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RESUME 

Du fait de leur prolifération anarchique, les cellules cancéreuses présentent un besoin accru 

en nutriments, incluant les lipides. Les lipides alimentaires n’étant pas suffisants pour 

satisfaire leurs besoins métaboliques, elles affichent généralement une lipogenèse de novo 

exacerbée. Ainsi, une des enzymes de la lipogenèse, l’acide gras synthase (FASN, Fatty Acid 

SyNthase), est souvent surexprimée dans les cancers. FASN est une « mégasynthase » 

possédant sept activités enzymatiques différentes et active sous la forme d’homodimères. En 

synthétisant des acides gras, cette enzyme ubiquitaire de 273 kDa contribue à la prolifération 

des cellules cancéreuses. En plus de favoriser la biogenèse des membranes cellulaires, FASN 

est aussi indirectement impliquée dans le stockage de l’énergie, la synthèse de messagers 

secondaires et l’acylation de protéines. FASN est ainsi capable de promouvoir différentes 

caractéristiques des cancers. Bien que n’étant pas capable à elle seule d’induire une 

transformation maligne, FASN est considérée comme étant une enzyme pro-oncogénique et 

constitue une cible thérapeutique intéressante. 

D’autre part, les cellules cancéreuses sont aussi avides en glucose comme le démontre l’effet 

Warburg. Il est estimé que 2 à 3% du glucose entrant dans les cellules est redirigé vers la voie 

de biosynthèse des hexosamines (HBP). L’UDP-GlcNAc, produit final de la voie des 

hexosamines, est pris en charge par la O-GlcNAc transférase (OGT) qui catalyse le transfert du 

résidu GlcNAc sur l’hydroxyle d’une sérine ou thréonine d’une protéine cible. Cette 

modification, appelée O-GlcNAcylation, est réversible puisque la O-GlcNAcase (OGA) est 

capable d’hydrolyser le résidu de GlcNAc. La O-GlcNAcylation régule tout un ensemble de 

propriétés : interactions protéine-protéine, activité enzymatique, localisation subcellulaire, 

protéostase… De la même manière que FASN, l’OGT est active en homodimères et est 

fréquemment surexprimée dans les cancers. Favorisant de nombreuses caractéristiques des 

cancers, l’OGT constitue également une enzyme pro-oncogénique.  

Les travaux de l’équipe se sont ainsi concentrés sur l’étude de la régulation croisée entre ces 

deux protéines pro-oncogéniques dans le contexte du cancer hépatique. Leur surexpression a 

notamment été démontrée par l’équipe dans des tissus cancéreux de patients. FASN est 

régulée par O-GlcNAcylation dans des foies de souris et dans la lignée HepG2. Cette 

modification favorise l’interaction de FASN avec la déubiquitinase USP2a (Ubiquitin-Specific 

Peptidase 2a), réduisant sa poly-ubiquitination et par conséquent sa dégradation 



13 
 

protéasomale. L’OGT, de par son activité, favorise donc la stabilité de FASN. L’inhibition de 

l’OGT réduit significativement l’expression protéique de FASN. Inversement, l’inhibition de 

FASN diminue significativement l’expression protéique et l’activité de l’OGT. Ces 

perturbations résultent en une dérégulation du cycle cellulaire et une réduction de la viabilité 

des cellules HepG2.   

Par diverses approches, nous avons dans un premier temps cherché à déterminer quels sites 

de O-GlcNAcylation de FASN étaient impliqués dans sa régulation. Dans un second temps, le 

but a été d’identifier les domaines d’interactions respectifs du complexe FASN-OGT. Nos 

résultats indiquent que les niveaux de O-GlcNAcylation régulent la synthèse d’acides gras des 

cellules HepG2. Le site T980 de FASN apparait comme un site majeur de O-GlcNAcylation 

régulant nombreuses de ses propriétés : localisation, dimérisation, activité et protéostase. La 

modification de ce site soutient son caractère pro-oncogénique en promouvant la survie, la 

prolifération et la progression du cycle cellulaire de la lignée Hep3B. Enfin, FASN et OGT 

interagissent préférentiellement via leur partie N-terminal respective.  

Ainsi, cibler le site T980 de FASN ou l’interaction FASN-OGT pourrait constituer une voie 

thérapeutique intéressante.  
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ABSTRACT 

Due to their uncontrolled proliferation, cancer cells have an increased need for nutrients, 

including lipids. Dietary lipids being not sufficient to satisfy their metabolic needs, they 

generally display exacerbated de novo lipogenesis. Thus, one of the enzymes involved in 

lipogenesis, Fatty Acid Synthase (FASN), is frequently overexpressed in cancers. FASN is a 

« megasynthase » having seven different enzymatic activities, active in the form of 

homodimers. Synthesizing fatty acids from acetyl-CoA, malonyl-CoA and NADPH,H +, this 

ubiquitous 273 kDa enzyme contributes to cancer cell proliferation. As well as promoting the 

biogenesis of membranes, FASN is also indirectly involved in energy storage, the synthesis of 

second messengers and protein acylation. FASN is able to promote different hallmarks of 

cancers: resistance to apoptosis, migration/invasion, angiogenesis induction or even immune 

escape. Although not able on its own of inducing malignant transformation, FASN is 

considered as a pro-oncogenic enzyme and is an interesting therapeutic target. 

On the other hand, cancer cells also have a high demand for glucose as demonstrated by the 

Warburg effect. It is estimated that 2 to 3% of the glucose entering cells is redirected to the 

hexosamine biosynthetic pathway (HBP). UDP-GlcNAc, the end product of HBP, is a nutritional 

sensor. Its synthesis depends on the metabolism of glucose, but also of amino acids, fatty acids 

and nucleotides. This nucleotide-sugar is handled by O-GlcNAc transferase (OGT) which 

catalyzes the transfer of GlcNAc on the hydroxyl group of a serine or threonine on a target 

protein. This modification, known as O-GlcNAcylation, is reversible as O-GlcNAcase (OGA) is 

able to hydrolyze the GlcNAc residue. O-GlcNAcylation regulates a whole range of protein 

properties: protein-protein interactions, enzymatic activity, subcellular location, stability… 

Likewise FASN, OGT is active in homodimers and is frequently overexpressed in cancers. 

Promoting many hallmarks of cancers, OGT is also a pro-oncogenic enzyme. 

The team has thus focused on studying the cross-regulation between these two pro-oncogenic 

proteins in the context of hepatic cancer. Their overexpression has been demonstrated in 

patient cancer tissues. FASN is regulated by O-GlcNAcylation in mice livers and in the HepG2 

cell line. This modification promotes FASN interaction with the deubiquitinase Ubiquitin-

Specific Peptidase 2a (USP2a), reducing its poly-ubiquitination and consequently its 

proteasomal degradation. OGT’s activity therefore promotes FASN stability. More recent work 

has highlighted the cross-regulation of these two enzymes. OGT inhibition significantly 
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reduces FASN protein expression. Conversely, FASN inhibition significantly reduces OGT 

protein expression and activity. These perturbations result in a deregulation of cell cycle and 

reduced viability of HepG2 cells. 

By combining different approaches, we first aimed to determine which FASN O-GlcNAcylation 

sites were involved in its regulation. Secondly, the purpose was to identify FASN and OGT 

respective interaction domains. Our results indicate that O-GlcNAcylation levels regulate fatty 

acid synthesis in HepG2 cells. FASN T980 site appears to be a major O-GlcNAcylation site, 

positively regulating many of its properties: location, dimerization, activity and proteostasis. 

At the cellular level, modification of this site sustains its pro-oncogenic character by promoting 

survival, proliferation and cell cycle progression of the Hep3B cell line. At last, FASN and OGT 

interact preferentially via their respective N-terminal domain. 

Thus, targeting FASN T980 site or FASN-OGT interaction could represent an interesting 

therapeutic avenue. Preventing FASN O-GlcNAcylation may reduce its pro-oncogenic 

properties, thereby slowing down tumor progression in patients with hepatic cancer. 
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ABBREVIATIONS AND NOMENCLATURE 

5-FU: 5-FluoroUracil  

A 

ACC: Acetyl CoA Carboxylase  

AcCoA: Acetyl-Coenzyme A 

ACLY: Adenosine triphosphate (ATP) citrate 

lyase  

ACP: Acyl carrier protein 

ACSL: Acyl-CoA synthetase 

AGPAT: Acylglycerol-3-phosphate 

acyltransferase 

AML: Acute myeloid leukemia 

AMPK: AMP-activated protein kinase 

ANOVA: Analysis of variance  

APC/C: Anaphase promoting 

complex/cyclosome 

ATF4: Activating transcription factor 4 

Atg: Autophagy-related protein 

ATRA: All-trans retinoic acid 

B 

BCL2: B-cell-lymphoma-2 

BMAL1: Brain and muscle ARNT-Like 1 

C 

CAC: Colitis-associated cancer 

CaMKII: Calcium/calmodulin-dependent 

kinase II 

CD: Catalytic domain 

CDC20: Cell division cycle 20 

CDK: Cyclin-dependent kinase 

CDKI: CDK inhibitor 

 

cDNA: complementary deoxyribonucleic 

acid  

cGAS: Cyclic guanosine monophosphate 

(GMP)-adenosine monophosphate (AMP) 

synthase 

Chk1: Checkpoint kinase 1 

ChREBP: Carbohydrate responsive element 

binding protein 

CLOCK: Circadian locomotor output cycles 

kaput 

CPT1: Carnitine palmitoyltransferase 1 

CRC: Colorectal cancer 

CREB: Cyclic AMP-response element 

binding protein 

Cryo-EM: Cryo-electron microscopy  

D 

DGAT: Diacylglycerol acyltransferase 

DH: Dehydratase 

DNA: Deoxyribonucleic acid  

DNL: De novo lipogenesis 

E 

EC: Endothelial cell 

EGF: Epidermal growth factor 

eIF2α: eukaryotic translation initiation 

factor 2α 

ELOVL: Elongation of very long-chain fatty 

acids 

EMT: Epithelial-mesenchymal transition 

ER: Endoplasmic reticulum  

ERα: Estrogen receptor α 
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F 

F-2,6-BP: Fructose-2,6-Bisphosphate 

FA: Fatty acid 

FABP5: Fatty acid-binding protein 5 

FASN: Fatty acid synthase 

FFA: Free fatty acid 

FoxM1: Forkhead Box M1 

G 

GC-FID: Gas phase chromatography with a 

downstream flame ionization detector 

GFAT: Glutamine:fructose-6-phosphate 

amidotransferase 

GH: Glycoside hydrolase  

GK: Glucokinase 

GlcNAc: N-acetyl-D-glucosamine 

GPAT: Glycerol-3-phosphate acyltransferase 

GSK3β: Glycogen synthase kinase 3β 

H  

HAT: Histone acetyltransferase  

HBP: Hexosamine Biosynthetic Pathway 

HCC: Hepatocellular carcinoma  

HCF-1: Host Cell Factor-1 

HDAC: Histone deacetylase  

HGS: Hepatocyte growth factor-regulated 

tyrosine kinase substrate 

HK: Hexokinase 

HSP: Heat shock protein 

HUVEC: Human umbilical vein endothelial 

cell 

I 

IFN-I: Type I interferons 

IL-10/17: Interleukin-10/17 

IRS-1: Insulin receptor substrate-1 

J 

JNK: c-Jun N-terminal kinase 

K 

KR: Keto-acyl reductase  

KS: Keto-acyl synthase 

KSHV: Kaposi’s sarcoma-associated 
herpesvirus 

L 

LCFA: Long-chain fatty acids 

LC-MS/MS: Liquid chromatography coupled 

to tandem mass spectrometry 

LPS: Lipopolysaccharide  

M 

MalCoA: Malonyl-Coenzyme A 

MAPK: Mitogen-activated protein kinase 

MAT: Malonyl/acetyl transferase  

MCM: Minichromosome maintenance 

proteins  

MDH: Malate dehydrogenase  

MDM2: Murine double minute 2 

ME: Malic enzyme  

MHC II: Major Histocompatibility Complex  

MMP-9: Metalloproteinase 9  

MPF: M-phase promoting factor 

mRNA: messenger ribonucleic acid 

mTOR: mechanistic/mammalian Target Of 

Rapamycin  

N 

NAGK: N-acetylglucosamine kinase 

NF-κB: Nuclear factor-kappa B 
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NK: Natural killer 

NLS: Nuclear localization sequence 

NO: Nitric oxide  

NSCLC: Non-small cell lung cancer 

Nup62: Nuclear pore protein p62 

O 

OA-519: Oncogenic Antigen - 519 

OAA: Oxaloacetate 

OGA: O-GlcNAcase 

O-GlcNAcylation: O-linked β-N-

acetylglucosaminylation 

OGT: O-GlcNAc transferase  

OXPHOS: Oxidative phosphorylation 

P 

p70S6K: p70 ribosomal protein S6 kinase 

PARP1: Poly[ADP-ribose] polymerase 1 

PC: Pyruvate carboxylase 

PDAC: Pancreatic ductal adenocarcinoma  

PDH: Pyruvate dehydrogenase  

PD-L1: Programmed death ligand 1 

PFK1: Phosphofructokinase 1 

PGDH: Phosphogluconate dehydrogenase 

PI3K: Phosphatidylinositol 3-kinase 

PIP3: Phosphatidylinositol-3,4,5-

triphosphate 

PKA: Protein kinase A 

PKM2: Pyruvate kinase M2 

PPI: Protein-protein interaction 

PPO: PIP3-binding domain of OGT 

PPP: Pentose Phosphate Pathway 

PTM: Post-translational modification 

R 

Raf: Rapidly accelerated fibrosarcoma 

RNA: Ribonucleic acid  

ROS: Reactive oxygen species  

RTA: Replication and transcription activator 

S 

SCD: Stearoyl-CoA desaturase 

SD: Standard deviation  

SEC: SECRET AGENT 

SEM: Standard error of the mean 

SH: Sulfhydryl  

siRNA: Small interfering RNA 

SKP2: S-phase kinase-associated protein 2 

Sp1: Specificity protein 1 

SPY: SPINDLY 

SREBP-1c: Sterol responsive element 

binding protein-1c 

STAT3: Signal transducer and activator of 

transcription 3 

STING: Stimulator of interferon genes 

SUMOylation: Small ubiquitin-like modifier 

(SUMO)-ylation 

T 

TBP: TATA-box binding protein 

TCA: Tricarboxylic acid cycle 

TE: Thioesterase  

TET 1/2/3: Ten-eleven translocation 1/2/3 

TG: Thiamet-G 

TKI: Tyrosine kinase inhibitor  

TPR: Tetratricopeptide repeat  

TS: Thymidylate synthase 
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U 

Ub: Ubiquitin 

UFA: Unsaturated fatty acids  

ULK1: Unc-51-like autophagy activating 

kinase 1 

USP2a: Ubiquitin-Specific Peptidase 2a 

V 

VEGFR: Vascular endothelial growth factor 

receptor 

VLCFA: Very long-chain fatty acids 

VLDL: Very low-density lipoproteins 

W 

WB: Western blot 

WGA: Wheat Germ Agglutinin 

X 

XLID: X-linked intellectual disability 
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GENERALITIES 

Part 1: The lipogenic and pro-oncogenic enzyme FASN 

1. 1. The de novo lipogenesis pathway 

Lipids constitute a heterogeneous and essential family of biomolecules that share the 

common property of hydrophobicity (Burdge & Calder, 2014). Fatty acids (FA) are the building 

blocks of a lot of lipids and are mainly supplied by the diet. However, FA can be synthesized 

de novo thanks to the activity of the lipogenic enzymes Acetyl-CoA carboxylase (ACC) and Fatty 

acid synthase (FASN).  

First, glycolysis produces pyruvate that is imported into mitochondria (Figure 1). Pyruvate 

either forms acetyl-CoA through the activity of Pyruvate dehydrogenase (PDH), or it is 

carboxylated into oxaloacetate (OA) by Pyruvate carboxylase (PC). OA is in turn condensed to 

acetyl-CoA to form citrate, triggering the TCA (tricarboxylic acid cycle). Citrate is exported out 

of the mitochondria in the cytosol where it is cleaved into acetyl-CoA and OA by ACLY (ATP 

citrate lyase). OA allows pyruvate regeneration via the intermediary formation of malate, 

what consists in the citrate-malate-pyruvate shuttle.  

Thus, acetyl-CoA enters the de novo lipogenesis (DNL) pathway with a carboxylation reaction 

catalyzed by ACC, producing malonyl-CoA. Acetyl-CoA and malonyl-CoA are then used by FASN 

with the co-substrate NADPH,H+ to produce free fatty acids (FFA) (Raab & Lefebvre, 2022). 

There are two isoforms of ACC: ACC1/ACCα and ACC2/ACCβ, respectively encoded by the 

ACACA and ACACB genes. While ACC1 is cytosolic, ACC2 is located at the outer mitochondrial 

membrane. Malonyl-CoA produced by ACC2 allosterically inhibits Carnitine 

palmitoyltransferase I (CPT1) to regulate β-oxidation of lipids (Abu-Elheiga et al., 2000). ACC1 

is therefore the main isoform involved in the DNL pathway.   
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Figure 1: The synthesis of simple and complex lipids. Glycolysis generates pyruvate, which is 
converted to acetyl-CoA (AcCoA) in mitochondria by Pyruvate dehydrogenase (PDH) or oxaloacetate 
(OA) by Pyruvate carboxylase (PC). AcCoA and OA enter the TCA cycle, forming citrate, which is 
exported to the cytosol. ATP-citrate lyase (ACLY) cleaves citrate into AcCoA and OA. OA is reduced to 
malate by Malate dehydrogenase (MDH), then decarboxylated to regenerate pyruvate by Malic 
enzyme (ME), completing the citrate-malate-pyruvate shuttle. AcCoA is carboxylated by Acetyl-CoA 
carboxylase (ACC) to malonyl-CoA (MalCoA), the first step of de novo lipogenesis (DNL). Fatty acid 
synthase (FASN) uses AcCoA, MalCoA, and NADPH,H+ to produce fatty acids, primarily C16:0, but also 
C12:0 and C14:0. These fatty acids can be elongated and/or desaturated in the ER by Elongases (ELOVL) 
and Stearoyl-CoA desaturases (SCD) to form long-chain fatty acids (LCFA), very long-chain fatty acids 
(VLCFA) and unsaturated fatty acids (UFA), respectively. Final esterification by Acyl-CoA synthetases 
(ACSL), Glycerol-3-phosphate acyltransferase (GPAT), Acylglycerol-3-phosphate acyltransferase 
(AGPAT), and Diacylglycerol acyltransferase (DGAT) leads to the formation of simple (e.g., triglycerides) 
and complex lipids (e.g., phospholipids). HK: Hexokinase; GK: Glucokinase. 

 

1. 2. Structure, activity and regulation of FASN 

FASN is a ubiquitous and high molecular weight enzyme of 273 kDa and made of 2,511 amino 

acids. It is the second enzyme of the DNL pathway. FASN produces FFA by means of its 7 

enzymatic activities (Figure 2): keto-acyl synthase (KS), malonyl/acetyl transferase (MAT), 

dehydratase (DH), enoyl-reductase (ER), keto-acyl reductase (KR) and thioesterase (TE). The 

acyl carrier protein domain (ACP domain) enables substrate shuttling between these catalytic 

domains via its phosphopantetheine prosthetic group, which is covalently attached to serine 

2156 (S2156) (Raab & Lefebvre, 2022). 
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First, the malonyl/acetyl transferase activity catalyzes acetyl-CoA and malonyl-CoA binding on 

FASN sulfhydryl (SH) groups respectively on KS and ACP domains (Figure 3). Acyl being 

synthesized is then elongated by KS activity, reduced by KR activity using NAPDH,H+, 

dehydrated by DH activity and reduced a second time by ER activity. Acetylation occurs only 

once at the initiation step, whereas malonylation occurs repeatedly (n times with n = 7 

maximum) during elongation until a C16-acyl chain is produced on ACP. FFA, mainly palmitic 

acid, are finally released by TE hydrolytic activity (Raab & Lefebvre, 2022). First steps involving 

KS and MAT activities are part of the “condensing cycle”, the other ones of the “modifying 

cycle” (W. Choi et al., 2025).  

 

 

Figure 2: Structure, functions and enzymatic activities of FASN. FASN is represented with its different 
catalytic activities: KS, MAT, DH, ER, KR and TE. FASN synthesizes FFA from AcCoA, MalCoA and 
NADPH,H+. FFA are stored into lipid droplets and participate to the synthesis of second messengers, 
protein palmitoylation (e.g., Ras and Flotillin-1) and membranes building: thus, FASN is actively 
involved in cell proliferation. 
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Figure 3: FASN catalytic cycle. To produce FFA, FASN first binds AcCoA and MalCoA via its MAT activity, 
loading them onto the KS and ACP domains, respectively. Next, the KS activity condenses AcCoA and 
MalCoA via a decarboxylation reaction. Then, the acyl being synthesized is reduced by KR, dehydrated 
by DH and reduced a second time by ER. This cycle of malonylation, decarboxylation, reduction, 
dehydration and second reduction can be repeated up to 7 times until a C16-acyl chain is produced on 
ACP. The fully synthesized FA is finally released from ACP thanks to the TE activity. Each FASN catalytic 
activity is accompanied by its EC (enzyme commission) numeration. Adapted from Raab & Lefebvre, 
2022.  
 
To produce FFA, FASN must be homodimerized in a head-to-tail (Smith et al., 2003) or head-

to-head conformation (Witkowski et al., 2004). In the head-to-tail model, two sites for the 

synthesis of FFA are generated by combining KS, MAT and DH activities (“Domain I”) of one 

monomer with ER, KR, ACP (“Domain II”) and TE (“Domain III”) domains of the other monomer 

(Figure 4). The catalytic reactions in the “condensing cycle” carried out by the two monomers 

are unsynchronized (W. Choi et al., 2025). The central domain or interdomain, which has no 

enzymatic activity, has been shown as required in FASN homodimerization (Chirala et al., 

2001). Interestingly, yeasts and mammals’ enzyme are called “type I FASN” compared to 

bacteria, plants and mitochondria which produce a “type II FASN”. Type II FASN consists of 

individual enzymatic activities each encoded by a distinct gene (Raab & Lefebvre, 2022).  

 

Figure 4: Dimerization models of FASN and delimitation of the catalytic activities. FASN is active in a 
“head-to-head” or “head-to-tail” conformation (A), adapted from Raab & Lefebvre, 2022. FASN is 
subdivided into three functional domains (B) with the KS, MAT and DH activities constituting the 
domain I, ER, KR and ACP for the domain II, and TE forming alone the domain III. 
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FFA produced by FASN are lauric acid (C12:0), myristic acid (C14:0) and mainly palmitic acid 

(C16:0). In the rat lactating mammary gland, although covalently linked to the polypeptide, an 

alternative TE (TE II) can interrupt prematurely the elongation of FA to release shorter FA 

(Libertini & Smith, 1978). 

Thereafter, FFA can be elongated and/or desatured by Elongation of very long-chain fatty 

acids (ELOVL) and Stearoyl-CoA desaturase (SCD) enzymes, respectively, to form (very) long 

chain and/or unsaturated FA (VLCFA/UFA) in the endoplasmic reticulum (ER). After 

esterification by various enzymes, FA form simple and complex lipids (Figure 1). For instance, 

esterification with glycerol mediated by the Glycerol-3-phosphate acyltransferase (GPAT) 

produces triglycerides (simple lipids) for energy storage. Complex lipids include 

glycerophospholipids (phospholipids), glyceroglycolipids and sphingolipids which have many 

functions (Raab & Lefebvre, 2022). 

In response to food intake, FASN is regulated by the transcription factors ChREBP 

(Carbohydrate responsive element binding protein) and SREBP-1c (Sterol responsive element 

binding protein-1c), which relay the effects of glucose and insulin on glycolysis and lipogenesis, 

respectively (Baldini & Lefebvre, 2016). The mammalian/mechanistic Target Of Rapamycin 

(mTOR), involved in translation promotion, is known to positively regulate FASN expression 

(Calvisi et al., 2011; Hu et al., 2016; Raab et al., 2021). At the post-translational level, FASN 

stability is regulated by the Ubiquitin - proteasome pathway (Baldini et al., 2016; H.-S. Jang et 

al., 2024; Ye et al., 2023). In a lesser extent, some data show a regulation of FASN by 

autophagy. Upon nitrogen starvation, FASN is preferentially degraded by autophagy in yeast 

(Shpilka et al., 2015). This process depends on FASN interaction with Autophagy-related 

protein 8 (Atg8) and is essential for cell survival. 

1. 3. Physiological roles of FASN 

1. 3. 1. Systemic roles of FASN 

Although ubiquitous, FASN is more heavily expressed in certain tissues including lungs, 

lactating mammary gland, liver and adipose tissues (Semenkovich et al., 1995). In lungs, 

particularly in alveolar epithelial cells, FASN is required for surfactant production and its 

activity is promoted by glucocorticoids (Rooney, 1989). Glucocorticoids can be administrated 

to pregnant women at risk to give birth prematurely in order to accelerate fetal lung 

development (Daskalakis et al., 2023). Thus, FASN is essential for embryonic development: 
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Fasn-/- mice embryos die before uterine implantation (Chirala et al., 2003). FASN is particularly 

important for neurodevelopment, its genetic deletion in mice cortex leading to microcephaly 

(Gonzalez-Bohorquez et al., 2022). A proper lipid metabolism is required for cognitive 

functions as individuals homozygous for a gain-of-function variant of FASN (FASN-R1819W) 

have intellectual disability (Bowers et al., 2020). FASN also protects cardiomyocytes from a 

pathological calcium flux as shown in a mouse model of FASN knockout in the myocardium 

(Razani et al., 2011). On the contrary, FASN expression and activity were recently associated 

to cardiac remodeling and mitochondrial dysfunctions in a cardiac hypertrophy model of rats 

(Bharati et al., 2025).  

1. 3. 2. Cellular functions of FASN 

Recently, Köberlin and collaborators shed the light to a new cell cycle checkpoint involving 

FASN (Köberlin et al., 2024). By inducing cell cycle entry by Epidermal growth factor (EGF) 

treatment of serum-starved MCF-10A cells, the authors show that FASN activity is required for 

the G1/S transition (Figure 5). In G1, the lipidome is reshaped with an increase in UFA and 

neutral lipids. UFA increase membrane fluidity that may be important for a successful 

completion of mitosis and to promote the increased size of the ER during cell-cycle 

progression. In case of UFA insufficiency, an ER-stress is triggered, responsible for a G1 arrest 

mediated by increased p21 and, conversely, reduced Cyclin D1 and Rb phosphorylation. This 

lipid checkpoint is likely used by non-cancerous cells as cancer cells usually have mutated Rb, 

p21, or upregulated Cyclin-dependent kinase 4/6 (CDK4/6) activity (Köberlin et al., 2024). 

 
Figure 5: FASN-mediated cell cycle lipid checkpoint. In G1 phase, FASN indirectly increases UFA 
production. This prevents ER stress and indirectly promotes Rb phosphorylation as well as Cyclin D1 
increase and p21 decrease. These mechanisms mediated by UFA increase allow G1/S transition. 
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By promoting cell cycle progression, FASN is involved in cell proliferation and stem cell 

maintenance. A study from Gonzalez-Bohorquez and collaborators demonstrated FASN 

involvement in neural progenitor cell proliferation, a pivotal process for embryonic brain 

development (Gonzalez-Bohorquez et al., 2022). FASN activity is also crucial for adult 

neurogenesis: deletion of Fasn in mice neural stem and progenitor cells significantly reduces 

cell proliferation (Knobloch et al., 2013). FASN is also involved in immune cell function. For 

instance, macrophage activation requires FASN activity (Wei et al., 2016). FASN promotes the 

differentiation of CD4+ T cells into the Th17 phenotype, characterized by pro-inflammatory 

Interleukin-17 (IL-17) production (Young et al., 2017). Eventually, FASN-mediated DNL is also 

essential for the maturation and function of dendritic cells. Indeed, mice treated with C75 - a 

FASN inhibitor (Table 1) - presented a significant reduction of CD11c+ dendritic cells in the 

liver, spleen and bone marrow. Inhibition of ACC also suppressed dendritic cells Major 

Histocompatibility Complex II (MHC II) expression (Rehman et al., 2013). These data highlight 

the importance of DNL in regulating immune system function. 

 

Strengthening the link between FASN and autophagy, its activity has been reported as 

essential for adipocyte autophagosome and lysosome growing and activity (Rowland et al., 

2023). Indeed, autophagosomes are double-membrane vesicles highly-demanding in 

phospholipids. For example, a 500-nanometers autophagosome requires 4,000 phospholipid 

molecules per second to form completely in 10 minutes (Prinz & Hurley, 2020). Thus, while FA 

produced by FASN are a critical source of lipids for these vesicles in adipocytes, exogenous FA 

appear to be the main source for lipid droplets formation. FASN-mediated autophagy has also 

been observed in HepG2 hepatic cancer cells (Rowland et al., 2023). These results support the 

idea that generating new membranes is more favorable than recycling pre-existing ones. It is 

less costly to directly use newly synthesized membranes than to remove embedded proteins 

from existing membranes prior to reuse (Girardi et al., 2011). 

1. 3. 3. Some of the multiple functions of FASN at the molecular level 

When in excess, carbohydrates are converted into FA. De novo synthesized FA are then 

assembled into triglycerides and stored in the form of lipid droplets (especially in adipocytes) 

or secreted by the way of very low-density lipoproteins (VLDL) by the liver (Fhu & Ali, 2020). 

Thanks to its key-role in FA synthesis, FASN participates in remodeling lipid rafts (Figure 2). 
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Lipid rafts ensure the correct location of receptors to the cell membrane and potentiate the 

activation of signaling pathways. FASN activity is mainly required for lipid rafts phospholipids 

synthesis compared to those in non-raft membranes (Swinnen et al., 2003).  

In skeletal muscle, FASN is necessary for the proper sarcoplasmic reticulum membrane 

composition. Skeletal muscle-specific FASN knockout mice significantly reduces their running 

time and running distance (Funai et al., 2013). Plasma membrane cholesterol retention in 

macrophages relies on FASN (Wei et al., 2016) as in neural retina (Rajagopal et al., 2018), what 

is crucial for inflammation and vision, respectively. Indeed, FASN depletion in macrophages 

significantly reduces the number of incorporated lipids, including cholesterol, into lipid rafts. 

It also alters lipid rafts protein composition, decreases lipopolysaccharide (LPS)-mediated                      

c-Jun N-terminal kinase (JNK) phosphorylation and therefore macrophage activation (Wei et 

al., 2016).  

Likewise, deletion of FASN from the neural retina decreases membrane cholesterol content as 

well as neurotrophic signaling, leading to apoptosis (Rajagopal et al., 2018). Schwann cells 

myelination also depends on FASN activity (Montani et al., 2018). By producing palmitate, 

FASN is indirectly involved in protein palmitoylation as evidenced for the Wnt proteins (Proffitt 

& Virshup, 2012). Wnt proteins palmitoylation by Porcupine enables their transport, secretion 

and activity. Palmitoylation of the SARS-Cov2 Spike protein was recently described (Mekhail 

et al., 2022). The virus exploits host cell FASN activity, which is essential for Spike 

palmitoylation, proper trimerization and incorporation to ensure an efficient viral replication.  

 

Thus, FASN is involved in numerous fundamental physiological functions, ranging from 

molecular processes to whole-organism development and homeostasis (Figure 6). 
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Figure 6: Summary of the multiple physiological functions of FASN. See text for details. 

 

1. 4. FASN dysregulation in cancers 

One of the characteristics of cancer cells is metabolic reprogramming (Hanahan & Weinberg, 

2011). One of the most striking metabolic changes characteristic of cancer cells is an increased 

lipogenesis. Healthy cells, on the other hand, exhibit reduced lipogenesis, having enough FA 

with feeding. The acceleration of lipogenesis in cancer cells promotes cell proliferation, 

survival, invasion and resistance to chemotherapy (Vanauberg et al., 2023). An increased 

lipogenic flux has been reported in hepatocellular carcinoma (HCC) (Calvisi et al., 2011) as in 

breast cancer (Giudetti et al., 2019), glioblastoma (Geng et al., 2016), colorectal cancer (CRC) 

(Y. Zhu et al., 2021) and in hematologic malignancies like acute myelogenous leukemia and 

endemic Burkitt lymphoma (Southam et al., 2015). This increase in lipogenic flux may be linked 

to the Warburg effect but also to the overexpression of the second enzyme of the DNL 

pathway being FASN. 
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FASN was primarily named as Oncogenic Antigen-519 (OA-519), its overexpression has been 

first observed in human breast carcinoma cells in 1994 (Kuhajda et al., 1994). FASN 

overexpression was reported in many other kinds of cancers: prostate (Migita et al., 2009), 

colorectal (Rashid et al., 1997), esophageal (Orita et al., 2010), stomach (Kusakabe et al., 

2002), pancreatic (Walter et al., 2009), lung (Visca et al., 2004), ovarian (Cai et al., 2015), 

melanoma (Innocenzi et al., 2003), hepatic (Raab et al., 2022), primary effusion lymphoma 

(Bhatt et al., 2012) and glioma (Zhou et al., 2016). FASN is usually associated with poor 

prognosis (Cigliano et al., 2024) but is not considered as an oncogene as its overexpression is 

not able to transform healthy hepatocytes into cancer cells (Che et al., 2017). In addition, 

tumors can be dependent or independent of DNL, so that of FASN, for their growth in function 

of the oncogenes involved (Che et al., 2017).  

 

However, FASN promotes many hallmarks of cancer as reviewed by us recently (Vanauberg et 

al., 2023): FASN can therefore be qualified as a pro-oncogenic enzyme and is a promising 

therapeutic target. As a matter of fact, FASN promotes dysregulation of cell metabolism, 

proliferative signaling, resistance to cell death, angiogenesis induction, migration/invasion 

and inhibition of the immune system (Figure 7). Examples of FASN involvement in these cancer 

hallmarks are described below. 

 

Figure 7: FASN involvement in hallmarks of cancer. FASN is at the center of many hallmarks of cancer 
by promoting proliferative signaling, dysregulation of cell metabolism, resistance to cell death, 
induction of angiogenesis, activation of invasion/metastasis and immune escape. From Vanauberg et 
al., 2023. 
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1. 4. 1. FASN prevents cancer cell death 

Blocking FASN can induce prostatic (De Schrijver et al., 2003) or mammary (Fan et al., 2016) 

cancer cells apoptosis via small interfering ribonucleic acid (siRNA) transfection or curcumin 

treatment, respectively. Resistance to this cell death subtype being a major hallmark of cancer 

cells (Hanahan, 2022). Most recently, resistance to B-cell-lymphoma-2 (BCL2) homology-3 

mimetics (BH3 mimetics)-induced mitochondrial apoptosis in pancreatic ductal 

adenocarcinoma (PDAC) has been linked to FASN (Steen et al., 2025). By concomitantly 

treating PDAC cell lines with BH3 mimetics and TVB-3166 - a FASN inhibitor (Table 1) -, the 

authors synergistically increased mitochondrial apoptosis. Same results were obtained from 

patient-derived xenografts (Steen et al., 2025). 

 

1. 4. 2. FASN promotes cancer cell migration and metastasis  

FASN would also promote epithelial-mesenchymal transition (EMT) and consequently cell 

migration. In the HER2+ breast cancer cell line BT-474, FASN fosters cell invasion via Matrix 

metalloproteinase 9 (MMP-9) activation (J. Li et al., 2014). Metastasis of primary solid tumors 

relies on EMT to shift from an epithelial to a mobile mesenchymal phenotype. Hence, FASN 

also promotes metastasis as recently demonstrated for CRC (Liu et al., 2025). By knocking 

down FASN, this study revealed a significant inhibition of tumor growth and CRC cells 

metastatic spread to the lungs. Likewise, cerulenin - a natural FASN inhibitor (Table 1) - 

prevented liver metastasis of CRC cells in mice (Murata et al., 2010).  

 

1. 4. 3. FASN deregulates cancer cell metabolism 

At the metabolic level, Ravi and collaborators (Ravi et al., 2021) established a positive link 

between FASN and the pentose-phosphate pathway (PPP) in Non-Hodgkin Lymphoma. By 

consuming NADPH,H+, FASN increases the pool of NADP+, a co-substrate of the PPP enzyme     

6-phosphogluconate dehydrogenase (PGDH) which promotes its activity and finally enhances 

deoxyribonucleic acid (DNA)/RNA synthesis. FASN overexpression directly disrupts cancer cell 

metabolism by increasing lipogenic fluxes to meet the elevated membrane biogenesis 

demands of cancer cells (Y. Zhu et al., 2021). At last, by positively regulating mTOR, FASN also 

promotes protein biosynthesis in colorectal and hepatic cancer cell lines (T. Lu et al., 2019; 

Raab et al., 2021).  
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1. 4. 4. FASN sustains proliferative signaling  

FASN contributes to the resistance to tyrosine kinase inhibitors (TKIs) that target Epidermal 

growth factor receptor (EGFR) to reduce proliferative signaling. Indeed, FASN indirectly 

induces EGFR palmitoylation (Bollu et al., 2015). This modification is required for EGFR 

dimerization and kinase activation, promoting resistance to TKIs. In non-small cell lung cancer 

(NSCLC) cells with mutated EGFR and resistant to TKI, FASN inhibition with orlistat (Table 1) 

prevents EGFR palmitoylation and conversely induces EGFR K48-ubiquitination resulting in a 

reduction of tumor growth (Ali et al., 2018). Through its activity, FASN supplies lipid rafts with 

lipids. Consequently, FASN may indirectly promote the localization of oncogenic receptors 

(like EGFR) within these microdomains, thereby potentiating their proliferative signaling. This 

requires further investigation. 

 

1. 4. 5. FASN and angiogenesis 

Several studies show that FASN must be active for proper angiogenesis. Firstly, breast cancer 

cell lines treated with orlistat present a significant down-regulation of Vascular endothelial 

growth factor (VEGF) (Jovankić et al., 2023). Secondly, by knocking-down FASN in endothelial 

cells (ECs), excess malonyl-CoA not metabolized by FASN causes K1218 mTOR malonylation 

(Bruning et al., 2018). Malonylation impairs mTOR complex 1 (mTORC1) kinase activity, 

thereby reducing protein synthesis and subsequent ECs proliferation. By concomitantly 

knocking-down ACC1 in FASN depleted ECs, malonyl-CoA levels were normalized and mTOR 

reactivated. This reinforces the positive cross-regulation existing between FASN and mTOR.  

 

1. 4. 6. FASN in immune escape 

FASN involvement in immune escape has gained insights in the last past years. First finding 

was made by Cioccoloni and collaborators who described a positive regulation of Programmed 

death ligand 1 (PD-L1) protein expression by FASN in Jurkat leukemic cells (Cioccoloni et al., 

2020). PD-L1 and its receptor PD-1 consists in an immune checkpoint. PD-L1 is highly 

expressed on cancer cell surface and interacts with PD-1 exposed on cytotoxic T lymphocytes. 

This interaction induces an inhibitor signal in the latter, attenuating the antitumor activity 

(Brahmer et al., 2012). As of 2025, other studies deciphered FASN-mediated immune escape 

(Liu et al., 2025). In addition to FASN contribution to CRC lung metastasis described above, Liu 

and collaborators show FASN ability to inhibit natural killer (NK) cells. Mechanistically, 



34 
 

phosphatidylcholine produced in part via FASN activity, inhibited NK anti-tumor effect against 

CRC cells. 

 

1. 4. 7. FASN inhibits autophagy in cancer cells 

As discussed before, FASN is involved in autophagy by promoting autophagosomes building 

and fusion with lysosomes in adipocytes and in HepG2 cells (Rowland et al., 2023). However, 

Zaytseva and collaborators were the first to suggest a FASN-mediated autophagy inhibition 

(Zaytseva et al., 2015). They observed significantly higher expression of FASN and p62 (a 

marker of autophagy inhibition) in CRC tissues compared to normal colon tissues. Under 

metabolic stress conditions, the SW480 colon cell line overexpresses FASN and accumulates 

non-degraded p62. In human breast cancer cells, inhibition of FASN triggers ER stress and 

autophagy as survival pathways to counteract its inhibition (Huang et al., 2019). Addition of 

exogenous palmitic acid blocks both ER stress and autophagy, demonstrating FASN activity 

involvement in autophagy inhibition.  

 

mTORC1 inhibits autophagy by phosphorylation and inactivation of the autophagy initiators 

Unc-51-like autophagy activating kinase 1 (ULK1) and Atg13 (Rabanal-Ruiz et al., 2017). 

mTORC1 is a nutritional sensor which promotes biosynthetic pathways under nutrient-rich 

conditions and prevents catabolism through autophagy inhibition. Due to the positive cross-

regulation between FASN and mTOR, we can speculate that FASN inhibits autophagy through 

mTOR activation in cancer. Humbert et al. highlighted this relationship in acute myeloid 

leukemia (AML) cells (Humbert et al., 2020, 2021). AML cells overexpress FASN compared to 

mature granulocytes. Their differentiation can be induced by all-trans retinoic acid (ATRA). 

During ATRA-induced differentiation, the authors observed FASN degradation by autophagy. 

A reduced FASN expression decreases mTOR-mediated inhibition of ULK1, promoting 

autophagy activation. This facilitates AML cells ATRA-induced differentiation. Finally, the 

tumor suppressor Fatty acid-binding protein 5 (FABP5) interacts with FASN and increases FASN 

ubiquitination and proteasomal degradation, suppressing mTOR signaling: thus, autophagy is 

facilitated. Interestingly, FABP5 is markedly down-regulated in CRC, its low expression being 

associated with shorter survival probability of patients (Ye et al., 2023). Altogether, these data 

point out FASN-mediated inhibition autophagy in cancer cells as a pro-survival mechanism. 

Inhibiting FASN could therefore induce autophagy-mediated cancer cell death.  
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Figure 8: Summary of the different FASN pro-oncogenic features. Through its activity, FASN promotes 
lipogenesis as well as protein and DNA/RNA synthesis via mTOR and PPP pathways activation, 
respectively (purple). Angiogenesis induction is favored by FASN-mediated VEGF secretion and mTOR 
activation (red). By increasing PD-L1 protein expression, FASN is involved in immune escape (pink). 
Proliferative signaling is enhanced by FASN via lipid rafts building that recruits oncogenic receptors 
(green). In addition, FASN blocks cancer cell apoptosis (gray) and induces EMT and MMP-9 activation 
(black). Thus, FASN is involved in migration and metastasis and is also able to inhibit cancer cell 
autophagy. 
 
 

Due to its pro-oncogenic features (Figure 8), FASN is certainly a compelling target for anti-

cancer therapies. To this aim, many FASN inhibitors have emerged but few are at the pre-

clinical stage as the synthetic drug TVB-2640 (Denifanstat) (Table 1). TVB-2640, targeting FASN 

KR domain, is in phase II clinical trial for different cancers like HER2 positive metastatic breast 

cancer (NCT03179904). Orlistat is the only approved drug used in clinic to treat obesity. Due 

to its very low systemic absorption, unlikely, orlistat cannot be used to treat cancers (Hao et 

al., 2023).  
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Compound Structure Origin 
Targeted 

domain 

Development 

stage 

C75 

 

Cerulenin 

synthetic 

derivate 

β-ketoacyl 

synthase, 

thioesterase, 

enoyl reductase 

Pre-clinic 

C93 

 

Synthetic 
β-ketoacyl 

synthase 
Pre-clinic 

EGCG 

 

Plant-derived 

polyphenol 

(natural 

component of 

green tea) 

β-ketoacyl 

reductase 
Pre-clinic 

G28 

 

EGCG synthetic 

derivative 
Same as EGCG? Pre-clinic 

Cerulenin 
 

Antibiotic 

produced by 

Cephalosporium 

caerulens 

β-ketoacyl 

synthase 
Pre-clinic 

Curcumin 

 

Antioxidant 

produced by 

Curcuma longa 

Malonyl/acetyl 

transferase 
Pre-clinic 

Osthole 

 

Botanical anti-

fungal 

agent produced 

by Cnidium 

monnieri 

? Pre-clinic 

BI99179 

 

Synthetic 
β-ketoacyl 

reductase 
Pre-clinic 

Orlistat 

 

Derivative of 

lipstatin isolated 

from 

Streptomyces 

toxytricini 

Thioesterase 

FDA-approved 

anti-obesity 

drug 
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TVB-2640 

 

Imidazopyridine-

based inhibitor 

β-ketoacyl 

reductase 
In phase II trial 

TVB-3166 

 

Pre-clinical 

version of TVB-

2640  

Same as TVB-

2640? 
Pre-clinic 

 

Table 1: Summary of FASN inhibitors. From Vanauberg, Schulz and Lefebvre, 2023. 
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Part 2: The nutrient-dependent modification O-GlcNAcylation 

 2. 1. The Hexosamine Biosynthetic Pathway  

O-linked β-N-acetylglucosaminylation (O-GlcNAcylation) consists in the addition of a single               

N-acetyl-D-glucosamine (GlcNAc) residue on the hydroxyl group of a serine/threonine of a 

cytosolic, nuclear or mitochondrial protein (Vercoutter-Edouart et al., 2015). O-GlcNAcylation 

is a post-translational modification (PTM) akin to phosphorylation as it is reversible, its 

dynamism being orchestrated by two enzymes, the O-GlcNAc transferase (OGT) and the                      

O-GlcNAcase (OGA). Both enzymes are well conserved along evolution, as indicated by the 

high sequence similarity between human OGT and OGA with their homologs in zebrafish 

(Danio rerio) and fruit fly (Drosophila melanogaster) (Y. Zhu & Hart, 2021). O-GlcNAc 

processing enzymes were also identified in the nematode Caenorhabditis elegans (Hanover et 

al., 2005). OGT-like enzymes were also identified in the model plant Arabidopsis thaliana: 

SPINDLY (SPY) and SECRET AGENT (SEC) (Hartweck et al., 2002). However, only SEC appears to 

be a real O-GlcNAc transferase (Zentella et al., 2017). 

OGT transfers the GlcNAc residue on a target protein from UDP-GlcNAc. This substrate is 

synthesized by the Hexosamine Biosynthetic Pathway (HBP) which is supplied by several 

sources of nutrients, making this pathway an indicator of the nutritional status (Figure 9). 

UDP-GlcNAc also fuels complex glycosylations as it can be can be converted into UDP-GalNAc 

and CMP-NeuAc (Biwi et al., 2018). About 2 to 3% of glucose enters this metabolic pathway 

(Marshall et al., 1991). Contrary to other types of glycosylation or to many phosphorylation 

sites, no strict consensus sequence has yet been described for O-GlcNAcylation (Mauri et al., 

2021). Wulff-Fuentes et al. (Wulff-Fuentes et al., 2021) analyzed 7,002 O-GlcNAc sites 

reported on 1,803 proteins in order to refine the preferred sequence for O-GlcNAcylation. 

They identified “semi-consensus” sequences, characterized by an abundance of serine or 

threonine residues around the O-GlcNAc site: P-P-(V/T)-g(S)-(S/T)-A / (P/T)-P-(V/T)-g(T)-(S/T)-

(A/T). Also, the presence of glutamic acid or cysteine was shown to be unfavorable to                                  

O-GlcNAcylation. In 2025, more than 22,000 O-GlcNAcylated proteins among 48 species were 

reported in the O-GlcNAc database. Over 9,000 intracellular human proteins belong to the                   

“O-GlcNAcome” (Malard et al., 2025). 
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The GlcNAc released by OGA can re-enter HBP in order to constantly fuel the pool of available 

UDP-GlcNAc for OGT. Free GlcNAc can also be recycled from lysosomal degradation of 

glycoproteins, glycolipids and proteoglycans. This “salvage pathway” involves the                                     

N-acetylglucosamine kinase (NAGK) enzyme which phosphorylates GlcNAc to generate 

GlcNAc-6-phosphate. NAGK-dependent HBP salvage can be triggered by glutamine 

deprivation, allowing a continue synthesis of UDP-GlcNAc (Campbell et al., 2021). However, 

HBP must be finely regulated for a correct O-GlcNAc homeostasis. This regulation implies the 

rate-limiting enzyme Glutamine:fructose-6-phosphate amidotransferase (GFAT).  

There are two isoforms of GFAT encoded by distinct genes: GFAT-1 and GFAT-2, sharing 75.6% 

of sequence homology. Both enzymes catalyze the conversion of fructose-6-phosphate into 

glucosamine-6-phosphate consuming glutamine. While GFAT-1 is ubiquitous, GFAT-2 is mainly 

expressed in the central nervous system, explaining why studies primarily focus on GFAT-1 

(Oki et al., 1999). Ruegenberg and collaborators identified G451 residue of GFAT-1 as a major 

site mediating its sensitivity to UDP-GlcNAc inhibition (Ruegenberg et al., 2020). GFAT-2, in 

contrast, is less sensitive to UDP-GlcNAc feedback inhibition. In addition to the pathway end 

product, GFAT-1 may also be inhibited by its direct product glucosamine-6-phosphate by 

competing with fructose-6-phosphate binding (Broschat et al., 2002).  

At last, GFAT-1 is also regulated transcriptionally and post-translationally. Different 

transcription factors induce GFAT-1 gene expression like Activating transcription factor 4 

(ATF4) during nutritional deprivation (Chaveroux et al., 2016). Post-translationally, Protein 

kinase A (PKA) phosphorylates GFAT-1 at S250, what decreases basal activity of the kinase and 

abolishes UDP-GlcNAc feedback inhibition (Ruegenberg et al., 2021). Also, AMP-activated 

protein kinase (AMPK) catalyzes GFAT-1 S243 phosphorylation diminishing its activity (Zibrova 

et al., 2017). GFAT regulation by PTMs deserves further investigation.  

Thus, several studies demonstrate that GFAT is the most heavily regulated enzyme of HBP 

(Paneque et al., 2023).  
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Figure 9: Hexosamine Biosynthetic Pathway (HBP) and O-GlcNAcylation. 2 to 3% of glucose fuels the 
HBP pathway which leads to the synthesis of UDP-GlcNAc. UDP-GlcNAc is a nutritional sensor, its 
biosynthesis depending on glucose, amino acids, fatty acids and nucleotides metabolism. From this 
nucleotide-sugar, OGT adds GlcNAc on the hydroxyl group of a serine or threonine of a target protein. 
The antagonist enzyme, OGA, hydrolyzes the GlcNAc residue. HK: Hexokinase; GPI: Glc-6-P isomerase; 
GK: Glucosamine kinase; GFAT: Glutamine:fructose-6-phosphate amidotransferase; GlcN-6-P AcT: 
GlcN-6-P acetyltransferase; GlcNAc PM: GlcNAc phosphomutase; UDP-GlcNAc PPase: UDP-GlcNAc 
pyrophosphorylase. 

 

 2. 2. O-GlcNAcylation enzymes: structure, activity and regulation 

2. 2. 1. The O-GlcNAc transferase (OGT) 

There are three OGT isoforms: nucleo-cytoplasmic OGT (ncOGT, 116kDa), mitochondrial OGT 

(mOGT, 103kDa) and short OGT (sOGT, 78kDa). These three isoforms are differentiated by 

their number of 34 amino acids repeats, constituting the N-terminal domain, called TPRs 

(TetratricoPeptide Repeats): 13.5 for ncOGT, 9.5 for mOGT and 3.5 for sOGT (Hanover et al., 

2003) (Figure 12). Their TPR constitute an interaction surface with substrates (Ramirez et al., 

2021). Some studies suggest that other proteins (qualified as partners or adapters) could assist 

in targeting the TPRs to specific substrates. For example, OGT interacts with the co-repressor 

mSin3a via TPRs 1-6 to induce Histone deacetylase 1 (HDAC1) interaction and subsequent                 

O-GlcNAcylation (X. Yang et al., 2002). Function of this modification has later been highlighted, 
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in HCC HDAC1 O-GlcNAcylation promotes its phosphorylation and finally its activity (G. Zhu et 

al., 2016). 

Each OGT isoform possesses two catalytic domains named CDI (Catalytic Domain I) and CDII 

(Catalytic Domain II) in addition to their phosphatidylinositol-3,4,5-triphosphate (PIP3) 

binding domain named PPO (PIP3-binding domain of OGT) (Figure 12). While sOGT is very 

poorly studied, mOGT is resident of the mitochondria; of particular interest, Pr. Daan van 

Aalten’s group has demonstrated that ncOGT would be sufficient for O-GlcNAcylation of 

mitochondrial proteins (Trapannone et al., 2016). Thus, ncOGT is the most studied and 

appears to be the main isoform, the reason why it is simply named OGT.  

OGT follows a bi-bi ordered mechanism. The enzyme first binds UDP-GlcNAc in its catalytic 

site and then the target protein at the TPR motifs. The Ser or Thr acceptor residue of the 

substrate protein then carries out a nucleophilic attack on the anomeric carbon of UDP-GlcNAc 

to form a β-glycosidic bond. The O-GlcNAcylated protein and UDP are then sequentially 

released (Lazarus et al., 2011) (Figure 10). In addition, OGT is active in homodimers. Mutating 

specific sites at the dimer interface of OGT, implicating TPRs 6 and 7, prevents OGT from 

dimerizing and reduces its enzymatic activity (Meek et al., 2021). 

 

Figure 10: Simplified mechanism of protein O-GlcNAcylation. (1) OGT binds UDP-GlcNAc. (2) OGT 
interacts with the target protein. (3) Transfer of GlcNAc from UDP-GlcNAc to the target protein.                       
(4) Release of the target protein. (5) Release of UDP. 
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Surprisingly, Seo and collaborators (Seo et al., 2016) highlighted OGT auto-O-GlcNAcylation at 

S389 which is required for its nuclear translocation. The authors also characterized the nuclear 

localization sequence (NLS) corresponding to the tripeptide DFP (residues 451-453). This DFP 

motif is required for OGT interaction with Importin α5, allowing its subsequent nuclear 

translocation. In addition, OGT is not only a glycosyltransferase. OGT is also able to catalyze 

Host Cell Factor-1 (HCF-1) cleavage (Capotosti et al., 2011): OGT recognizes and cleaves an 

extended 21 amino acid sequence, resulting in two N-(HCF-1N) and C-(HCF-1C) terminal 

subunits. Then, both subunits still interact together and regulate cell cycle. The HCF-1N subunit 

is involved in S-phase entry, while the HCF-1C subunit contributes to M-phase exit (Julien & 

Herr, 2003). 

 

2. 2. 2. The O-GlcNAcase (OGA) 

OGA exists into two isoforms: the long form, OGA-L (130 kDa), mainly cytosolic, and the short 

form, OGA-S (75 kDa), mainly nuclear and associated to lipid droplets (Comtesse et al., 2001; 

Keembiyehetty et al., 2011). These two isoforms are distinct by the presence (OGA-L) or 

absence (OGA-S) of a Histone acetyltransferase (HAT)-like domain. Both isoforms possess an 

OGT-binding domain and a Glycoside Hydrolase (GH) domain (Figure 12) (Vocadlo, 2012).  

The HAT activity of OGA is controverted. In fact, this activity has been first observed in vitro 

by Toleman et al. who also discovered a zinc-finger like motif in OGA that may be responsible 

for its interaction with histone tails (C. Toleman et al., 2004; C. A. Toleman et al., 2006). 

However, Butkinaree et al. were later unable to show that OGA possessed such an activity 

(Butkinaree et al., 2008). In addition, this C-terminal domain lacks key residues normally 

required to bind AcCoA (Rao et al., 2013). Considering these controversial results, this domain 

is now qualified as a HAT-like domain. 

Specifically, and without a consensus sequence, OGA recognizes and binds in its catalytic 

pocket the GlcNAc residue whose C1 carbon is involved in the β-bond with the target protein. 

OGA then catalyzes the formation of a bi-cyclic oxazoline intermediate, which is then 

hydrolyzed to release the target protein and the GlcNAc residue (Figure 11). In humans, the 

catalytic site of OGA is characterized by the conserved residues Asp 174 and Asp 175 (Cetinbaş 
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et al., 2006). As OGT, OGA is active in homodimers: deletion of OGA helical domain Q676-P694 

compromises dimer formation and abolishes its activity (Roth et al., 2017). 

 

 

Figure 11: Simplified mechanism of OGA-mediated removal of O-GlcNAc modification. (1) OGA 
recognizes the O-GlcNAcylated protein. (2) OGA binds the GlcNAc residue of the target protein in its 
catalytic pocket through residues Asp 174 and 175, forming an oxazoline intermediate. (3) OGA 
hydrolyzes the GlcNAc residue from the target protein, releasing it. (4) OGA releases free GlcNAc.   

 

 

 

Figure 12: OGT and OGA isoforms. OGT exists as three isoforms: ncOGT (13.5 TPRs), mOGT (9.5 TPRs) 
and sOGT (3.5 TPRs). Each isoform has two catalytic domains: CDI and CDII, with a PIP3-binding domain 
(PPO). OGA exists as two isoforms: OGA-L (long form) and OGA-S (short form). Each has an OGT-binding 
domain (OGT-b) and a GH domain. Only OGA-L possesses a HAT-like domain. Adapted from Vocadlo, 
2012. 
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2. 2. 3. OGA and OGT (cross-)regulation 

OGA and OGT are both regulated at different levels. At the transcriptional level, E2F1, a 

transcription factor involved in the G1/S transition, regulates their gene expression. By binding 

to their respective promoters, E2F1 significantly reduces the expression of OGT and MGEA5 

(Muthusamy et al., 2015). Using Drosophila as an animal model, Liu et al. remarked daily 

oscillations of OGT and OGA messenger RNA (mRNA)/protein levels. They show that nutrient 

availability can disturb these rhythms, emphasizing the critical interplay between circadian 

and metabolic signals (Liu et al., 2021). Two nutrient-sensing pathways are known to regulate 

O-GlcNAcylation levels: mTOR and insulin signaling as glucose itself. In HepG2 cells, induced 

autophagy by mTOR inhibition decreases OGT and conversely increases OGA (S. Park et al., 

2014). The same authors demonstrate that OGT stability is regulated by both autophagy and 

proteasomal degradation (S. Park et al., 2014). In the same cell type, Perez-Cervera et al. 

observed a time-dependent increase in OGT protein level under insulin stimulation (Perez-

Cervera et al., 2013). Consistent with this, another study highlighted the feedback mechanism 

triggered by glucose deprivation of HepG2 cells (Taylor et al., 2009). This nutritional stress 

quickly decreases HBP flux, what induces increased OGT and decreased OGA protein level. At 

the post-translational level, different PTMs were reported on OGT and OGA.   

2. 2. 3. 1. Post-translational modifications of OGT 

Indeed, OGT TPRs present several phosphorylation sites (Figure 13). For instance, Glycogen 

synthase kinase 3β (GSK3β) phosphorylates OGT at S3 or S4 to increase its enzymatic activity. 

Interestingly, these sites can also be O-GlcNAcylated (Kaasik et al., 2013). AMPK also 

phosphorylates OGT at T444, preventing OGT-chromatin association, histone H2B                                  

O-GlcNAcylation and gene expression (Bullen et al., 2014; Xu et al., 2014). OGT S20 

phosphorylation by Calcium/calmodulin-dependent kinase II (CaMKII) upon starvation 

promotes its activity (Ruan et al., 2017). In turn, OGT O-GlcNAcylates and activates ULK1, 

promoting autophagy activation. OGT S20 can also be targeted by Checkpoint kinase 1 (Chk1), 

increasing OGT stability. In addition to promote global O-GlcNAcylation, OGT S20 

phosphorylation indirectly increases Vimentin S71 phosphorylation. This modification being 

critical for severing Vimentin filaments, it allows a proper reorganization of the intermediate 

filament network during cytokinesis (Z. Li et al., 2017).  As discussed previously, OGT is also 

able of auto-O-GlcNAcylation at S389 which is required for its nuclear translocation (Seo et al., 



45 
 

2016). Other O-GlcNAcylated sites were identified by mass spectrometry: T1043, one between 

396-409 residues, and one between 826-832 residues (Trinidad et al., 2012). Recently, Meng 

and collaborators described ubiquitination-mediated regulation of OGT during mitosis (Meng 

et al., 2024). The Anaphase promoting complex/cyclosome (APC/C)-Cell division cycle 20 

(CDC20), APC/CCDC20, recognizes OGT K352 ubiquitination allowing its binding to the enzyme. 

Then, the complex induces OGT poly-ubiquitination and subsequent degradation. Finally, a 

study from Ryu and Do suggests OGT S-nitrosylation as a PTM significantly reducing its 

enzymatic activity (Ryu & Do, 2011). Three S-nitrosylated residues were later reported in OGT: 

C845, C921 and C965 (Ryu et al., 2016). 

 

Figure 13: Summary of OGT PTMs. OGT is depicted with its PTMs: phosphorylation (P), ubiquitination, 
S-nitrosylation and O-GlcNAcylation (G). Structure of OGT is adapted from Vocadlo, 2012.                                   
Ub: Ubiquitin. NO: Nitric oxide. 

 

2. 2. 3. 2. Post-translational modifications of OGA 

OGA is O-GlcNAcylated at S405 (Gorelik et al., 2019), what reduces its stability. This 

modification could be involved in the regulation of O-GlcNAc homeostasis, but further 

investigations are still required. Many phosphorylation sites have also been reported on OGA 

(Figure 14) which function is still unknow (Nagel & Ball, 2014). During apoptosis, OGA can be 

cleaved by Caspase-3 at Asp 413 into two fragments: an N-terminal fragment containing the 

GH domain and a C-terminal fragment containing the pseudo-HAT domain. However, OGA 

remains active as both fragments re-associate after cleavage (Butkinaree et al., 2008).  
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Figure 14: Summary of OGA PTMs. OGA is depicted with its PTMs on identified residues: 
phosphorylation (P), O-GlcNAcylation (G) and truncation by Caspase-3. Structure of OGA is adapted 
from Vocadlo, 2012.  

 

2. 2. 3. 3. Regulation of O-GlcNAc homeostasis by OGA/OGT cross-regulation 

Interestingly, there is a cross-regulation between OGA and OGT. As recently resolved by cryo-

electron microscopy (cryo-EM) (P. Lu et al., 2023), both enzymes form a complex in which they 

regulate each other. It consists of a mutual inhibition that may maintain O-GlcNAc 

homeostasis. In response to disruption of O-GlcNAc homeostasis, HCT 116 cells modulate their 

OGT and OGA protein amounts (Decourcelle et al., 2020). Increased HBP flux, resulting in 

increased O-GlcNAcylation, induces concomitant reduced and increased expression of OGT 

and OGA, respectively. Likewise, the authors prevented expression or activity of OGA using 

siOGA or Thiamet-G (TG), respectively. Both approaches lead to a significant reduced amount 

of OGT.  

In the same way, a compensatory mechanism was deciphered in the case of a X-linked 

intellectual disability (XLID) related mutation of OGT (L254F). Despite this mutation apparently 

reduces OGT protein levels, OGT is still active and global O-GlcNAc levels remain unaltered. 

The authors discovered an enrichment of the transcriptional repressor complex mSin3a-

HDAC1-OGT at the proximal promoter region of OGA that decreases gene expression 

(Vaidyanathan et al., 2017). Conversely, ERK signaling has been shown to promote OGA 

activity which subsequently increases OGT expression at the transcriptional level (Qian et al., 

2018). These data underline the ability of cells to maintain steady-state O-GlcNAc levels in 

response to different perturbations (Figure 15).  
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Figure 15: OGT and OGA cross-regulation. When O-GlcNAc homeostasis is disrupted, cells are able to 
adapt: a higher O-GlcNAcylation reduces OGT and increases OGA expression, respectively. Conversely, 
the opposite mechanism is triggered when O-GlcNAcylation levels are reduced. 

 

2. 3. Physiologic O-GlcNAcylation  

2. 3. 1. Systemic roles of O-GlcNAcylation 

O-GlcNAcylation plays a crucial role in embryonic development. Indeed, knock-out of Ogt in 

mouse embryonic stem cells induces their death at an advanced stage (Shafi et al., 2000).                         

O-GlcNAcylation is also involved in aging as deletion of oga-1 or ogt-1 in C. elegans increases 

or decreases lifespan, respectively (Rahman et al., 2010).  

Long term memory may also be regulated by O-GlcNAcylation of the transcription factor Cyclic 

AMP-response element binding protein (CREB) at S40. This modification represses its 

transcriptional activity, resulting in decreased expression of neuronal target genes involved in 

brain development and memory consolidation (Rexach et al., 2012).  

Moreover, OGT is involved in anti-viral immunity. Kaposi’s sarcoma-associated herpesvirus 

(KSHV) Replication and transcription activator (RTA), simplified as K-RTA protein, is                                 

O-GlcNAcylated at T366 and T367. Modification of these sites by host OGT is involved in K-RTA 

interaction with Poly[ADP-ribose] polymerase 1 (PARP1), a negative regulator of this viral 

protein. Hence, OGT is able to prevent viral production (Ko et al., 2012).  
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At last, circadian rhythms could also be regulated by O-GlcNAcylation. A study from Pr. 

Xiaoyong Yang’s laboratory highlighted Brain and muscle ARNT-Like 1 (BMAL1) and Circadian 

locomotor output cycles kaput (CLOCK) O-GlcNAcylation, two components of the mammalian 

circadian clock. The authors show that their O-GlcNAcylation prevents their ubiquitination, 

avoiding aberrant circadian rhythms of glucose homeostasis (M.-D. Li et al., 2013). 

2. 3. 2. O-GlcNAcylation and cellular functions 

At the cellular level, O-GlcNAcylation is involved in the different phases of the cell cycle. First, 

expression and catalytic activity of OGT are essential to the G0/G1 transition: OGT induces 

serum-stimulated cyclin D1 synthesis as well as Phosphatidylinositol 3-kinase (PI3K) and 

Mitogen-activated protein kinase (MAPK) pathways activation (Olivier-Van Stichelen et al., 

2012). During S-phase, O-GlcNAcylation of subunits belonging to the Minichromosome 

maintenance proteins 2-7 complex (MCM 2-7 complex) is required for their binding to DNA. 

This complex is crucial for the initiation of DNA replication through its DNA helicase activity 

(Leturcq et al., 2018). At last, OGT speeds up M-phase promoting factor (MPF) and Erk2 

activation, therefore promoting the G2/M transition (Dehennaut et al., 2008). Hence, OGT is 

involved in cell proliferation. 

In addition to cell cycle and cell proliferation, OGT mediates cell differentiation. For instance, 

OSMI-1 - a specific and potent OGT inhibitor - alters the differentiation and function of 

monocytes into dendritic cells (Weiss et al., 2021). O-GlcNAcylation is also involved in 

keratinocyte differentiation. During calcium-induced keratinocyte differentiation, OGA 

protein level is significantly increased (Sohn et al., 2014). This is associated to an overall 

decreased O-GlcNAcylation, including that of the transcription factor Sp-1. During 

differentiation, decreased O-GlcNAcylation of Sp-1 appears to be important for its 

transcriptional activity. In that sense, it promotes Sp-1 activity towards IVL, a gene encoding 

the keratinocyte marker Involucrin. 

Cell respiration also involves protein O-GlcNAcylation. Increased O-GlcNAcylation with the 

OGA inhibitor NButGT in isolated cardiac mitochondria promotes oxidative phosphorylation 

(OXPHOS) (Dontaine et al., 2022). Mechanistically, increased O-GlcNAcylation is associated 

with increased respiration in presence of pyruvate-malate, enhanced complex I activity, and 

reduction of mitochondrial reactive oxygen species (ROS) release. Thus, this PTM also plays a 

role in cardiac physiology where it must be finely regulated. Indeed, excessive                                    
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O-GlcNAcylation causes heart failure as shown in a mouse model with myocardial 

overexpression of OGT. These mice have increased calcium sparks and impaired mitochondrial 

energetics (Umapathi et al., 2021). 

O-GlcNAcylation is gaining recognition for its involvement in the regulation of autophagy. As 

described before, OGT O-GlcNAcylates and activates the autophagy initiator ULK1 in mice 

livers (Ruan et al., 2017). This occurs in adaptation to starvation, highlighting the ability of OGT 

to sense and respond to cellular stress. Additionally, colon cells with reduced OGT activity 

accumulate the autophagy inhibitor p62 and display an impaired autophagosomes and 

lysosomes fusion (Ben Ahmed et al., 2024). These data suggest that OGT promotes autophagy. 

2. 3. 3. Functions of O-GlcNAcylation at the molecular level 

At the molecular level, O-GlcNAcylation is involved in transcription, translation and 

epigenetics as in the reconformation of misfolded proteins. For example, O-GlcNAcylation of 

the TATA-box binding protein (TBP) at T114 is critical for the expression of 408 genes, 

especially genes involved in lipid metabolism (Hardivillé et al., 2020).  

In addition to transcription, translation is also regulated by O-GlcNAcylation as demonstrated 

for the eukaryotic translation initiation factor 2α (eIF2α). While eIF2α S51 phosphorylation 

inhibits its activity, therefore altering global translation initiation, its O-GlcNAcylation prevents 

S51 phosphorylation under ER stress (I. Jang et al., 2015). This example highlights the existing 

crosstalk between O-GlcNAcylation and phosphorylation that will be discussed below.  

Concerning epigenetics, the mSin3a-HDAC1-OGT complex previously described clearly shows 

how this modification can modulate chromatin compaction and, consequently, gene 

expression (Vaidyanathan et al., 2017).  

O-GlcNAcylation ensures proper protein synthesis and maturation by regulating protein fate 

from gene expression to folding control. Indeed, OGT is required for the expression of many 

chaperones like Heat shock protein 72 (HSP72) for the re-conformation of stress-induced 

misfolded proteins (Kazemi et al., 2010).  

O-GlcNAcylation can regulate many properties of proteins: stability, subcellular location, 

protein-protein interactions and enzymatic activities. As described before, OGT auto-O-

GlcNAcylation induces its nuclear translocation (Seo et al., 2016) while modification of OGA 

reduces its stability (Gorelik et al., 2019). O-GlcNAcylation of TBP at T114 blocks its interaction 
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with BTAF1, thereby preventing the formation of the B-TFIID complex regulating gene 

expression (Hardivillé et al., 2020). Enzymatic activities can be regulated by O-GlcNAcylation 

as seen before with eIF2α whose activity is promoted by this modification (I. Jang et al., 2015). 

O-GlcNAcylation has also an emerging role in the regulation of protein trafficking as showed 

for Rab7 (Pekkurnaz et al., 2014): OGT depletion in cultured rat hippocampal neurons reduces 

retrograde trafficking of Rab7.  

Thus, O-GlcNAcylation is involved in numerous fundamental physiological functions, ranging 

from molecular processes to whole-organism development and homeostasis (Figure 16). 

 

 

Figure 16: Summary of the multiple physiological functions of O-GlcNAcylation. See text for details. 

 

2. 3. 4. O-GlcNAcylation and phosphorylation cross-talk 

Altogether these different studies demonstrate the pivotal role of O-GlcNAcylation in different 

physiological contexts. However, O-GlcNAcylation can compete or promote phosphorylation, 

emphasizing a cross-talk between the two PTMs (Butkinaree et al., 2010). A reciprocal 

occupancy can occur at the same serine or threonine residues but also at different sites (Figure 
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17). For example, while T41 phosphorylation of β-catenin induces its degradation,                                     

O-GlcNAcylation of this residue prevents β-catenin ubiquitination and subsequent 

proteasomal degradation (Olivier-Van Stichelen et al., 2014). For eIF2α, point mutation of 

distant O-GlcNAc sites (S219, T239 and T241) increases S51 phosphorylation (I. Jang et al., 

2015). Despite this classical “yin-yang” rule, proteins can also bear the two PTMs at the same 

time (Figure 17) as shown for Insulin receptor substrate-1 (IRS-1) (Ball et al., 2006). In addition, 

a positive cross-talk has been observed for HDAC1 as its O-GlcNAcylation promotes its 

phosphorylation and, consequently, its activity in HCC (G. Zhu et al., 2016). 

 

 

Figure 17: Dynamic interplay between O-GlcNAcylation and phosphorylation. The two PTMs can 
compete for the same site (A) or for different sites (B). Both can also be present at the same time on 
the protein but on distinct amino acids (C). Adapted from Butkinaree et al., 2010. 

 

 2. 4. O-GlcNAcylation and cancer  

Reports indicate that dysregulations of O-GlcNAcylation homeostasis are involved in diverse 

pathologies including cancer (Ferrer et al., 2016). In cancer cells, an increased O-GlcNAcylation 

is often correlated to an overexpression of OGT. Indeed, OGT and O-GlcNAcylation levels are 

elevated in HCC (Raab et al., 2022), prostate cancer (Lynch et al., 2012), breast cancer 

(Champattanachai et al., 2013), lung cancer (Y.-C. Lin et al., 2018), bladder cancer (Rozanski et 
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al., 2012), CRC (Steenackers et al., 2016) as well as in chronic lymphocytic leukemia (Shi et al., 

2010). This increase can be linked to the glucose avidity of cancer cells (Warburg effect) and 

to glutamine, two essential metabolites of HBP (Figure 9). Hence, OGT may be involved in all 

hallmarks of cancer (Figure 18) as highlighted by different studies described below.  

 

 

Figure 18: OGT may be involved in all hallmarks of cancer. Due to its pro-oncogenic character, OGT 
could promote any hallmarks of cancer. Adapted from Hanahan and Weinberg, 2011. 

 

2. 4. 1. OGT sustains proliferative signaling 

In breast cancer, OGT is overexpressed via the mTOR/c-Myc/HSP90A pathway (Sodi et al., 

2015). The oncogenic transcription factor c-Myc promotes HSP90A expression. HSP90A 

stabilizes OGT and, conversely, OGT stabilizes c-Myc by O-GlcNAcylation at T58. Thus, a 

positive feedback loop is engaged, sustaining a proliferative signaling (Figure 19). 

As described before, OGT O-GlcNAcylates β-catenin at T41, promoting its stability (Olivier-Van 

Stichelen et al., 2014). As an oncogene, β-catenin is therefore able to sustain proliferative 

signals. On the other hand, siOGT-transfected HepG2 cells display a significant reduction of 

p70 ribosomal protein S6 kinase (p70S6K) phosphorylation along cell cycle (Raab et al., 2021). 

p70S6K being the downstream target of mTOR, these data show that OGT is required to 

activate mTOR signaling in hepatic cancer cells. 
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Figure 19: mTOR/c-Myc/HSP90A/OGT positive feedback loop. Adapted from Sodi et al., 2015. 

2. 4. 2. OGT reprograms cancer cell metabolism 

OGT deregulates cellular energetics as shown for Phosphofructokinase 1 (PFK1) in lung cancer 

(Yi et al., 2012). In response to hypoxia, O-GlcNAcylation of S529 sterically occludes binding of 

the allosteric activator Fructose-2,6-Bisphosphate (F-2,6-BP). This prevents PFK1 

oligomerization and activity (Figure 20), redirecting glucose to the PPP and subsequently 

increasing cancer cell proliferation.  

Interestingly, OGA pseudo-acetyltransferase activity is apparently able to reprogram cancer 

cell metabolism (Singh et al., 2020). Indeed, OGA increases Pyruvate kinase M2 (PKM2) 

acetylation in vitro and in vivo. PKM2 acetylation promotes O-GlcNAcylation at S362 and T365 

which inhibits PKM2 tetramerization and catalytic activity. This promotes aerobic glycolysis 

and tumor growth. 

Recently, PI3Kβ has been shown to phosphorylate OGT at T985, enhancing its activity towards 

ACLY in glioblastoma cells with high glucose supplementation (He et al., 2025).                                              

O-GlcNAcylation of this DNL enzyme at T639 and S667 increases its activity and, therefore, FA 

levels. This cascade sustains glioblastoma tumor growth.  
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2. 4. 3. OGT prevents cancer cell death 

In breast cancer-derived MCF-7 cells treated with tamoxifen, O-GlcNAcylation levels influence 

tamoxifen sensitivity (Kanwal et al., 2013). Increased O-GlcNAcylation by OGA inhibition or 

glucosamine supplementation protects MCF-7 cells from tamoxifen-induced cell death. On the 

contrary, knocking down OGT by siRNA increases cell death induced by tamoxifen. 

Remarkably, increased O-GlcNAcylation reduces Estrogen Receptor α (ERα) mRNAs and 

protein levels. This observation may explain the reduced sensitivity to tamoxifen when                        

O-GlcNAcylation is more elevated. Counter-intuitively, increasing O-GlcNAcylation levels in 

CRC tissues with Thiamet-G has a synergistic inhibitory effect when combined to 5-fluorouracil 

(5-FU) (Very et al., 2022). In fact, 5-FU targets and inhibits Thymidylate synthase (TS) whose 

O-GlcNAcylation promotes both stability and activity. However, increased TS O-GlcNAcylation 

enhances its sensitivity to 5-FU, increasing tumor growth inhibition.  

 

2. 4. 4. OGT and genomic instability  

Although no study has yet highlighted a role of OGT in genomic instability, proteins involved 

in genomic stability and chromatin remodeling interact with OGT. This observation suggests 

that dysregulation of the O-GlcNAc homeostasis in cancers could disturb these mechanisms 

and, therefore, induce genomic instability. Indeed, a stable OGA knockdown HeLa cell line 

displays aberrant mitotic spindles and aneuploidy. These cells have disturbed Cyclin 

expressions and increased Rb phosphorylation, showing the crucial role of O-GlcNAc rheostat 

in cell cycle and, consequently, in genomic stability (Lanza et al., 2016). In addition, the master 

regulator of genomic stability, p53, is O-GlcNAcylated at S149 (W. H. Yang et al., 2006). This 

modification decreases p53 T155 phosphorylation, resulting in decreased p53 ubiquitination 

(Figure 20). Ten-eleven translocation 1/2/3 (TET1/2/3) proteins involved in DNA 

demethylation promote chromatin decompaction (Mahfoudhi et al., 2015) and can interact 

with OGT (Vella et al., 2013). TET proteins present loss-of-function mutations in cancers and 

can recruit OGT to chromatin. Thus, changes in TET-OGT complexes at specific genomic 

regions could result in chromatin alterations, promoting cancer phenotypes (Ferrer et al., 

2016). Very recently, Chen et al. demonstrated that Ogt knockout results in cytosolic double-

stranded DNA accumulation in different murine colorectal carcinoma models (Chen et al., 

2024). As a result, OGT could actually directly or indirectly regulate genomic stability.  
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2. 4. 5. OGT and angiogenesis 

OGT promotes angiogenesis in prostate cancer (Lynch et al., 2012). In fact, by stabilizing the 

transcription factor Forkhead Box M1 (FoxM1), a key regulator of invasion and angiogenesis, 

OGT indirectly promotes the expression of Vascular Endothelial Growth Factor (VEGF) mRNA. 

Indeed, a prostatic cancer cell line with a stable knocked down OGT presents a significant 

reduction of VEGF mRNA expression as well as decreased expression of MMP-2/9 (Figure 20). 

Incubation of human umbilical vein endothelial cells (HUVECs) with conditioned medium from 

these prostatic cancer cells significantly impedes tubulogenesis. Additionally, reduced OGT 

levels inhibit prostate cancer metastasis to bone in xenografted mice.  

 

2. 4. 6. OGT promotes cancer cell migration and metastasis 

As discussed previously, OGT promotes prostate cancer cell invasion and bone metastasis 

(Lynch et al., 2012). Metastatic dissemination of cancer cells relies on different processes 

including EMT. EMT enables cell migration and is regulated by the repressive transcription 

factor of E-cadherin, Snail1. OGT glycosylates Snail1 at S112, increasing its stability and 

therefore promoting EMT of MCF-7 cells (S. Y. Park et al., 2010) (Figure 20). siOGT-transfected 

HT29 and HCT116 cells, two CRC cell lines, present a significant reduced migration compared 

to their siControl-transfected counterparts (Steenackers et al., 2016).  

 

2. 4. 7. OGT and tumor-promoting inflammation  

In human colitis-associated cancer (CAC) tissues, O-GlcNAcylation is increased compared to 

normal surrounding tissues (Y. R. Yang et al., 2015). At the molecular level, the authors found 

T322 and T352 O-GlcNAcylation sites on p65 nuclear factor-kappa B (NF-κB) subunit. These 

glycosylations of p65 are critical for its promoter binding, increasing NF-κB signaling that 

promotes the development of CAC.  

OGT could also be involved in tumor-promoting inflammation by modifying Signal transducer 

and activator of transcription 3 (STAT3). In colon macrophages, O-GlcNAcylation of STAT3 at 

T717 negatively regulates its phosphorylation. STAT3 transcriptional activity is reduced, 

decreasing anti-inflammatory Interleukin-10 (IL-10) production (Figure 20). As a result, tumor-

promoting inflammation is exacerbated in a CAC mouse model (X. Li et al., 2017).  
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2. 4. 8. OGT and replicative immortality 

O-GlcNAcylation stabilizes c-Myc (Sodi et al., 2015) and c-Myc has been shown to activate 

telomerase (Wang et al., 1998). While no evidence has yet been determined on OGT ability to 

promote replicative immortality, we can hypothesize that the activation of telomerase may at 

least partially depend on OGT expression (Figure 20). Supporting this idea, O-GlcNAcylation 

can avoid replication arrest after genotoxic stress (Efimova et al., 2019). Therapy-induced 

senescence of MCF-7 cells triggered by radiation depends on OGT activity (Figure 20). Indeed, 

silencing OGT leads to delayed double-strand break repair, reduced cell proliferation, and 

increased cell senescence in vivo. Thus, OGT could promote replicative immortality of cancer 

cells but further investigation is required to gain insights into underlying mechanisms. 

 

2. 4. 9. OGT and immune escape 

OGT involvement in avoiding immune destruction has recently gained insights.                                          

O-GlcNAcylation promotes tumor immune escape by preventing PD-L1 intracellular trafficking 

from early endosomes to lysosomes for degradation (Q. Zhu et al., 2023). Precisely, 

Hepatocyte growth factor-regulated tyrosine kinase substrate (HGS), a key component of the 

endosomal sorting machinery, is O-GlcNAcylated. HGS glycosylation inhibits its interaction 

with PD-L1, preventing lysosomal degradation of the latter (Figure 20). An anti-tumor immune 

response is synergistically induced when anti-PD-L1 antibodies are combined with OSMI-4, a 

specific inhibitor of OGT. A very recent study also added evidence of OGT-mediated inhibition 

of anti-tumor immunity (Chen et al., 2024). This study shows that OGT inactivates the cGAS-

STING-IFN-I [Cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) 

synthase - Stimulator of interferon genes - Type I interferons] pathway (Figure 20), preventing 

CD8+ T-cell-dependent antitumor immunity. 

 

2. 4. 10. OGT and evasion of growth suppressors   

As described before, the oncogenic transcription factor FoxM1 is stabilized by O-GlcNAcylation 

in prostate cancer cells (Lynch et al., 2012). Another study demonstrated FoxM1 

destabilization by decreased breast cancer cells O-GlcNAcylation levels, reducing multiple 

FOXM1-specific targets, including S-phase kinase-associated protein 2 (SKP2) (Caldwell et al., 
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2010). SKP2 targets the growth suppressors CDKI (CDK inhibitors), like p27Kip1, for degradation 

during the G1/S transition. Thus, SKP2 downregulation leads to increased level of p27Kip1, 

inducing a G1 arrest of breast cancer cells. Regulation of cell proliferation through the OGT-

FoxM1-SKP2 axis (Figure 20) also involves another CDKI, p21, encoded by the CDKN1A gene 

(de Queiroz et al., 2022). Protein levels of p21 can also be regulated by the transcriptional 

activity of the tumor suppressor p53. In this study, the authors highlighted a p53-dependent 

as a p53-independent regulation of CDKN1A expression, both involving OGT. Indeed, OGT 

inhibition with OSMI-1 increased p21 levels in both HT1080 p53 WT and HT1080 p53 KO 

fibrosarcoma cells. Stabilization of p21 was mediated by downregulation of the FoxM1-SKP2 

pathway. Subsequently, p21 induced cell cycle arrest and decreased cell proliferation. 

 

Figure 20: Summary of the different OGT pro-oncogenic features. OGT O-GlcNAcylates and inhibits 
PKM2 and PFK1 while activating ACLY (purple). Angiogenesis induction is favored by FoxM1-induced 
VEGF mRNA expression level (red). By increasing PD-L1 stabilization and inhibiting the cGAS-STING-
IFN-I pathway, OGT is involved in immune escape (pink). OGT promotes tumor-inflammation via STAT3 
inhibition and NF-κB activation (orange). By stabilizing FoxM1, OGT also promotes degradation of 
CDKIs (brown). Proliferative signaling is enhanced by OGT via mTOR/c-Myc/HSP90A and PPP pathways 
activation (green). In addition, OGT blocks cancer cell apoptosis (gray) and induces EMT and MMP-2/9 
expression (black). Thus, OGT is involved in migration and metastasis. At last, OGT is also involved in 
replicative immortality (cyan) and in genome instability (blue). 
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PhD PROJECT 
 

Thesis objectives  

Although ubiquitous, physiologic lipogenesis is more elevated in the liver, a central organ in 

the regulation of the glucido-lipidic metabolism (Che et al., 2017). At the pathological level, 

we observe an overactivation of lipogenesis in hepatocellular carcinoma (HCC), the main 

common form of primary hepatic tumors (Chidambaranathan-Reghupaty et al., 2021). Hepatic 

cancer is the sixth most common cancer and the third cause of death by cancer worldwide 

(Sung et al., 2021). Diagnosis is often delayed and treatments inefficient for advanced stages. 

Several risk factors were identified:  alcohol, tobacco, aflatoxin B1, infection by hepatitis B and 

C viruses, or diabetes and obesity (Janevska et al., 2015). The two latter are directly linked to 

the nutritional status and consequently to O-GlcNAcylation and lipogenesis, two processes 

involved in oncogenesis in part via FASN.  

In that sense, the team highlighted FASN O-GlcNAcylation in HepG2 hepatic cancer cells and 

in mice livers (Baldini et al., 2016). This PTM promotes FASN interaction with the                                        

de-ubiquitinase Ubiquitin-specific peptidase 2a (USP2a). Consequently, this decreases FASN 

proteasomal degradation and increases its stability and subsequent activity. Conversely, FASN 

promotes OGT expression and activity in HepG2 cells (Raab et al., 2021). In mouse 

hepatocytes, O-GlcNAcylation also promotes FASN expression by modifying ChREBP 

transcription factor. ChREBP O-GlcNAcylation increases its stability and transcriptional activity 

towards FASN (Guinez et al., 2011). In addition, FASN is able to inhibit OGA in order to increase 

global O-GlcNAcylation during oxidative stress (Groves et al., 2017). This has been described 

as a pro-survival mechanism.  

FASN O-GlcNAcylation also promotes cancer cell survival during starvation (Wong et al., 2022). 

Lastly, Li and collaborators (X. Li et al., 2025) recently highlighted OGT interaction at FASN 

S1483 site in mouse hepatocytes (AML-12 cells). They suggest that O-GlcNAcylation at S1483 

reduces FASN K48-ubiquitination and degradation, increasing its activity and subsequent 

hepatic lipid accumulation. Thus, deciphering the link between these two pro-oncogenic 

enzymes in HCC is of particular interest, both promoting many hallmarks of cancer and being 

overexpressed in this cancer subtype (Raab et al., 2022).  



59 
 

My PhD project was carried out on HepG2 and Hep3B hepatic cancer cells. By combining cell 

culture, mass spectrometry, molecular biology, protein biochemistry, lipidomics, cellular 

assays, confocal microscopy and bioinformatics, my PhD followed two aims (Figure 21):  

1) Studying the regulation of FASN properties by O-GlcNAcylation at the molecular and 

cellular levels. 

2) Determining FASN and OGT respective interaction regions.  

The rationale for this project was that finding key O-GlcNAcylation site(s) and how both 

enzymes interact together should shed the light to new therapeutic targets for patients 

suffering from cancer. 

 

 

Figure 21: Summary of thesis objectives. By mass spectrometry and databases exploration, we 
identified FASN O-GlcNAcylated sites in order to study how these modifications regulate its properties. 
Thus, the effect of O-GlcNAcylation was analyzed on FASN stability, location, dimerization and activity. 
The impact on cell cycle progression, cell survival and cell proliferation were also investigated in 
hepatic cancer cells (1). At last, we aimed to determine how FASN and OGT interact in these cells (2).  
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PERSONAL WORKS 

Part 1: O-GlcNAcylation of fatty acid synthase is required for its proper subcellular 
localization, expression level and activity  
 

1. Context  
 
As described before, involvement of O-GlcNAcylation and FASN in tumorigenesis has largely 

been investigated. However, direct regulation of FASN by O-GlcNAcylation still required 

further studies. My team demonstrated that this PTM prevents FASN proteasomal 

degradation in HepG2 cells (Baldini et al., 2016). A positive cross-regulation has also been 

highlighted in this hepatic cancer cell line (Raab et al., 2021). Hence, we aimed to decipher the 

role of this PTM by identifying O-GlcNAcylated sites of FASN involved in the regulation of its 

pro-oncogenic properties in hepatic cancer cells.  

 

This work was the subject of an original article published in the Journal of Biological Chemistry.  

 

Dimitri Vanauberg, Céline Schulz, Sadia Raab, Gabriela Fuentes-García, Emilie Cadart, Quentin 

Lemaire, Stéphanie Olivier-Van Stichelen, Fabrice Bray, Guillaume Brysbaert, Yannick Rossez, 

Stéphan Hardivillé, and Tony Lefebvre (2025). O-GlcNAcylation of fatty acid synthase is 

required for its proper subcellular localization, expression level and activity. Journal of 

Biological Chemistry. https://doi.org/10.1016/j.jbc.2025.110497 

 

Major results of this study are described below. 

 
2. Results  

2. 1. Regulation of fatty acids synthesis by O-GlcNAcylation 

Firstly, we investigated the impact of O-GlcNAcylation levels modulation on FA synthesis in 

HepG2 cells measured by gas phase chromatography with a downstream flame ionization 

detector (GC-FID). We showed that decreased O-GlcNAcylation induced by siOGT results in a 

global decrease of FA, particularly of palmitic acid (C16:0), the main and final product of FASN 

(Publication I - Figure 1). Conversely, increased O-GlcNAcylation induced by Thiamet-G 

upregulated FA synthesis, including C16:0 (Publication I - Figure 2).  
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These experiments were also conducted in another hepatic cancer cell line, the Hep3B cell line 

(Figure 22, unpublished data). After checking of the efficiency of the different treatments 

(Supp A), FA were measured individually (Supp B) and globally (Supp C and D) as previously 

described. Although not always significant, the same trends were observed as for HepG2 cells. 

FA synthesis is therefore positively regulated by O-GlcNAcylation.  

 

At last, cells were also counted (Supp E) to determine the effect of O-GlcNAcylation levels on 

cell proliferation. Consistent with the literature, it appears that FASN inhibition (C75) and 

decreased O-GlcNAcylation (siOGT) reduce cell proliferation.  

 

 
Figure 22: Effect of O-GlcNAcylation levels modulation on fatty acids synthesis of Hep3B cells.  
Hep3B cells were treated with the FASN inhibitor C75 or OGA inhibitor Thiamet-G (TG), or transfected 
with siRNA targeting OGT mRNA. Cell lysates were analyzed by Western blot according to their OGT 
and O-GlcNAc contents (Supp A). Molecular mass markers are indicated on the left (kDa). Optical 
densities were measured and normalized with β-actin expression. For cells treated with C75 or TG, 
individual (Supp B) or global (Supp C) amounts of FAMES were measured by GC-FID. FAMES from 
Hep3B transfected cells were measured globally in two independent experiments (Supp D). To assay 
cell proliferation, cells were counted after treatment/transfection (Supp E). Data are presented with 
means ± SEM (n = 3) and were compared using one-way or two-way ANOVA and Student’s t-test (two-
tailed and unpaired t-test). p<0.05 *; p<0.01 **. 
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2. 2. Identification of FASN O-GlcNAcylated sites and functional analysis 

Secondly, we reported two O-GlcNAcylated sites on FASN: the S595 and T980 residues. By 

single point mutations, we identified T980 O-GlcNAcylation as a major FASN regulating PTM. 

By Western blotting and cycloheximide chase assay, we observed that FASN T980A mutant 

was significantly less stable. As showed by native-PAGE and BODIPY assay, dimerization and 

subsequent activity were reduced, respectively, as well as reduced membrane association 

(Publication I - Figures 3 and 4). Using flow cytometry, clonogenicity/MTS assays and cell 

counting, we demonstrated a subsequent blockade of cell cycle progression associated to 

decreased cell survival and proliferation of Hep3B hepatic cancer cells (Publication I - Figure 

5). Despite several assays, no differences were observed in their migration (data not shown).  

 

2. 3. FASN T980 phosphorylation 

Due to the apparent importance of FASN T980 site and to the existing “yin-yang” rule (Figure 

17), we wondered whether this O-GlcNAcylation site could also be phosphorylated (Figure 23, 

unpublished data). By re-exploring our liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) data, we effectively observed phosphorylation of FASN at T980 

(Supp A). To investigate the impact of FASN T980 phosphorylation on its protein amount, the 

3xFlag-FASN T980D mutant was constructed and expressed in Hep3B cells in parallel to empty 

vector (negative control) (Supp B).  

 

Interestingly, while absence of O-GlcNAcylation at T980 constantly reduces FASN protein 

amount (FASN T980A), mimicked phosphorylation resulted in almost complete loss of the 

enzyme (FASN T980D). In addition, the T980D mutation totally abrogated FASN ability to 

promote cell cycle progression (Supp C). FASN T980D expression even led to the 

disappearance of cells in G2-M. Therefore, these preliminary data suggest that a “same site 

competition” would occur at FASN T980 with opposite effects between both PTMs. Further 

investigations are necessary to complete this observation. 
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Figure 23: FASN T980 phosphorylation. LC-MS/MS analyses of immunopurified FASN revealed 
threonine 980 as a FASN phosphorylated site (A). Hep3B cells were transfected with an empty vector 
or 3xFlag-FASN (wild type and mutants) expressing vectors. Cell lysates were analyzed by Western blot 
(n=3) by using an anti-Flag antibody (B). Molecular mass markers are indicated on the left (kDa). Optical 
densities were measured and normalized with β-actin expression. (C) Cell cycle was analyzed by flow 
cytometry (n=3). Data are presented with means ± SEM and were compared using one-way or two-
way ANOVA. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
 

 

Altogether, these experiments highlight the pivotal role of FASN T980 O-GlcNAcylation site 

in regulating the enzyme’s properties. This work further elucidates the involvement of this 

nutrient-dependent modification in the regulation of lipogenesis in hepatic cancer cells. 
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3. Publication I  
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Supplementary table 1: Antibodies used in this study. 

 

Supplementary table 2: Primers used in this study. 

Primer type Name Sequence (5’ → 3’) 

Cloning 

Hind 

III_FASN_Fw 

CCCAAGCTTATGGAGGAGGTGGTGATTGCCGGC 
 

FASN_Xba 

I_Rv 
GCTCTAGATTACGTAGAATCGAGTCCGAGGAGAGGGTTAGGGATAG 

Mutagenesis 

FASN 

S595A_Fw 

CGACGGCTGCCTGGCCCAGGAGGAGGC 
 

FASN 

S595A_Rv 

GCCTCCTCCTGGGCCAGGCAGCCGTCG 
 

FASN 

T980A_Fw 
CCCAACCCCGCGGAGCCCCTCTTCCTG 

FASN 

T980A_Rv 
CAGGAAGAGGGGCTCCGCGGGGTTGGG 

Sequencing 

FASN_Fw1 CGCCACCATCCTGAACG 

FASN_Fw2 TGATGACATCGTCCATTC 

FASN_Fw3 CTTCCCCAACGGTTCAG 

FASN_Fw4 GCTGAAGATGGTGGTGC 

FASN_Fw5 CTTGGTGAACTGTCTCC 

FASN_Fw6 GTCGCTTCCTGGAAATTG 

FASN_Fw7 GTGGAGACGATGAGCAC 

hGH_PA_Rv CAGCTTGGTTCCCAATAG 

Antibodies 
Dilution 

for WB 
Dilution for IF 

Primary antibodies (supplier, reference) 

Mouse monoclonal anti-O-GlcNAc (Thermo Scientific, RL2) 1 : 1,000  

Rabbit polyclonal anti-OGT (Sigma-Aldrich, DM-17) 1 : 1,000  

Mouse monoclonal anti-Flag M2 (Sigma-Aldrich, F1804) 1 : 1,000 1 : 100 

Mouse monoclonal anti-β-actin (Merck, A1978) 1 : 5,000  

Mouse monoclonal anti-GAPDH (Santa Cruz, 6C5) 1 : 1,000  

Mouse monoclonal anti-E-Cadherin (Santa Cruz, G-10) 1 : 1,000  

Rabbit monoclonal anti-OGA (Abcam, ab124807)         1 : 10,000  

Rabbit polyclonal anti-Ubiquitin (Enzo Life Sciences, ADI-SPA-200) 1 : 5,000  

Secondary antibodies (supplier) 

Sheep anti-mouse IgG/HRP conjugated (GE Healthcare) 1 : 10,000  

Donkey anti-rabbit IgG/HRP conjugated (GE Healthcare) 1 : 10,000  

Goat anti-mouse AlexaFluor546 (Invitrogen)   1 : 600 
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Part 2: Fatty Acid Synthase and O-GlcNAc Transferase preferentially interact via their 
respective N-terminal region 
 

1. Context 

My team demonstrated that FASN and OGT physically interact in mice livers and in HepG2 

cells (Baldini et al., 2016; Raab et al., 2021). This interaction has also been described in other 

models (X. Li et al., 2025; Wong et al., 2022). As OGT TPRs, constituting the N-terminal region, 

mainly recognize substrates, we hypothesized this region being OGT’s interaction surface with 

FASN. On the other hand, little is known about FASN interactions with protein partners. 

Nevertheless, nothing is known about how both enzymes interact. Hence, we aimed to 

determine FASN and OGT respective interaction regions in Hep3B cells. 

 

This work was the subject of an original article submitted to Biochemistry and Biophysics 

Reports.  

Dimitri Vanauberg, Céline Schulz, Guillaume Brysbaert, Nessim Raouraoua, Peggy Mistarz-

Gruau, Marc Lensink, Anne-Sophie Vercoutter-Edouart, and Tony Lefebvre. Fatty Acid 

Synthase and O-GlcNAc Transferase preferentially interact via their respective N-terminal 

region (2025). Biochemistry and Biophysics Reports. Submitted for publication. 

 

Major results of this study are described below. 

 

2. Results 

Using a series of engineered 3xFlag-FASN deletants (Publication II - Figure 1) as well as 

supplied GST-OGT deletants, we respectively performed co-immunoprecitations and GST pull-

down assays. Thus, we determined that both enzymes preferentially interact via their 

respective N-terminal region (Publication II - Figure 2). This observation was strengthened by 

modeling FASN-OGT interaction with the AlphaFold 3 software (Publication II - Figure 3). In 

addition, by Wheat Germ Agglutinin (WGA)-beads enrichment we show that the more OGT 

interacts with the different FASN deletants, the more these deletants are glycosylated 

(Publication II - Figure 2B). 
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In this study we highlight an innovative interaction between the pro-oncogenic enzymes 

FASN and OGT. Our results pave the way for future exploration of targeting this interaction, 

offering potential therapeutic avenues for patients with hepatic cancer. 

 

3. Publication II 
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Supplementary table 1: Interface residues within 5Å between OGT and FASN. 

OGT 
Chain A, Residue LEU 116 
Chain A, Residue PRO 120 
Chain A, Residue ASP 121 
Chain A, Residue TYR 126 
Chain A, Residue VAL 147 
Chain A, Residue SER 148 
Chain A, Residue LEU 150 
Chain A, Residue GLN 151 
Chain A, Residue TYR 152 
Chain A, Residue ASN 153 
Chain A, Residue PRO 154 
Chain A, Residue ASP 155 
Chain A, Residue ARG 160 
Chain A, Residue LEU 163 
Chain A, Residue GLY 164 
Chain A, Residue LEU 167 
Chain A, Residue LYS 168 
Chain A, Residue ARG 172 
Chain A, Residue LEU 173 
Chain A, Residue GLU 174 
Chain A, Residue GLU 175 
Chain A, Residue ALA 176 
Chain A, Residue LYS 177 
Chain A, Residue ALA 178 
Chain A, Residue CYS 179 
Chain A, Residue TYR 180 
Chain A, Residue LEU 181 
Chain A, Residue LYS 182 
Chain A, Residue ALA 183 
Chain A, Residue ILE 184 
Chain A, Residue GLU 185 

Chain A, Residue THR 186 
Chain A, Residue GLN 187 
Chain A, Residue PRO 188 
Chain A, Residue PHE 190 
Chain A, Residue ALA 193 
Chain A, Residue TRP 194 
Chain A, Residue ASN 196 
Chain A, Residue LEU 197 
Chain A, Residue GLY 198 
Chain A, Residue VAL 200 
Chain A, Residue PHE 201 
Chain A, Residue ASN 202 
Chain A, Residue GLN 204 
Chain A, Residue GLY 205 
Chain A, Residue GLU 206 
Chain A, Residue ILE 207 
Chain A, Residue TRP 208 
Chain A, Residue LEU 209 
Chain A, Residue ALA 210 
Chain A, Residue ILE 211 
Chain A, Residue HIS 212 
Chain A, Residue HIS 213 
Chain A, Residue PHE 214 
Chain A, Residue GLU 215 
Chain A, Residue LYS 216 
Chain A, Residue THR 219 
Chain A, Residue ILE 240 
Chain A, Residue ASP 242 
Chain A, Residue ARG 243 
Chain A, Residue PRO 426 

 
FASN 
Chain B, Residue GLU 349 
Chain B, Residue HIS 350 
Chain B, Residue GLY 351 
Chain B, Residue LEU 352 
Chain B, Residue GLN 379 
Chain B, Residue PRO 380 
Chain B, Residue LEU 381 
Chain B, Residue PRO 382 
Chain B, Residue VAL 383 
Chain B, Residue ARG 384 
Chain B, Residue PRO 410 
Chain B, Residue PRO 411 
Chain B, Residue PRO 412 
Chain B, Residue ALA 413 
Chain B, Residue PRO 414 
Chain B, Residue ALA 415 
Chain B, Residue PRO 416 
Chain B, Residue HIS 417 
Chain B, Residue ALA 418 
Chain B, Residue THR 419 
Chain B, Residue LEU 420 
Chain B, Residue PRO 421 
Chain B, Residue ARG 422 
Chain B, Residue GLN 440 
Chain B, Residue GLY 441 

Chain B, Residue LEU 442 
Chain B, Residue ARG 443 
Chain B, Residue HIS 444 
Chain B, Residue SER 445 
Chain B, Residue GLN 446 
Chain B, Residue ASP 447 
Chain B, Residue LEU 448 
Chain B, Residue PHE 450 
Chain B, Residue LEU 451 
Chain B, Residue GLY 474 
Chain B, Residue GLY 475 
Chain B, Residue GLU 476 
Chain B, Residue LEU 508 
Chain B, Residue MET 511 
Chain B, Residue ARG 512 
Chain B, Residue ASP 514 
Chain B, Residue ARG 517 
Chain B, Residue LYS 528 
Chain B, Residue LEU 539 
Chain B, Residue THR 541 
Chain B, Residue ASP 791 
Chain B, Residue LEU 793 
Chain B, Residue GLU 794 
Chain B, Residue PHE 816 
Chain B, Residue PRO 817 
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Chain B, Residue GLU 820 
Chain B, Residue PRO 824 
Chain B, Residue ARG 825 

Chain B, Residue GLY 826 
Chain B, Residue THR 827 
Chain B, Residue PRO 828 

 

 

Supplementary table 2: Antibodies used in this study. 

 

 

 

 

 

 

 

 

 

 

 

Antibodies Dilution for WB 

Primary antibodies (supplier, reference) 

Mouse monoclonal anti-O-GlcNAc (Thermo Scientific, RL2) 1 : 1,000 

Rabbit polyclonal anti-OGT (Sigma-Aldrich, DM-17) 1 : 1,000 

Mouse monoclonal anti-Flag M2 (Sigma-Aldrich, F1804) 1 : 1,000 

Mouse monoclonal anti-GST (Thermo Scientific, 740007M) 1 : 5,000 

Secondary antibodies (supplier) 

Sheep anti-mouse IgG/HRP conjugated (GE Healthcare) 1 : 10,000 

Donkey anti-rabbit IgG/HRP conjugated (GE Healthcare) 1 : 10,000 
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Supplementary table 3: Primers used in this study. 

Primer 

type 
Name Sequence (5’ → 3’) 

Cloning 

Hind 

III_FASN_Fw 

CCCAAGCTTATGGAGGAGGTGGTGATTGCCGGC 
 

FASN_Xba 

I_Rv 
GCTCTAGATTACGTAGAATCGAGTCCGAGGAGAGGGTTAGGGATAG 

Mutagenesis 

FASN 

G826stop_Fw 
AGTTCCCAGCTCCCCGATGAACTCCCCTCATCTC 

 

FASN 

G826stop_Rv 
GAGATGAGGGGAGTTCATCGGGGAGCTGGGAACT 

 

FASN 

E973stop_Fw 
CTCTTCGACCACCCGTAAAGCCCCACCCCCAACCCC  

 

FASN 

E973stop_Rv 
GGGGTTGGGGGTGGGGCTTTACGGGTGGTCGAAGAG 

 

FASN 

W1634stop_Fw 
CTGTCACCGGACTTCCTCTGAGATGTGCCTTCCAACTGG 

 

FASN 

W1634stop_Rv 
CCAGTTGGAAGGCACATCTCAGAGGAAGTCCGGTGACAG 

 

FASN 

E1862stop_Fw 
TTGCGGAGGAGCCGTAGGCAGTGTTGAAGGGGGCC 

 

FASN 

E1862stop_Rv 
GGCCCCCTTCAACACTGCCTACGGCTCCTCCGCAA 

 

FASN 

C2202stop_Fw 
GAGCTGGCATGACCCACGCCCAAGGAG 

 

FASN 

C2202stop_Rv 
CTCCTTGGGCGTGGGTCATGCCAGCTC 

 

Sequencing 

FASN_Fw1 CGCCACCATCCTGAACG 

FASN_Fw2 TGATGACATCGTCCATTC 

FASN_Fw3 CTTCCCCAACGGTTCAG 

FASN_Fw4 GCTGAAGATGGTGGTGC 

FASN_Fw5 CTTGGTGAACTGTCTCC 

FASN_Fw6 GTCGCTTCCTGGAAATTG 

FASN_Fw7 GTGGAGACGATGAGCAC 

hGH_PA_Rv CAGCTTGGTTCCCAATAG 
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DISCUSSION 

Cancers are a worldwide public health issue. By 2050, the Global Cancer Observatory 

estimates an approximately 90% increase in cancer-related deaths. As for many subtypes of 

cancers, hepatocellular carcinoma (HCC) treatment is challenging. The multikinase inhibitor 

sorafenib is capable of reducing tumor progression by targeting kinases like VEGFR or Raf 

(Rapidly accelerated fibrosarcoma). However, only around 30% of patients can benefit 

sorafenib, and the development of drug resistance is common (Tang et al., 2020). Thus, many 

studies have identified other target candidates to improve patient outcome like FASN. This 

pro-oncogenic enzyme, basically involved in de novo FA synthesis, gained insights in many 

hallmarks of cancer (Vanauberg et al., 2023). Hence, understand how this enzyme is regulated 

in HCC could shed light to new therapeutic avenues. Following this aim, for several years my 

team studied FASN regulation by the nutrient-dependent modification O-GlcNAcylation in 

HCC. Likewise FASN, this glycosylation mediated by OGT is involved in all hallmarks of cancer 

(Ferrer et al., 2016) (Figure 20).  

My team highlighted FASN O-GlcNAcylation as a modification preventing its proteasomal 

degradation (Baldini et al., 2016). More recently, my colleagues discovered a positive cross-

regulation between FASN and OGT (Raab et al., 2021). Both enzymes are overexpressed in 

HCC tissues from patients (Raab et al., 2022) and interact together in different phases of cell 

cycle (Raab et al., 2021). During my thesis, we showed that O-GlcNAcylation positively 

regulates fatty acids synthesis of HepG2 cells (Publication I - Figures 1 and 2), in accordance 

with previous reports (Baldini et al., 2016; Raab et al., 2021; Wong et al., 2022). But, to our 

knowledge, this is the first study that shows that modulating O-GlcNAcylation levels selectively 

impacts the synthesis of individual fatty acids. While the previous studies have reported a 

global role for O-GlcNAc in lipogenesis, our data provide a more detailed view of how this 

modification may influence the production of specific fatty acid species.  

Then, we characterized FASN O-GlcNAcylation at the site-specific level and particularly 

identified and investigated two sites of O-GlcNAcylation: S595 and T980.  

Given the considerable length of FASN (2,511 amino acids), it may seem surprising to focus on 

only two O-GlcNAcylated sites. Nevertheless, my thesis proves that such a focused approach 

can yield substantial insights, highlighting the value of in-depth investigations of PTMs. 
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Furthermore, targeting a limited number of sites enables a deeper and faster exploration of 

molecular and cellular mechanisms. 

Although FASN is made up of a high number of amino acids, little is known about its PTMs. In 

addition to ubiquitination and O-GlcNAcylation (Baldini et al., 2016; X. Li et al., 2025; Malard 

et al., 2025; Wong et al., 2022), FASN is also phosphorylated. According to the 

PhosphoSitePlus® Database (Hornbeck et al., 2015), different sites of phosphorylation were 

reported. Interestingly, T980 phosphorylation was already reported in a lung cancer cell line 

(Tsai et al., 2015) but its function remains unknown. However, phosphorylation at Y66 has 

been characterized by Jin and collaborators (Jin et al., 2010). These authors showed that this 

phosphorylation, mediated by HER2, activates FASN and subsequently promotes invasion of 

breast cancer cells. 

Other reported PTMs of FASN include S-nitrosylation, acetylation and SUMO (small ubiquitin-

like modifier)-ylation. Like O-GlcNAcylation, SUMOylation (Floris et al., 2020) and                                      

S-nitrosylation (M. S. Choi et al., 2016) seem to promote FASN activity. On the contrary, FASN 

acetylation, a PTM frequently reduced in human HCC samples,  trigger its proteasomal 

degradation (H.-P. Lin et al., 2016). Despite these interesting findings, a deeper site-specific 

investigation is needed to decipher the complex regulation of this metabolic enzyme. 

On our side, FASN T980 was shown to be a major O-GlcNAcylation site regulating the enzyme’s 

properties. FASN O-GlcNAcylation at T980 was already reported by Woo and collaborators 

(Woo et al., 2018). In Hep3B cells, we demonstrated the key role of FASN T980                                              

O-GlcNAcylation by sustaining the ability of the enzyme to dimerize and to subsequently 

produce FA. This modification also supports FASN stability and membrane association 

(Publication I - Figure 6). The latter observation correlates with another study in prostate 

cancer cells showing FASN localization to membranes, particularly to lipid rafts (Di Vizio et al., 

2008). It would be interesting to check whether FASN T980A lipid rafts localization is altered 

in our model. We have previously tried to raise this point, but without success. 

Because of its pro-oncogenic features, we also analyzed the impact of T980 O-GlcNAcylation 

on FASN ability to promote cell survival, cell proliferation and cell cycle progression 

(Publication I - Figure 5). Consistent with the experiments described before, this modification 

is necessary for FASN pro-oncogenicity. It would be of particular interest to study this aspect 
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at the in vivo level. However, in vivo experiments require a stable expression of the different 

constructs. Unfortunately, we were unable to establish stable cell lines because of technical 

issues using lipofection and electroporation: high cell mortality, low transfection rate (partly 

due to the high size of FASN complementary DNA (cDNA)), loss of plasmid expression 

overtime… This suggests that other techniques, like gene editing such as CRISPR-Cas9 

technology, should be tested. Additionally, the potential phosphorylation of FASN at T980 

(Figure 23) warrants further molecular and cellular investigation in HCC.  

We wondered whether the reduced stability observed for FASN T980A could be rescued by 

proteasome inhibition. Hence, transfected Hep3B cells were treated with the proteasome 

inhibitor MG132 (Publication I - Supp Figure 4): only a partial rescue of FASN protein level was 

obtained. This suggests that FASN T980 O-GlcNAcylation may protect the enzyme from 

another degradation pathway. Although my team demonstrated that O-GlcNAcylation 

protects FASN from proteasomal degradation (Baldini et al., 2016), we can speculate that 

modification at T980 could protect FASN from autophagic degradation. Indeed, Shpilka and 

collaborators demonstrated FASN degradation by autophagy upon nitrogen starvation in 

yeast (Shpilka et al., 2015). It would be of great interest to test this hypothesis. 

Deng and collaborators recently identified Heat shock protein 90 α (Hsp90α) as a crucial 

partner of FASN, enhancing its stability in HCC (Deng et al., 2025). The FASN interactome 

represents a promising area of investigation for uncovering the functional relevance of FASN 

T980 O-GlcNAcylation. While the role of FASN O-GlcNAcylation in promoting enzyme 

expression and activity is well established (Baldini et al., 2016; X. Li et al., 2025; Wong et al., 

2022), our data further identify the T980 residue as a potentially critical determinant in HCC 

pathogenesis. We propose that OGT-mediated modification at T980 may enhance the binding 

affinity between FASN and Hsp90α, thereby stabilizing the enzyme and augmenting its 

activity.  

To go further on these data, we then aimed to determine how FASN and OGT interact. By 

combining co-immunoprecipitations, GST-pull down assays and bioinformatics, we 

highlighted a N-terminal-to-N-terminal interaction (Publication II - Figures 2 and 3). OGT                    

N-terminal domain being commonly recognized as the major interaction surface with 

substrates, our data are consequently in accordance with the literature (Potter et al., 2024). 
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Our data also support the idea of the lack of specificity of OGT, its substrate recognition 

mechanism being poorly understood (Mauri et al., 2021). Indeed, we observed that the more 

OGT interacts with a FASN deletant, the more this deletant is glycosylated.  

Remarkably, in addition to post-translationally modified proteins, O-GlcNAcylation is a co-

translational  modification of nascent proteins that prevents their premature degradation, as 

shown for Specificity protein 1 (Sp1) and Nuclear pore protein p62 (Nup62) (Y. Zhu et al., 

2015). FASN is part of these co-translationally O-GlcNAcylated proteins (Y. Zhu et al., 2020) 

which could be consistent with our data. Indeed, it seems that FASN N-terminal is the most       

O-GlcNAcylated region of the enzyme (Publication II - Figure 2B). Protein synthesis proceeding 

from the N-terminus to the C-terminus, we hypothesize that OGT mainly O-GlcNAcylates FASN 

in the early stages of its translation, whereas in the later stages, FASN may have reduced 

exposure to OGT. As a result, FASN N-terminus would be the most O-GlcNAcylated part of the 

enzyme. Sustaining this hypothesis, Zhu and collaborators demonstrated that nascent 

proteins are more heavily O-GlcNAcylated than mature proteins (Y. Zhu et al., 2015) to 

potentially prevent premature degradation: if this is the case for FASN, this deserves further 

investigation.   

We next reported sites exposed at the FASN-OGT interaction surface (Publication II - Supp 

Table 1). Determine those actually required for FASN - OGT interaction remains an open 

question. Identifying hot spots reinforcing this interaction could subsequently facilitate the 

discovery of small molecules inhibitors capable of disrupting FASN and OGT respective 

binding. This blockade should reduce FASN O-GlcNAcylation and, consequently, lower its pro-

oncogenicity. Thus, preventing FASN - OGT interaction could impact HCC progression and 

constitute a novel therapeutic approach. In that way, inhibition of the interaction between 

two partner proteins has gained insights in oncology. For instance, interaction of p53 with its 

negative regulator Murine double minute 2 (MDM2) can be targeted by Idasanutlin (RG7388) 

(Mezzanotte-Sharpe et al., 2025). Well studied in clinics, this inhibitor prevents p53 

ubiquitination and subsequent degradation. Thanks to its tumor suppressing activity, p53 is 

therefore able to counteract tumor progression. 

Thus, novel generation protein interaction inhibitors are a promising avenue in cancer therapy 

due to their targeting specificity and limited off-target effects. 
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CONCLUSION AND PERSPECTIVES 

My thesis works deciphered the regulation of lipogenesis by O-GlcNAcylation and the 

interaction between the two enzymes mediating these processes, namely FASN and OGT.  

Modulation of HepG2 cells O-GlcNAcylation levels, by siRNA or inhibitors, significantly 

impacted FA synthesis that we measured by GC-FID. Reduced or elevated global                                          

O-GlcNAcylation decreased or increased FA synthesis, respectively. Precisely, it impacted 

several types of FA including FASN main product, palmitic acid (C16:0). Thus, we showed that 

O-GlcNAcylation positively regulates FA synthesis. 

By LC-MS/MS, we identified two O-GlcNAc modifications on FASN at S595 and T980. Using 

site-directed mutagenesis, mutation of these sites into alanine allowed to determine the 

function of their respective glycosylation. While S595A mutation of FASN moderately affected 

its behavior, the T980A mutation significantly impeded the enzyme’s properties. 

We showed by cell fractionation that FASN T980A mutation reduced its membrane localization 

in Hep3B cells. By cycloheximide chase assay, we observed a significant reduction of FASN 

stability with this mutation. Native-PAGE experiments revealed a major decrease in FASN 

homodimers amount. This resulted in a reduced enzymatic activity, as shown by our BODIPY 

assays. 

Altogether, the FASN T980A mutation suppressed its pro-oncogenic activity. Indeed, using 

different cellular assays we demonstrated that this mutation deeply reduced FASN ability to 

promote cell survival, as well as cell proliferation and cell cycle progression. 

Our LC-MS/MS analyses showed that the T980 residue of FASN can also be phosphorylated 

(Figure 23). Hence, we potentially highlighted a “yin-yang” mechanism at T980 by engineering 

a phosphomimetic substitution (FASN T980D): while O-GlcNAcylation at T980 promotes FASN 

expression, phosphorylation dramatically induces its degradation.  

Finally, our findings using co-immunoprecipitations and FASN deletants revealed that FASN 

preferentially interacted with OGT via its N-terminal domain. Likewise, we showed by GST-

pull down with GST-OGT deletants that OGT preferentially interacted with FASN via its                           

N-terminal domain. These observations were strengthened by bioinformatics modelling.  
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In perspectives, our data shed the light to a potent new therapeutic avenue for patients 

suffering from HCC. By preventing this N-terminal-to-N-terminal interaction between FASN 

and OGT, it is tempting to suppose that this could decrease FASN O-GlcNAcylation. As a result, 

the enzyme’s pro-oncogenic properties would be abrogated, leading to a reduced tumor load 

(Figure 24).  

 

 

Figure 24: Target FASN-OGT interaction as a therapeutic avenue in HCC. The interaction between 
FASN and OGT promotes tumor progression. Hence, inhibiting this interaction with a “Drug X”, could 
reduce tumor load. 

 

Such a drug would consist of an inhibitor of protein-protein interactions, i.e, FASN - OGT 

interaction. To identify candidate compounds, structure-based drug design combined with 

virtual screening of a chemical library could be employed. Subsequent in vitro and cell-based 

assays would help assess the efficiency of the most promising hits. Finally, validation in an in 

vivo model of HCC could pave the way for clinical trials. 

Due to the pivotal status of FASN T980 O-GlcNAcylated site, targeting this residue may 

represent a promising therapy. Blocking O-GlcNAcylation at T980 may suppress FASN pro-

oncogenic character in HCC. Consequently, it would be of great interest to check this 

hypothesis in vitro and in vivo. 
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