribution of BCAA reprogramming in mutant IDH-driven 

leukemogenesis. 

Remarkably, we observed that BCAT1 depletion also promotes partial cellular differenti-

ation of IDH2R140Q blasts in the PDX model, as staining for human CD14 (monocytic 

marker) and CD15 (granulocytic marker) showed a dramatic increase in the MFI in the 

bone marrow hCD45+ fractions from IDH2R140Q-shBCAT1 AML transplanted mice (N=6), 

compared with the IDH2R140Q -shCtrl cohort (N=8) (Figure 38A). In line, we observed a 

faint decrease in the MFI of the CD24 marker, usually used as an aberrant cancer stem-

ness marker 300 and also present on neutrophil early precursors in mice 301; this observa-

tion may indicate a maturation along the granulocytic lineage. We observed a statistically 

significant decrease in CD11b staining, a myeloid antigen aberrantly expressed in human 

AML and associated with an unfavorable prognosis. In contrast, immunophenotype of 

wild type IDH2-shBCAT1 AML did not show similar pattern of granulo-monocytic expres-

sion (Figure 38B).  
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Figure 38: BCAT1 depletion engages a partial differentiation of IDH2R140Q primary blasts in 

PDX model. MFI indicates the geometric mean fluorescence intensity. P-values were as-

sessed by Mann Whitney rank test. Data are represented as mean ± SEM. 

 

Collectively, these data indicate a link between monocyte and/or granulocyte differenti-

ation and BCAT1-mediated metabolic pathways. In keeping, in an exogenic BCR-ABL1 

leukemic mice model, Hattori and colleagues reported that BCAT1 overexpression in-

duced a highly immature phenotype compared to controls but also that its inhibition led 

to signs of myeloblastic differentiation302. 

We next interrogated the function of BCAT1 in the proliferation and viability of IDH2 

IDH2R140Q PLB-985 cells cultured in vitro and, as an alternative approach to gene knock-

down, we employed a specific inhibitor of BCAT1, the -chloro-2-benzofurancarboxylic 
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acid (referred as BCATi) and the synthetic amino acid gabapentin, a structural analog of 

leucine303. Anti-leukemic activity of gabapentin has been reported in the progression of 

BCR-ABL-associated chronic myeloid leukemia302. IDH2R140Q-PLB-985 cells demonstrated 

a sensitivity to gabapentin and BCATi with half-maximal inhibitory concentration (IC50; 

concentration where 50% viability is observed) of ~25 mM and ~50 mM respectively and 

showed a significant decrease in survival in their presence compared with wild type IDH2-

PLB-985 isogenic cells (Figures 39A and 39B, left panels). At similar concentrations, both 

compounds similarly affected the viability of primary IDH2R140Q blasts (Figures 39A and 

39B, right panels) and the viability of primary wild type IDH2 blasts treated with increas-

ing doses of octyl-(R)2HG (Figure 39D); a dose-dependent linearity for gabapentin-in-

duced apoptosis was observed.  

To validate the inhibitory activity of BCATi, we measured the intracellular levels of αKIC 

and 3-hydroxyisovaleric acid (HIVA), used as an indirect marker of the BCKDH activity, in 

PLB-985 cells treated with the inhibitor; as shown Figure 39C, a dose dependent increase 

in the αKIC/HIVA ratio confirms a specific inhibition of BCAT1 by the compound. More-

over, αKIC accumulation upon BCAT1 inhibition suggests that the BCAA pathway favors 

leucine anabolism rather than catabolism in mutant IDH2 cells. Interestingly, untreated 

IDH2R140Q cells show a lower HIVA intracellular level, suggesting that BCKD complex is 

more active in this genetic context (Figure 39C).  

BCAT1 utilizes αKG as a substrate and its inhibition in hematopoietic wild type IDH cell 

lines increases intracellular αKG levels304 (in these cells BCAT1 initiates the catabolism of 

leucine). We raised the question of whether inhibition of BCAT1 in IDH2R140Q AML cells in 

which the BCAA pathway runs in reverse, may decrease αKG levels and subsequently 

reduce D-2HG accumulation. For that, we treated primary IDH2R140Q AML cells with in-

creasing doses of gabapentin and measured D-2HG levels in culture media upon 10 days 

of treatment; as a control we used the IDH2 inhibitor AG-221/enasidenib. We observed 

that gabapentin decreases D-2HG, yet in a lesser extent than AG-221 (Figure 39E); we 

did not observed signs of terminal differentiation either by flow cytometry or cytology, 

probably due to early apoptosis. This result suggests that gabapentin may “mimic” the 

activity of AG-221.  
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Figure 39: Pharmacological inhibition of BCAT1 selectively affects the growth of IDH2R140Q-

expressing cells. IC50 of gabapentin (A) and BCATi (B) were determined on PLB-985 cells 

engineered to express a wild type (wt) or a mutant form (R140Q) of IDH2 (lentiviral deliv-

ery). Control corresponds to parental PLB-985 cells treated with PBS. Right panels: experi-

ments performed on primary IDH2 wt and IDH2R140Q AML cells; DMSO was used as excipi-

ent. Cell viability was assessed at day 3 by trypan blue exclusion; viability is expressed as 

the % of viable cells relative to viable DMSO-treated cells (set to 100%), in each condition. 
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C) Estimation of αKIC (left panel) and HIVA (right panel) levels in culture media upon treat-

ment of IDH2R140Q-and wild type IDH2-expressing PLB985 cells treated with increasing 

doses of BCAT1i (3 biological replicates); values are expressed as ratio of αKIC/HIVA and 

HIVA/glutaric acid levels respectively. D) Induction of cell death in primary wild type IDH2 

AML (N=3 patients) cells treated with gabapentin or BCAT1 inhibitor, in the presence of 

octyl-(R)2HG. Data are represented as mean ± SEM. F) Concentration of D-2HG in culture 

media upon treatment for 10 days with gabapentin of primary AML IDH2R140Q cells; data 

are represented as mean ± SEM (3 biological replicates for each patient and each condi-

tion). 

 

Collectively and consistent with BCAT1 activation in other models of human leukemia 

302,304, BCAT1 inhibition selectively reduces the growth of primary mutant IDH2 AML cells 

and offers a dual mode of action of proliferation inhibition and differentiation induction 

that points to a therapeutic vulnerability for mutant IDH2 AML.  

 

6.1.4 IDH2 mutational context impairs α-ketoacids metabolism (preliminary results) 

We then tested the hypothesis that rewiring of the BCAA metabolism in mutant IDH2 

cells may correspond to an adaptative process induced by the mutation, in order to limit 

α-ketoacids accumulation and to protect cells from elevated levels of reactive oxygen 

species (ROS). Indeed, several pioneer studies have suggested that expression of IDH 

mutants increase ROS levels due to the depletion of NADPH and glutathione (GSH)64, 246 

and GSH, together with NADPH-producing pathways and glutathione reductase, pro-

vides a defense system against oxidants. In line, in the maple sirup disease (inherited 

neurometabolic disorder caused by a deficiency of the branched-chain α-keto acid de-

hydrogenase complex (BCKD) activity), accumulation of α-ketoacids (αKA) disrupts ROS 

homeostasis through lipid peroxidation and free radicals production306,307. In addition 

levels of BCAA might regulate the expression of BCKDK308 that controls the activity of 

BCKD. We thus investigate the interplay between the BCAA pathway and ROS generation 

in IDH2R140Q cells (Figure 40A).  

Using the CellROX™ Green Flow Cytometry Assay, we did not detect increase in ROS level 

in PLB-985 cells upon expression of the IDH2R140Q mutant or upon treatment with octyl-

(R)-2HG (data not shown). In contrast, we observed a significant increase in ROS level in 

IDH2R140Q-expressing PLB-985 cells, while not in their parental counterparts, upon addi-

tion of the α-ketoacid αKIC in the media (Figure 40B), indicating a relationship between 

αKIC and ROS production in the IDH2R140Q genetic context. Increasing doses of αKIC 
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clearly affect the viability of IDH2R140Q-expressing or octyl-(R)-2HG-treated PLB-985 cells 

in a dose-dependent manner (Figure 40C). Viability was partly rescued by preliminary 

treatment of the cells with AG-221/enasidenib (Figures 40C and 40D). Loss of viability 

induced by the presence of αKA in the media (equimolar mix of αKIC, αKIV and αKMV) 

was associated to induction of apoptosis (increased proportion of cells stained as an-

nexinV+DAPI-) and we also observed signs of necrosis (cells stained as annexinV+DAPI+) 

(Figure 40D).  

 

Figure 40: Viability of IDH2R140Q cells, but not wild type IDH2 cells, seemingly relies on aKIC 

levels. A) Interplay between BCAT1 and BCKDC activities. B) PLB985 cells were treated with 

octyl(R)-2H for 3 days, then cultured in the presence of increasing doses of αKIC (0, 1, 5mM) 

for 3 hours; ROS levels were assessed with the CellROX™ Green Flow Cytometry Assay; MFI 

indicates the geometric mean fluorescence intensity (biological triplicates). Hydrogen per-

oxide was used as positive control. C) Cellular viability; cells were cultured in medium en-

riched with α-KA (equimolar amounts of αKIC, αKIV and αKMV). AG-221 was added 5 days 

prior αKA supplementation. Viability was assessed by bleu trypan exclusion. Data in B and 

C are represented as mean ± SEM (3 technical triplicates). D) Apoptosis and necrose rates 

were measured after 3 days of culture. AG-221 was added 5 days prior to αKA supplemen-

tation.  
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Collectivelly, these data suggest that the viability of IDH2R140Q cells is highly sensitive to 

αKA accumulation and that apoptosis and necrosis contribute to loss of viability in 

IDH2R140Q leukemic cells exposed to high amounts of αKA. Apoptotic death involves the 

participation of ROS, which have also been implicated in necrotic cell death; it can be 

presumed that low level of αKIC in IDH2R140Q-expressing might help, at least in part, to 

limit ROS generation. 

 

6.1.5  Metabolic rewiring appears as a consequence of impaired mTORC1 activity  

At the molecular level, leucine activates mTORC134, a complex which coordinates cell 

growth with nutritional status. mTORC1, together with mTORC2, participates into the 

various physiological functions of mTOR in cell growth, motility and metabolism35 and its 

constitutive activation in AML cells has been reported1.  

Because 2-DHG inhibits ATP5B and consequently decreases mTOR signaling down-

stream176, we asked whether leucine anabolism would compensate for loss of mTOR ac-

tivity in mutant IDH2 AML cells. Indeed leucine availability is required for mTORC1 acti-

vation309 [Nicklin et al., 2009]. We thus measured the activation of the mTOR pathway by 

quantifying the phosphorylated level of its effectors by western blot, i.e. the p70 riboso-

mal protein S6 kinase 1 (p70S6K1 also known as S6K1) that phosphorylates multiple down-

stream substrates including the ribosomal protein S6 (rpS6), eIF4B, and GSK3 and the 

eukaryotic initiation factor 4E–binding (eIF4E-binding) protein 1 (4E-BP1) by which 

mTORC1 controls translation initiation, that are phosphorylated and activated by 

mTORC1, and the mTORC2 substrate AKT (Figure 41A-B). Phosphorylation of S6K1 on 

threonine (Thr) 389 and phosphorylation of 4E-BP1 on Thr37 and Thr46 residues (both 

recognized by the antibody used) was consistently reduced in primary IDH2R140Q AML 

cells compared with control wild type IDH blasts, suggesting a lower activity of mTORC1 

in the former, in agreement with previous report showing that exogenous 2HG and over-

expression of mutant IDH1 inactivate mTOR176. Of note, phosphorylation by mTOR of Thr 

37 and Thr 46 on 4E-BP1 serves as a priming event, which is followed by Thr 70 phos-

phorylation and finally serine (Ser) 65 phosphorylation311,312; Thr46 is the site that controls 

eIF4E binding. On the opposite, the phosphorylation level of AKT at Ser 473 was increased 
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in mutant IDH2 AML cells compared with wild type IDH2 cells, indicating higher mTORC2 

activation. Data were obtained in collaboration with Amaury Bongers, PhD in the team. 

 

 

Figure 41: A) Western blot analysis of AKT, pAKT, S6K, pS6K, 4E-BP1 and p4E-BP1 in FACS-

sorted IDH2R140Q and wild type IDH2 AML samples. The heat shock protein70 (HSC70) was 

used as a loading control. B) Quantification of phosphorylated and non-phosphorylated 

species (Image J® software). Data are represented as mean ± SEM (3 biological replicates). 

 

 

Using different inhibitors of mTOR, i.e. the rapamycin, the dual inhibitor of mTORC1/2 

PP242313 and the dual pan-PI3K/mTOR inhibitor Omipalisib/GSK2126458 (GSK458), we 

observed a substantial sensitivity of IDH2R140Q expressing or octyl-2HG-treated PLB-985 

cells (compared with untreated wild type IDH2 isogenic genetic background) to PP242 

and GSK458, that were significantly more effective than rapamycin in eliciting antileuke-

mic effects in vitro (Figure 42A). Although mTORC2 was initially identified as a rapamy-

cin-insensitive entity, subsequent studies have shown that a prolonged rapamycin 
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treatment (≥1 day) also abrogates mTORC2 while not only mTORC1 signaling314, pre-

cluding our viability assay to discriminate between those two complexes in their support 

of IDH2 cells viability.  

To determine whether inhibition of mTORC1/2 activity influences the maintenance of 

IDH2R140 AML cells in vivo, we established an aggressive human xenograft mouse model 

for each genotype. For that we used AML cells serially transplanted into NSG mice (sur-

vival rate was significantly reduced between each transplant) and derived from patients 

with AML harboring or not IDH2R140; before engraftment, cells were transduced with the 

lentivirus pFUW-mCherry-firefly luciferase allowing the monitoring of growth and expan-

sion of transduced cells and a bioluminescent imaging that can be analyzed in an ana-

tomical context. Both recipient groups (N=10 mice per AML sample) developed AML. 

When hCD45+ AML cells became detectable (≥2% of blasts in peripheral blood), animals 

were randomly allocated to vehicle (N=5) or GSK458 (N=5) at 30 mg/kg once daily until 

end of treatment (day 30) (Figure 42B). While GSK458 treatment did not confer survival 

advantage to mice transplanted with wild type IDH2 AML cells, the cohort transplanted 

with cells derived from IDH2R140 survived until study termination (Figure 42C).  
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Figure 42:  mTOR supports the viability of IDH2R140 cells. A) In vitro dose-response studies 

for rapamycin, PP242 and GSK458 using IDH2R140Q-, wild type IDH2-expressing and octyl-

2HG-treated PLB-985 cells. Experiments were performed in triplicates. B) Schematic repre-

sentation of the PDX model; primary AML cells were transduced with pFUW mCherry+lu-

ciferase, sorted by flow cytometry and transplanted (0.1x106 cells) in NSG mice after sub-

lethal irradiation (1.5Gy). Engraftment was assessed by the presence of hCD45+ cells in the 

peripheral blood and/or bone marrow. Mice were then orally force feed with GSK458 or 

vehicle for 28 days. Mice were sacrificed in case of clinical alteration or for the presence of 
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more than 80% of hCD45+ medullar infiltration. C) Kaplan-Meier estimates of overall sur-

vival of the cohort. 

This survival advantage was accompanied by reduction in cell viability in vivo (Figure 43). 

On Day 15 of treatment, there was a a strong increase in the percentage of bone marrow 

apoptotic cells correlated to a decrease in hCD45+ cells, that was not seen in control mice 

(Figure 43). Of note, hematoxylin-eosin-safranin (HES) staining evidenced intramedullary 

cell death and necrosis upon GSK458 treatment, however rates of cell death/necrosis 

were not significantly different between the two genetic contexts (not shown).  

 

 

Figure 43: GSK458 treatment specifically affects the viability and differentiation of IDH2R140 

AML cells in PDX model. Bone marrow aspirates were obtained at day 15 of treatment and 

analyzed for their content in hCD45+cells and annexinV+ cells. P-values were assessed by 

two-way unpaired t test. Data are represented as mean ± SEM. 

 

These data assess that dual targeting of mTORC1/mTORC2 quickly impaired the viability 

of IDH2R140 AML cells in recipients while this pathway was seemingly less relevant for the 
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maintenance and propagation of wild type IDH2 AML in vivo, suggesting that IDH2R140 

confers unique dependence on mTOR metabolic pathways.  

It is noteworthy that under energy stress conditions AMPK leads to mTORC1 repres-

sion315. As IDH1 mutation could confer resistance to energy stress though AMPK activa-

tion316, it will be necessary to elucidate the whole mechanism acquired by IDH2 mutation 

in AML blasts that finally controls relationships between AMPK and mTORC1/2 and the 

functional consequence of an hyper-activity of mTORC2 in those cells.  

 

6.1.6 IDH mutation and D-2HG is associated with proliferation 

As one of the main functions of mTORC1 is to regulate cell growth, we next interrogated 

the association between growth and mutant IDH2-induced accumulation of D2-HG. We 

transduced IDH2R140Q, IDH2R172K and wild type IDH2 lentiviruses into the PLB-985 and 

K562 cells and determined in vitro the relationship between D-2HG intracellular concen-

trations and cell population doubling times (Td). Accumulation of endogenous D-2HG 

produced by IDH2R140Q and IDH2R172K was gradually reduced by treating transduced cells 

with increasing doses of inhibitor AG-221/enasidenib that reverses the effects of mutant 

IDH2287. In both PLB-985 and K562 cellular contexts, treatment with increasing doses of 

enasidenib led to a substantial decrease in D-2HG levels, and D-2HG levels and Td were 

linearly related (Figure 44A). Similar observation was made in wild type IDH2 human 

primary treated with octyl(R)-2HG (Figure 44B). In vivo, we also observed a correlation 

between type of IDH2 mutations (IDH2R140 vs. IDH2R172) and expansion of the disease in 

PDX models. IDH2R140 and IDH2R172 are known to produce different levels of D-2HG 

(IDH2R172 variants produce more significant quantities of D-2HG in AML patients153 and 

PDX models evidence a slower expansion of IDH2R172-driven AML compared with 

IDH2R140-associated AML in recipients (Figure 44C). These results are in agreement with 

the study reported by Su and colleagues showing that D-2HG exerts a broad anti-leuke-

mic activity in vitro and in vivo by inhibiting leukemia cell proliferation/viability317. 
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Figure 44: A) Intracellular D-2HG levels of PLB-985 (orange) and K562 (purple) populations 

as a function of percentage increase in cell doubling time. B) Viability of wild type IDH2 

AML cells treated with increasing doses of octyl(R)-2HG for 8 days. P-value was assessed 

by unpaired t-test. C) Overall survival of NSG mice engrafted with primary wild type IDH2 

AML cells (N=7 samples; N=32 mice), IDH2R140Q AML cells (N=4 samples; N=13 mice) and 

IDH2R172K AML cells (N=4 samples N=11 mice). Mice were sacrificed at the time of clinical 

worsening or due to the presence of ≥ 80 % hCD45+ cells in the peripheral blood. Median 

time for engraftment was 1.3, 4.05 and 5.1 months for wild type IDH2, IDH2R140Q and 

IDH2R172K respectively (P<0.001). Median overall survival was 76.5, 215 and 339 days for 
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wild type IDH2, IDH2R140Q and IDH2R172K respectively. D) Homeostatic regulation of BCAA 

metabolism in IDH2R140 AML cells.  

Our findings with others176,317 emphasize the notion that D2-HG shows growth-inhibitory 

effect in mutant IDH AML cells. Importantly, most of mutant IDH AML upregulate MYC 

to counteract the effect of D-2HG on proliferation317  and BCAT1 is a known MYC target 

gene ; in addition BCAT1 overexpression is also able to activate MYC signaling318. A pre-

vious study identified a positive correlation between c-MYC overexpression and en-

hanced BCAT1 transcript levels, which supported cell invasion in solid tumor319.  

It can be presumed that BCAT1 activity and accumulation of leucine might contribute, at 

least in part, to sustain mTORC1 activity otherwise inhibited by the accumulation of D-

2HG (Figure 44D). On the other hand, intracellular accumulation of D-2HG is a process 

that needs to be finely controlled because excess of oncometabolite inhibits cell growth. 

Therefore, in mutant IDH2 AML cells, leucine metabolism appears as a dynamic pathway, 

that take place in a regulatory loop to regulate the reactivation of mTORC1 but also to 

maintain an intracellular level of D-2HG below a threshold that would compromise cel-

lular proliferation. BCAT1 enzymatic reaction overwhelmed as addition of octyl(R)-2HG 

inhibits its anabolic function in primary IDH2R140Q AML cells (not shown). The BCAT1/leu-

cine/mTORC1 pathway could thus be considered as an homeostatic regulatory loop (Fig-

ure 44D). Further characterization of BCAA metabolism will shed insight into how malig-

nant hematopoietic cells handle metabolic demands for essential amino acids and how 

this can influence AML growth.  
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Summary points:  

- We have identified a specific activity in the BCAA/leucine pathway distinguishing mu-

tant IDH (leucine anabolism) from wild-type IDH (leucine catabolism) primary AML cells. 

- Metabolic shift toward leucine production is associated to a strong upregulated expres-

sion of the α-KG-dependent BCAT1 by breaking a H3K27me3-dependent negative reg-

ulatory mechanism.  

- Primary mutant IDH2-expressing blasts are strictly dependent on BCAT1 activity for 

their growth and maintenance in culture and in a engrafted model. Knockdown of BCAT1 

expression or activity in mutant IDH2 bulk AML cells results in proliferation arrest and 

substantial induction of cellular differentiation.  

- Leucine anabolism appeared as a consequence of impaired mTOR activity due to 2-HG 

accumulation.  

These findings reveal a metabolic feature of mutant IDH2-expressing AML cells that 

maintain cellular proliferation by running the BCAA pathway in reverse compared with 

wild-type ID2H AML, and point to a therapeutic strategy for targeting mutant IDH AML 

by exploiting the metabolic liability that comes with their increased reliance of dietary 

leucine. 
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6.2 PART II : MECHANISMS OF RESPONSE AND ACQUIRED OF RESISTANCE TO ENASIDENIB  

6.2.1 Introduction 

Differentiation arrest in AML can be successfully reversed and this can be exploited to 

cure AML.  

Preclinical in vitro and in vivo studies have validated the proof of concept that targeted 

inhibition of IDH mutants resulted in normalization in a dose-dependent manner of D-

2HG, reversal of histone and DNA hypermethylation and release of cellular differentiation 

block 289,320,321. AGI-6780 is a small-molecule selective inhibitor of IDH2R140Q that normal-

ized D-2HG, reversed histone and DNA hypermethylation and induced differentiation of 

IDH2R140Q-mutant TF-1 erythroleukemia cells322 but also of primary human AML cells har-

boring IDH2R140Q mutation321. 

The AG-221 compound is slow tight binder of the mutant IDH2 enzyme287. AG-221 allo-

sterically stabilizes the open homodimer conformation, preventing the conformational 

change required for catalysis. AG-221 displayed higher potency against IDH2R140 versus 

IDH2R172. Therefore, this compound induced 99% reduction in intracellular D-2HG in 

IDH2R140 cells at low concentrations (1μM) whereas IDH2R172 required high concentrations 

(5μM) to achieve 99% reduction relative to vehicle-treated controls. In vitro treatment of 

primary IDH2R140Q AML cells with AG-221 resulted in normalization of D2-HG intracellular 

levels and alleviation of the cell differentiation block, which translated into engagement 

of leukemic blasts into differentiation along the mono- or granulocytic lineages, in pri-

mary AML cells treated ex vivo and in PDX mouse models287. Importantly, these differen-

tiated cells were functional; IDH2R140Q-mutant neutrophils obtained from primary 

IDH2R140Q -mutant blasts treated ex vivo with AG-221 demonstrated intact phagocytic 

activity, and exhibited granules colocalizing with lactoferrin, a canonical marker of sec-

ondary and tertiary granules of mature neutrophils287. 

These data prompted the launching in December 2013 of a clinical trial in the Gustave 

Roussy Institute and in several US Cancer Care Centers (phase 1/2 study, NCT01915498; 

AG-221/CC90007 (Enasidenib) first-in-human).  

In the phase 1/2 study, 214 patients with mutant IDH2 relapsed/refractory (R/R) AML 

(heavily pretreated population; median age: 68 years) received 100 mg per day; the safety 
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profile of the drug is very favorable (not cytotoxic) and the maximum tolerated dose in 

the phase 1/2 study has not been reached at daily doses up to 650 mg. Enasidenib pro-

duced an overall response rate (ORR) of 40.3%, a complete remission (CR) rate of 20.6%, 

and a median overall survival (OS) of 9.3 months in treated patients290,291. Median number 

of enasidenib treatment cycles was 5.0 (range, 1-38), median OS was 8.8 months (95% 

CI, 7.7-9.6), and median event-free survival (EFS) was 4.7 months (95% CI, 3.7-5.6). Esti-

mated median OS was 22.9 months in 42 R/R AML patients who achieved CR, 10.6 

months for patients who achieved a non-CR response, and 5.6 months for non-respond-

ers. Interestingly, median OS differed significantly between patients who had received 1, 

2 or ≥3 prior AML treatments before study entry, 11.8 months (95% CI, 8.3-15.4), 7.8 

months (95% CI, 5.8-9.1), and 7.0 months (95% CI, 4.9-8.8), respectively (P=0.001).  

The recommended dose is 100 mg daily in continuous 28-day cycles because above 100 

mg per day neither D-2HG suppression nor response rates were improved. As expected, 

patients with IDH2R140Q showed greater maximum D-2HG reductions from baseline (me-

dian, 92.9%) compared with IDH2R172 patients (median, 47.4%) (P= 0.0004). However, 

there was no significant difference in ORR between R/R AML patients with IDH2R140Q 

(35.8%; 95% CI, 28.4-43.7) or IDH2R172 (47.1%; 95% CI, 32.9-61.5) AML (P=0.187). In pa-

tients with IDH2R140Q AML, D-2HG was normalized in almost all cases and cannot act as a 

surrogate marker of efficacy. On the opposite, the magnitude of D-2HG reduction on-

study was associated with CR in patients with IDH2R172AML264.  

As epigenetic therapy, enasidenib acts slowly and median time to first response was 1.9 

months (range, 0.5-9.4), and median time to best response was 3.7 months (0.6-14.7). In 

the absence of early response (before 90 days), patients were kept on drug (until overt 

progression). Even in the absence of significant marrow blast reduction, a subset of pa-

tients benefited from enasidenib as they became transfusion independent or/and pro-

duced neutrophils264,265. Terminally differentiated cells retained the IDH2 mutation and 

were fully functional (at least neutrophils)325. 

Enasidenib induced differentiation of malignant cells, leading to a clinical IDH differenti-

ation syndrome in 10% to 20% of patients326, analogous to the differentiation syndrome 

seen in patients with acute promyelocytic leukemia (APL) treated with all-trans retinoic 

acid (ATRA)-based regimens. D-2HG is reduced in nearly all patients treated with 

enasidenib but does not predict clinical response (refractory, incomplete CR, CR) 
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indicating that although the drug shows an on-target therapeutic effect, mechanisms of 

primary resistance dictate the degree of clinical benefit.  

In a minority of patients, enasidenib therapy induced molecular remission (assessed by 

digital PCR) associated with restoration of wild type terminal blood cell production and 

progenitor function from wild-type cells; molecular remission was seen in 12 % of the 

responders but there was no significant survival difference between these patients and 

patients in morphologic CR with detectable mutant IDH2. Clearance of mutant IDH2 

clones was associated with achievement of CR323,264.  

Thus, although the survival benefit provided by mutant IDH2 inhibition was clear, the 

drug was however not uniformly efficacious across patient populations. Notably, some 

patients failed to achieve meaningful or durable responses (> 6 months) and treatment-

resistant diseases emerged during the course of the trial. Failure to achieve a response 

correlated with number (higher mutational burden) and nature of co-existing mutations, 

notably with mutations in genes related to RNA splicing and receptors/kinases/signaling 

(in particular FLT3-ITD or TKD) (P=0.007 and 0.005, respectively)323,325. In most patients 

treated in clinical trials, D-2HG remained suppressed at relapse, demonstrating that 

enasidenib remained on target and suggesting that relapsed clones were not dependent 

on mutant IDH2. 

 

6.2.2 Results 

In collaboration with Dr Lynn Quek and Pr Paresh Vyas (Oxford University, UK) and the 

Department of Clinical Hematology and the DITEP of Gustave Roussy (promoters of the 

phase I trials), the team has engaged a study on the molecular bases of response and 

acquired resistance to enasidenib on paired diagnosis/relapse samples obtained from 

the AG-221/CC90007/enasidenib clinical trial291. An average of 23 somatic mutations 

were detected per AML sample by whole-exome-sequencing (WES). Mapping of the 

clonal structure in leukemic cell population before therapy and during the course of 

treatment, evidenced that enasidenib promoted hematopoietic differentiation from AML 

clones showing variable differentiation arrest (i.e., progenitor-like or precursor-like 

stage); less frequently, treatment promoted differentiation of nonmutant cells. This study 

also showed that enasidenib caused a clone-specific differentiation response, either from 
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ancestral or terminal clones, thus leading to near normalization of the sizes and func-

tionality of progenitor and precursor hematopoietic compartments with an altered clonal 

mix.  

During my PhD, I aimed to validate somatic variant evolution between diagnosis (N=136) 

and relapse (N=148) in 12 samples by targeted PCR. I selected mutations for further val-

idation by targeted re-sequencing, based on the following criteria: 1) known recurrent 

mutations in AML, 2) non-recurrent mutations in genes commonly mutated in AML. Mu-

tations associated to a VAF that varied by at least 5% between sequential samples in the 

same patient were also analyzed, as these may be markers of clonal shifts. Specific pri-

mers were designed, amplicons were purified then pooled and sequenced (MiSeq, Illu-

mina Technology, Gustave Roussy Genomic platform). Sequences were analyzed to vali-

date the somatic nature of the variants. 

Beside molecular abnormalities, del(7q) was the most frequent chromosomic alteration 

observed at relapse (N=4/12). Two patients developed isoform switching from 

IDH2R140/R172 to IDH1R132 mutation, which was mutually exclusive from del(7q).IDH isoform 

switching has also been reported by others 327 and may occurred in 10-20% of cases at 

relapse. This pattern was associated with an increase in plasma 2HG291,323,325 and DNA 

hypermethylation at relapse328. 

Other examples of genetic changes leading to enasidenib resistance included gain of 

function mutations in RTK signaling pathways (i.e. FLT3) and loss of or altered function 

in transcriptional regulators of hemopoiesis (i.e. GATA2, CEBPA, RUNX1) as reported few 

months later for ivosidenib secondary resistance329.  

We did not identify second-site mutations in IDH2 at relapse on paired diagnosis/relapse 

samples although this situation has been reported by others330. Mutations in the IDH2 

target, reported in few cases of acquired resistance, occurred in areas where enasidenib 

binds to the IDH2 dimer (e.g., Q316E and I319M substitutions); these in trans mutations 

are treatment-emergent under the selective therapeutic pressure of enasidenib ther-

apy330. Thus, mechanisms underlying enasidenib resistance mostly rely on clonal evolu-

tion and bypass pathways acquisition. In AML, this phenomenon has been largely re-

ported with other targeted therapies and may be explained, at least partially by clonal 

heterogeneity and highly dynamic plasticity of leukemic cells.  
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The phase 1, multicenter, open-label, dose-escalation and dose-expansion study using 

ivosidenib has been reported 331. Remarkably, among patients who had a CR or CR with 

partial hematologic recovery, 21% had no residual detectable IDH1 mutations on digital 

PCR (deep molecular remission). Rare acquisition of TET2 mutations were also detected 

as a likely ivosidenib resistance mechanism; however, in contrast with the IDH switching, 

TET2-acquired cases showed continued suppression of plasma 2HG at relapse, while DNA 

hypomethylation did not occur328. Second site mutation in the IDH1 target occurred in 

larger number of cases, 10-20% at relapse329,331. IDH isoform switching was also observed 

and RTK signaling pathways mutations were present in 37% of relapsed cases, mostly 

associated to MAPKinase signaling pathways329. Liu and colleagues recently showed that 

STAT5 is a critical mediator of resistance to ivosidenib, especially in RTK pathway muta-

tion, that could be overcome by STAT5 inhibitor such as pimozide332.  

 

6.2.3 Discussion 

In this work we have studied at the single cell level the mutational landscape of mutant 

IDH2 AML cells treated with the drug and identified mutations critical for enasidenib 

acquired resistance. We have identified mutation in hematopoietic differentiation tran-

scription factors (RUNX1, CEBPA, GATA2). Since RUNX and CEBPA both encode essential 

transcription factors for myeloid differentiation, mutations in these genes likely abro-

gates differentiation signals induced by IDH inhibitors, thus contributing to the clinical 

resistance.  

Mutations in the RAS-RTK pathway represent another major mechanism of the resistance. 

Mutations in NRAS/KRAS or in other MAPK pathway effectors (e.g., tyrosine-protein phos-

phatase non-receptor type 11 (PTPN11), NF1, FLT3) and associated with acquired re-

sistance to enasidenib, ivosidenib and FLT3 inhibitors258, 259. As they are enriched at base-

line in refractory patients, they are likely mechanisms of resistance; primary resistance 

may be mediated through the expansion of preexisting resistant clones. Using a multi-

genomic analysis on longitudinally collected samples from the ivosidenib and enasidenib 

clinical trials, Wang and colleagues recently reported the molecular profiling of IDH in-

hibitors-treated AML samples and revealed that leukemia stemness plays major role in 
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primary resistance to the drugs328. Notably, non-responders to the drugs had a signifi-

cantly higher 17-gene LSC score (LSC17, cf. 335) compared with responders (Figure 44). 

 

 

 

Figure 45: higher LSC17 score is the strongest predictor of response to IDH inhibitors. Data 

are from 328).  

Left panel: LSC17 score calculated for each baseline sample and compared between pa-

tients achieving CR (N = 9) vs. not (N = 30) and OR (N = 16) vs. not (N = 23). *P < 0.05 

(P = 0.011 for CR vs. non-CR; P = 0.037 for OR vs. non-OR). Box plot shows the minimum, 

first quartile (Q1), median, third quartile (Q3), and maximum. 

Right panel: Receiver operating curve (ROC) for predicting CR or OR with LSC17 score, 

RUNX1 mutation status, RAS-RTK mutation status, and ELN cytogenetic risk classification. 

Legend: CR=complete response, OR=overall response, ORR = overall response rate.  

 

6.2.4 Clinical update 

In AML patients “fit” for intensive chemotherapy, IDH inhibitors are currently investigated 

frontline in a large randomized phase III trial (HOVON 156/AMLSG 28-18 

(NCT04027309)). In newly diagnosed unfit AML patients, the phase III randomized AGILE 

trial has been recently reported. Ivosidenib + aza significantly EFS, OS, and clinical re-

sponse, compared with placebo + aza336. Enasidenib + aza also showed promising clinical 

activity in a single-arm, phase 1b and randomized, phase 2 trials. Combination enasidenib 

+ aza was well tolerated and significantly improved overall response rates compared with 

aza monotherapy337,338.  

There is also a strong rationale for the combination of IDH inhibitors with BCL2 inhibitors 

as accumulation of 2-HG caused by IDH mutations leads to the inhibition of cytochrome 

c oxidase activity, mimicking an oxygen-deprived state and decreasing the mitochondrial 

threshold for induction of apoptosis. Based on higher response rate in IDH mutant AML 
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patients treated with venetoclax-based combination, new treatment strategies have 

emerged. Lachoviez and colleagues recently reported preliminary results of ivosidenib, 

venetoclax and azacytidine combination in mutated IDH1 myeloid malignancies. Com-

posite CR (CRc: CR+CRi+CRh) was 84% including 92%, 63%, and 100% of patients with 

newly diagnosed AML, R/R-AML, or MDS respectively249.  
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6.2.5 Published manuscript 
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7 DISCUSSION 

We have identified BCAT1 activity as limiting for mutant IDH2 AML cell proliferation and 

found that this metabolic dependency could be selectively targeted for therapeutic gain. 

In mutant IDH2 cells, BCAA anabolism correlates to BCAT1 overexpression. Our study 

suggests that it is the IDH2 genetic lesion, and/or the accumulation of D-2HG, that lies 

at the root of this metabolic feature. Indeed, our data converge mutant IDH2 AML sam-

ples with metabolic similarity, despite their genetic heterogeneity, and indicate an unex-

pected directionality of the BCAT1-mediated reaction leading to leucine accumulation, 

that helps support mTOR activity and cellular growth. 

We have analyzed the activity of the two alternative promoters from the BCAT1 gene and 

identified a high activity level from both P1 and hypermethylated P2 promoters across 

mutant IDH2 AML cells compared with wild type IDH AML samples. This result is con-

sistent with previous findings of hypermethylation at P2 in mutant IDH1 gliomas283 sug-

gesting that hypermethylation is associated with IDH genetic lesions. In mutant IDH2 

AML cells, DNA methylation level is negatively correlated with H3K27me3 levels at hyper-

methylated sites in CGI, breaking a H3K27me3-dependent negative regulatory mecha-

nism. Little is known about how cancer-associated epigenetic marks influence BCAT1 

transcript variant expression. Recent works have proposed positive regulation of BCAT1 

expression in solids tumors through DOTL1-mediated methylation of histone 3 lysine 79 

(H3K79)339 or reduced activity of the euchromatic histone lysine methyltransferase 2 

(EHMT2, also known as G9a) and suppressor of variegation 3-9 (Drosophila) homolog 1 

(SUV39H1) H9K9 methyltransferases, resulting in decreased H3K9me2/me3 marks at 

P1340. Our findings, regarding the faint enrichment of the repressive mark H3K27me3 at 

hypermethylated P2 in mutant IDH2 AML cells compared with wild type IDH2 cells, argue 

for a regulation of BCAT1 expression by EZH2 ; these observations corroborate a murine 

experimental model of AML in which impaired EZH2-mediated H3K27me3 deposit on 

both promoters is causative of BCAT1 upregulation277. The repressive effect of D-2HG is 

not genome-wide in mutant IDH2 AML cells; even the global level of H3K27me3 is ele-

vated in mutant IDH2 leukemic blasts, the genomic distribution of this repressive mark 

seemingly promotes the transcription of a network of genes and/or account for the 
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expression of specific transcripts, rewiring transcriptional programs compared with wild 

type IDH AML (unpublished results). In line with our observations, in mutant IDH1 glioma, 

altered H3K27me3 dynamics is the main cause of transcriptional alteration, and genes 

highly expressed in healthy brain cells are more likely to be repressed by H3K27me3 than 

by DNA methylation (5mC)341. Similarly, expression of IDH2R172K in mesenchymal cells in-

duces locus-specific histone hypermethylation and concentrates the effect of 2HG to re-

gions that lose the repressive H3K9me2/3 mark342. However, as D-2HG itself inhibits 

BCAT1 activity179, we cannot rule out the possibility that chronic in vivo D-2HG exposure 

in mutant IDH2 AML cells may lead to cell adaptation and selection of clones harboring 

high BCAT1 expression level. 

Over time after BCAT1 ablation, a progressive clearance of mutant IDH2 AML cells is 

observed in xenografted mice, that results from a proliferation arrest and differentiation 

induction, a dual mechanism that has also been reported in AML blasts upon inhibition 

of the DHODH involved in de novo pyrimidine synthesis pathway343,344. It has already been 

reported that BCAA availability plays a role in cell cycle regulation, through activation of 

the mTORC1 signaling by the CD98 heavy chain (CD98hc, encoded by SLC3A2)310,345, a 

transmembrane protein required for adhesion and survival of AML cells346. CD98hc to-

gether with SLC7A5, forms the L-type amino acid transporter 1 (LAT1) that is an essential 

amino acid carrier. CRISPR-based screens of 14 human AML cell lines have identified 

SLC7A5 as an essential gene for cell survival347. siRNA-mediated silencing of SLC7A5 in 

myelodysplastic syndromes (MDS)-derived cell lines leads to cell cycle arrest, reduced 

proliferation and the induction of apoptosis in these cells348. Interestingly, the LAT1 trans-

membrane complex is implicated in a tolerogenic phenotype via activation of the AhR 

signaling pathway in infiltrating monocytes-derived macrophages in human mutated 

IDH1 gliomas ; this pathway also creates a metabolic vulnerability that can be targeted 

to restore a tumor microenvironment that is more responsive to immune-checkpoint 

therapy163 (cf. Figure 21).  

Small molecules that inhibit system L transport activity have been developed such as the 

leucine analog 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH); BCH inhibits leu-

cine import via LAT carriers and significantly slows the growth of the AML cell lines (HL60, 

NB4, K562) (Figure 45)349. BCH treatment leads to a reduction in phosphorylation of S6RP 

involved in the activation of the mTOR pathway in these cells350. In keeping, genetic or 
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pharmacological invalidation of LAT1 in different cancer cell lines results in a complete 

suppression of leucine transport, leading to a loss of amino acids homeostasis with acti-

vation of the eukaryotic translation initiation factor 2 alpha kinase 4 (EIF2AK4 also known 

as GCN2)-driven stress pathway, inhibition of mTORC1 and suppression of tumor growth 

351. 

 

 

Figure 45: LAT1 mediates the reversible import of leucine in exchange for glutamine across 

the cell membrane (from 352). BCAAs can fuel the TCA cycle through transamination and 

production of glutamate and respective α-ketoacids that can undergo decarboxylation to 

provide succinyl-CoA (valine metabolism) or acetyl-CoA (leucine or isoleucine metabolism). 

Enzyme inhibitors are indicated in red. ERG240, is a leucine analogue that inhibits BCAT1 

activity279. As BCAT1 is an aKG-dependent enzyme, oncometabolite D-2HG blocks BCAT1 

activity. 2-amino-3(4[methoxy]-3,5-dichlorophenyl) propanoic acid (JPH203, also known 

as KYT-0353) is a selective inhibitor of leucine transport via LAT1. (S)-2-amino-3-(4-((7-(3-

aminophenyl)naphthalen-1-yl)methoxy)-3,5-dichlorophenyl)propanoic acid (SKN103) is a 

also a blocker of LAT1. SKN103 blocks leucine transport and mTOR activation in several 

cancer cell lines but has not yet been tested on myeloid cell lines. Mitochondrial glutami-

nase (GLS); glutamate dehydrogenase (GDH); amino acid transaminases (TAs); aspartate 

aminotransferase (AST); alanine transaminase (ALT).  

 

BCAT1 also affects mitochondrial metabolism independently of leucine transamination. 

In macrophages BCAT1 inhibition did not translate into major TCA cycle modification but 

leads to ROS imbalance and thus apoptosis; this indirect effect is associated with 
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activation of the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2, 

also known as NFE2L2)353. Moreover, in mutant IDH1 glioma, PI3K/mTOR inhibition leads 

to increased survival354. 

The anti-leukemic properties of BCAT1 inhibition are also associated to the promotion of 

differentiation. Both our in vitro (primary AML cells treated with gabapentin) and in vivo 

(PDX model) experiments have shown an increased expression of differentiation markers 

upon BCAT1 inhibition. Our data raised questions about the role of BCAA metabolism 

and BCAT1 activity in the bypass of differentiation block in AML cells but also in the 

induction of myeloid differentiation in physiological conditions. An important question 

is the contribution of BCAT1 in AML cells aberrant proliferation. From our data, BCAA 

metabolism provides a mechanism for regulating the levels of leucine which activates 

mTORC1. Numerous studies have demonstrated that mTORC1 and notably its target 

S6K1 are involved in aberrant HSC function such as the development of leukemia; the 

PI3K/Akt/mTOR signaling pathway is frequently hyperactivated in AML cells and poten-

tially contributes to uncontrolled growth, proliferation, differentiation, metabolism, and 

survival (reviewed in 282, 283). These observations must be mitigated by the fact that no 

clear evidence of clinical efficacy has been found by clinical trials of agents targeting 

mTOR in myeloid leukemia357 (probably because adding mTOR inhibitor in glycolytic leu-

kemic cells might induce a quick metabolic switch for OXPHOS and then promote cell 

survival358). mTORC1 promotes cell growth at least in part by enhancing RNA metabolism, 

including nucleotide synthesis, transcription, splicing, ribosome biogenesis, and transla-

tion359. 

Recently, a new mechanism emerges that links mTORC1 and the stimulation of the meth-

ylation of RNA at N6 of the adenosine base (N6-methyladenosine, m6A) that is one of the 

most common mRNA modifications that controls mRNA metabolism; increased mRNA 

methylation in turn promotes cell growth by enhancing mRNA degradation or translation 

(by reducing MXD2 expression and thereby enhancing MYC activity)287, 288. It will be in-

teresting to investigate a possible correlation between m6A RNA levels, mTORC1 activity 

and the growth of mutant IDH2 AML cells and to determine whether mTORC1-mediated 

regulation of RNA methylation affects accumulation and/or translation of transcripts en-

coding effectors and/or regulators of cellular growth ; importantly, m6A RNA levels are 
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regulated by the fat mass and obesity-associated protein (FTO), an RNA m6A demethyl-

ase that is inhibited by excess of D-2HG in mutant IDH cells317.  

The anti-leukemic properties of BCAT1 inhibition are also associated to the promotion of 

partial differentiation. Both our in vitro (primary AML cells treated with gabapentin) and 

in vivo (PDX model) experiments have shown an increased expression of differentiation 

markers upon BCAT1 inhibition. Our data raised questions about the role of BCAA me-

tabolism and BCAT1 activity in the bypass of differentiation block in AML cells but also 

in the induction of myeloid differentiation in physiological conditions. The 

mTORC1/S6K1/MYC pathway is a key check point in myeloid differentiation362,363; it has 

been shown that deletion of the mTORC1 component Raptor induces arrest of terminal 

differentiation ate the granulocyte-monocyte progenitor (GMP) state364; based on micro-

array gene expression analysis, leukemic populations are “GMP-like” cells365. Interest-

ingly, the eukaryotic translation initiation factor eIF-4E (which activity is controlled by 

mTORC1) together with eI-F2a, control the expression of CEBPA366. In addition, m6A 

causes reduced CEBPA transcript317. CEBPA instructs differentiation along the granulo-

cytic lineage and is believed to be mediated by its ability to coordinate activation of a 

lineage-specific gene expression program with the withdrawal from the cell cycle (re-

viewed in 367). CEBPA is required for AML development and several results point toward 

the importance of CEBPA for the leukemic activity of IDH mutations225, 295. It has been 

shown that CEBPA physically interacts with TET2368 and that, in human AML, CEBPA in-

teracts with the long splice isoform DNMT3A and inhibits its activity369, suggesting that 

CEBPA may be an important part of epigenetic reprogramming in AML blasts. Both tran-

scription and translation of CEBPA are regulated during myelopoiesis; in particular the 

CEBPA gene comprises a single exon with an internal translational start site, resulting in 

the full-length CEBPA (42 kDa; p42) and a shorter N-terminal–truncated isoform (30 kDa; 

p30) that lacks the first 117 amino acids including the transactivating domain 1 (TAD1) 

and exhibits lower transactivation potential. Interestingly, mTORC1 controls the transla-

tion of CEBPB isoforms through 4EBPs activity370. Whether in mutant IDH2 blasts, 

mTORC1/CEBPA-driven molecular and cellular mechanisms participate to the dual mode 

of action of BCAT1 inhibition (i.e., growth arrest and induction of differentiation, as cell 

cycle exit is required for terminal differentiation) must be investigated. 
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Surprising is the observation that treatment of primary mutant IDH2 AML cells with 

gabapentin led to a significant decrease of D-2HG. Ko and colleagues reported that in-

hibition of BCAT1with ERG240 in activated human macrophages induces a drastic reduc-

tion of the αKG pool but also 2-HG (mostly L-2HG)353. In contrast, in mutant IDH1 glioma, 

inhibition of PI3K/mTOR signaling leads to a drop in 2-HG354. To understand the mecha-

nism of action of the above processes, further experimental investigations are required. 

In the case of mutant IDH2 AML cells, decrease in D-2HG level might contribute to the 

induction of differentiation through re-activation of histone- and DNA-modifying en-

zymes activity (including TET2), among others. 

Altered BCAA metabolism has been involved in a broad spectrum of human cancers371 

as in drug resistance340,372. Interestingly, in human glioma IDH1 mutation correlates with 

low levels of BCAT1 when compared to wild type controls283. In the brain, BCAA serve as 

nitrogen donors in the glutamine/glutamate cycle as well as sources for energetic and 

biosynthetic demands. Although low levels of BCAT1 transcripts and proteins seemingly 

hallmark mutant IDH1 gliomas compared with their wild type IDH counterparts283, D-2HG 

affects the activity of BCAT1 leading to reduced growth and survival, and hyper-depend-

ence on glutamate production179. It should be emphasized that IDH1 mutations in glio-

mas are associated with a slower rate of disease progression and confer a significant 

survival advantage over wild type tumors. In the hematopoietic system, BCAT1 aberrant 

overexpression and BCAA production are functionally required when BCR-ABL-driven 

CML evolves from a chronic phase to blast crisis, which is characterized by the rapid 

expansion of myeloid differentiation-arrested blasts302. Our results, together with the 

above-mentioned study, demonstrate that the overall flux of the BCAA metabolic path-

way can be anabolic in AML, suggesting that targeting BCAT1 may be a way to benefit 

patients with CML or mutant IDH2 AML. Leucine is involved in MLL-AF9 AML develop-

ment and progression in a xenografted model, as enhanced leukemic cell death induced 

by inhibition of the solute carrier family 1 member 5 (SLC1A5/ASCT2) responsible for 

taking up several amino acids is attributed to decreased leucine influx and inhibition of 

mTOR373. BCAT1 reactivation also cooperates with NrasG12D to enhance BCKA to BCAA 

in HSCP, during progression of MPN to AML in a mice model277. In human wild type IDH 

AML, BCAT1 overexpression regulates BCAA catabolism in the critical LSC population304, 



 

147 

again opening a path to develop therapeutic strategies to selectively eradicate LSC. In 

line, LSC harbor a high level of amino acids and are more sensitive to amino acid loss for 

OXPHOS and survival374 compared with AML blasts, indicating a nutrient dependency not 

present in the non-LSC bulk. This LSC-specific metabolic property could explain the deep 

and durable responses observed in untreated patients with AML upon treatment with the 

selective inhibitor of BCL-2 venetoclax in combination with azacitidine375 376, a situation 

that suppresses OXPHOS376 but also decreases amino acids uptake and expression of 

amino acids transporters in LSC374. Likewise, our results show that BCAT1 serves as a reg-

ulatory checkpoint for leucine availability in mutant IDH2 AML cells, suggesting that ther-

apies that target BCAT1 as the leucine analogue     ERG240279 or that selectively deplete 

leucine, or even that inhibit aminopeptidase as tosedostat or bestatin which results in 

lowering the free amino acid levels (reviewed by 377) could be useful approaches to target 

mutant IDH2 AML, together with BCL-2 inhibition 178. Our observations also highlight an 

underappreciated consequence of the presence of IDH2 mutation in AML bulk, in creat-

ing leucine dependency and mimicking an LSC-like metabolic activity for mutant IDH2 

AML cells. Importantly, IDH2 mutations can be found in the pre-leukemic HSPC that are 

ancestral to the dominant AML clone and from which AML evolves 378,379,380,381. Similar to 

LSC, these pre-malignant HSC are associated to induction chemotherapy survival and 

bone marrow persistence at remission 379. Leucine dependency could also impacts the 

behavior of mutated IDH HSCP that undergo clonal expansion during ageing in healthy 

individuals who do not develop AML 382, or mutant IDH HSCP that could expand post-

chemotherapy upon solid tumor treatment 150. Whether similar metabolic dependency 

would manifest in these cellular subsets remains to be determined. 

Identification of a metabolic flux that is amenable to therapeutic targeting in AML is an 

important observation stemming from this work. High BCAT1 expression level predicts 

for poor response for patients with AML 302,304. By analyzing AML data sets for whom 

follow-up information on survival was available (Beat AML 295), we confirmed an elevated 

BCAT1 RNA levels in AML samples associated with poor survival as                           re-

ported238,239, on a larger cohort (Figure 46A). In addition, overall survival result demon-

strates a statistically significant survival benefit for the mutant IDH genotype (Figure 
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46B) that supports the main contribution of BCAT1 activity on the growth of mutant IDH2 

cells observed in our experiments.  

Alternative molecular explanations are to be sought for wild type IDH AML since the 

activity of BCAT1 in these contexts is catabolic. It is possible that BCAT1 expression varies 

according to AML mutational landscape and metabolic needs induced by the molecular 

context. Notably, core binding factor (CBF) AMLs show high expression of BCAT1 com-

pared to normal karyotype AMLs (Figure 46E). Beside their mutational landscape, CBF-

AMLs are characterized by a specific transcriptomic signature 383,384. ZBTB7A have been 

found to be recurrently mutated in CBF-AML and more specifically in RUNX1-RUNX1T1 

AML385,386. ZBTB7A is a member of the POZ/BTB and Krüppel (POK) transcription re-

pressor family that represses the transcription of critical glycolytic genes, including 

GLUT3, PFKP, and PKM 387. ZBTB7A prevents RUNX1-RUNX1T1-dependent clonal expan-

sion of HSC/LSC, suggesting that RUNX1-RUNX1T1 AMLs require specific metabolism 

environment to expand 388. In mutated NPM1 AML, which are usually associated with a 

good prognosis, we observed a trend toward a better outcome (median overall survival 

in “low” or “high BCAT1” groups is 28.9 or 14.5 months respectively), although it does 

not reach statistical significance (P=0.103) (Figure 46C). Altogether, these data suggest 

that combination of BCAT1 inhibitor with conventional induction chemotherapy might 

be of therapeutical interest. There is yet no specific clinical grade BCAT1 inhibitor. 
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Figure 46: Influence of BCAT1 expression on overall survival (OS). A) Correlation of BCAT1 

expression with OS of AML patients referenced in the BEAT AML database (Kaplan-Meier 

curves). Low or high BCAT1 expression indicates above or below the median expression 

respectively. B) Correlation of BCAT1 expression with OS of patients with AML harboring 

IDH (B) NPM1 (C) or TET2 (D) mutations. Statistical comparisons between groups are based 

on log-rank tests (P-values shown). E) BCAT1 expression in AML samples according to re-

current karyotype abnormalities (from GSE13159, GSE15434, GSE61804, GSE14468, and 

TCGA datasets; N=2077). P-values was assessed with two-sided unpaired t-test. All geno-

types were compared to normal karyotype (blue box). Green boxes correspond to favorable 

cytogenetics. Red boxes correspond to unfavorable cytogenetics.  

 

The question of how the level of BCAT1 expression affects the prognosis and response 

to chemotherapy in AML remains unresolved. In normal hematopoiesis, BCAT1 as 
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PPM1K276(p21) and BCKDHA are upregulated in HSC and progressively downregulated 

throughout differentiation (Figure 33). In HSC, PPM1K promotes BCAA catabolism and 

maintains the glycolysis and quiescence of HSCs through the downregulation of CDC20-

mediated ubiquitination of MEIS1 and p21. BCAT1 expression might thus represent a 

consistent hallmark of HSC biology and/or stemness status. In AML, stemness features 

have been associated with lower response to conventional therapy, high risk of relapse 

and poor survival335,389. Ng and colleagues have identified a specific stemness tran-

scriptomic signature based on 104 differentially expressed genes in human CD34+ LSC335; 

whereas BCAT1 was not part of these candidates genes, MYCN was one of the 17 most 

upregulated gene. Interestingly, MYC activates critical transporters, such as SLC7A5, 

SLC43A1, and SLC1A5, to promote essential amino acid transport and BCAT1 is a down-

stream target of MYC (reviewed in 258).  

 

To further study a correlation between the prognosis value of BCAT1 expression and the 

genotype, we have recently engaged analyses on datasets obtained from the ALFA0701 

cohort. ALFA0701 is a prospective phase III study aiming to evaluate the efficacy of add-

ing gemtuzumab ozogamycin, an anti-CD33 antibody coupled with calicheamicin, to 

classical intensive chemotherapy, in de novo AML adult patients. At 2 years, event free 

survival was estimated as 17.1% in the control group versus 40.8% in the gemtuzumab 

ozogamycin group (hazard ratio 0.58, P=0.0003) and the overall survival was 41.9% ver-

sus 53.2% respectively (HR=0.69, P=0.0368) 390. RNA-sequencing was realized for most 

of the patients randomized in the study. As shown Figure 46E, BCAT1 expression is het-

erogeneous among the different AML genotypes; yet we have not confirmed an overex-

pression of BCAT1 in mutant IDH (N=40) compared to wild type IDH AML patients (not 

shown). However, expression of genes involved in the BCAA pathway distinguish patients 

with AML harboring FLT3 abnormalities from patients with wild type FLT3 AML (Figure 

47).  
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Figure 47: Expression of genes involved in the BCAA pathway and fatty acid metabolism in 

samples from AML patients with FLT3 genetic lesions (RMA normalized); data were ob-

tained from the ALFA0701 trial dataset. enoyl coenzyme A hydratase, short chain, 1, mito-

chondrial (ECHS1); isovaleryl-CoA dehydrogenase (IVD); 3-hydroxyisobutyryl-CoA hydro-

lase (HIBCH); acyl-CoA dehydrogenase family member 8 (ACAD8); Acetyl-CoA acyltrans-

ferase 2 (ACAA2); aldehyde dehydrogenase 1 family member B1 (ALDH1B1); propionyl-

CoA carboxylase subunit beta (PCCB). 

 

 

8 CONCLUSION AND PERSPECTIVES 

Our work brings new insights into the consequences of IDH2 mutation on BCAA metab-

olism and identifies a metabolic vulnerability in mutated IDH2 AML cells that could be of 

therapeutical interest. BCAT1 expression is clearly regulated during hematopoietic differ-

entiation; notably this expression is high in immature cells such as HSC and LSC, suggest-

ing a major role of BCAT1 in the biology of those cells. These data raised questions about 

the role of BCAA metabolism and BCAT1 activity in myeloid commitment and differenti-

ation in physiological conditions. BCAA metabolism contributes to hematopoietic system 

homeostasis; valine and leucine are required for HSCP maintenance in the bone marrow 

niche391 and sustained uptake of leucine accompanies T cell differentiation 392. Bcat1 is 

required to sustain the repopulation ability of HSCs in reconstitution experiment in mice, 

and BCAA catabolism maintains HSC quiescence 276. Further studies targeting BCAT1 in 

Analysis of 0701 transcriptomic dataset
Specific metabolomic signature in FLT3-TKD mutated AML

BCAA metabolism

Fatty acid metabolism

FLT3-ITD FLT3-TKD FLT3 WT FLT3-ITD FLT3-TKD FLT3 WT FLT3-ITD FLT3-TKD FLT3 WT FLT3-ITD FLT3-TKD FLT3 WT

ECHS1: p-value = 0.0975 IVD: p-value = 0.007 HIBCH: p-value = 0.044 ACAD8: p-value = 0.057

ACAA2: p-value = 0.062 ALDH1B1: p-value = 0.015 PCCB: p-value = 0.015

FLT3-ITD FLT3-TKD FLT3 WTFLT3-ITD FLT3-TKD FLT3 WTFLT3-ITD FLT3-TKD FLT3 WT
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myeloid diseases will improve our understanding of dietary amino acid and nutrient sig-

nal contribution to physiological and pathological myelopoiesis. 

Moreover, as we observed that the BCAA-mTORC2 axis might be linked to BCKA levels, 

it would be of therapeutic interest to combine BCAT1 and mTORC2 inhibition in order to 

enhance antitumoral activity. This is even more reliable as mTORC2 has been associated 

with cell survival but also in metabolism sensing. Preliminary data on AML samples and 

obtained during my PhD support this hypothesis (not shown). It should also be of inter-

est to use dual mTORC1/2 inhibitors, and/or dual PI3K/mTOR inhibitors that show greater 

activity in pre-clinical AML models 357. Recently a specific inhibitor restricted to mTORC2 

has been reported; Capivasertib, is an oral, potent, selective ATP-competitive pan-AKT 

kinase inhibitor, that has shown promising signs of antitumoral activity when combined 

with hormonotherapy in estrogen-receptor-positive (ER+) mutated AKT breast cancer pa-

tients 393. Indeed, the PI3K pathway is one of the most commonly activated signaling 

pathways in ER+ breast cancer in an estimated 7% of ER+ breast cancers, pathway acti-

vation can occur through mutation in AKT that translate into constitutive AKT signaling 

pathway activation independently of PI3K 394 (PI3K/AKT inhibition is insufficient to induce 

apoptosis by itself but increase/reinduce chemosensitivity 395). On a more fundamental 

point of view, it will be interesting to understand whether mTORC2 hyperactivity may 

influence the gene expression profiles observed in the leukemic cells. Indeed, Calejman 

and colleagues recently reported an important function of mTORC2 that is the control of 

the nuclear-cytoplasmic acetyl-CoA synthesis396. 

Our results unraveled a specific metabolic vulnerability in IDH mutant context. However, 

metabolism in AML remains largely unexplored. There is now growing evidences showing 

that leukemic bulk and LSC metabolism is highly dynamic and adaptive through thera-

peutic pressure. As this rapid metabolic adaptation may drive treatment resistance and 

relapse, understanding and targeting AML metabolism represent promising future direc-

tion in translational research. 
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