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Résumé 

La voie métabolique de glucuronidation, impliquant les enzymes uridine diphospho-

glucuronosyltransférases (UGT), joue un rôle crucial dans le métabolisme des médicaments 

et contrôle l’exposition à divers composés exogènes via leur inactivation par la conjugaison 

à l’acide glucuronique. Cette voie métabolique a également comme rôle principal de 

maintenir l’homéostasie cellulaire et le contrôle de la biodisponibilité de nombreuses 

molécules endogènes. Nombre de ces composés sont impliqués dans des boucles de 

rétroaction régulant l’expression et l’activité de diverses voies métaboliques cellulaires, 

notamment via l’implication de récepteurs nucléaires et autres voies de signalisation. Une 

modification de l’expression et de l’activité de la voie de glucuronidation a donc le potentiel 

d’influencer le métabolisme cellulaire, au-delà du contrôle des substrats des enzymes UGT. 

Cette hypothèse est appuyée par des observations préliminaires démontrant la capacité des 

UGT à interagir avec des protéines d’autres voies métaboliques, affectant ainsi leur activité. 

De plus, les études récentes du laboratoire font état d’un transcriptome étendu de la grande 

famille de gènes UGT, permettant la production de protéines alternatives comprenant de 

nouveaux domaines peptidiques et dont les fonctions et les réseaux d’interaction demeurent 

inconnus.  

Dans le cadre de cette thèse, nos premières investigations ont porté sur les changements 

métaboliques associés à une modification de l’expression cellulaire d’enzymes UGT, ainsi 

que de leurs protéines alternatives nouvellement identifiées. Une approche métabolomique 

non-ciblée a révélé des répercussions importantes au niveau métabolique, parfois 

communes, parfois divergentes, selon l’enzyme et l’isoforme alternative étudiée. À titre 

d’exemple, les niveaux cellulaires de lipides bioactifs comme l’acide arachidonique sont 

grandement affectés dans les lysats de cellules exprimant des enzymes UGT, alors qu’ils 

ne le sont pas dans les lysats de cellules exprimant des protéines alternatives. Dans une 

seconde série d’investigations, nous avons établi les réseaux d’interactions protéiques des 

UGT dans le tissu rénal et hépatique humain. À l’aide d’anticorps développés au laboratoire 

et dirigés contre les enzymes ou les protéines alternatives UGT, nous avons réalisé une 

purification d’affinité sur bille couplée à la spectrométrie de masse. Ceci a permis d’établir 

de façon non-biaisée les interactomes endogènes des enzymes UGT et de leurs protéines 

alternatives dans un environnement protéique physiologique, révélant l’existence de 

partenaires communs et de partenaires spécifiques. En plus d’identifier des protéines 

associées au métabolisme des médicaments, nos travaux ont révélé plusieurs partenaires 
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protéiques impliqués dans d’autres voies métaboliques, telles que les voies énergétiques 

(glycolyse, cycle des acides tricarboxyliques, oxydation des lipides, etc.). À l’aide de 

modèles cellulaires, nous avons démontré que certaines de ces interactions sont 

fonctionnelles et entrainent une modification significative de l’activité du partenaire des UGT, 

induisant des perturbations métaboliques et phénotypiques associées à la progression 

tumorale. Enfin, nos données ont révélé une induction différentielle de l’expression d’une 

enzyme UGT et de ses variants alternatifs suite à un traitement pharmacologique, 

influençant possiblement l’activité cellulaire en réponse à ces stimuli.  

Nos travaux soutiennent une interconnexion entre le métabolisme de glucuronidation et le 

métabolisme cellulaire. Ils appuient également un rôle plus vaste et complexe des protéines 

UGT, impliquant notamment la production d’isoformes alternatives aux structures protéiques 

distinctes et possédant des fonctions régulatrices possiblement différentes de celles des 

enzymes. Ces travaux démontrent également des interactions protéiques avec diverses 

voies métaboliques, permettant sans doute de moduler la réponse cellulaire à divers stimuli 

tout en optimisant les ressources métaboliques de la cellule. 
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Abstract 

The glucuronidation pathway, catalyzed by uridine diphospho-glucuronosyltransferases 

(UGTs), is crucial for drug metabolism and controls the body’s exposure to several 

exogenous compounds by the conjugation of a glucuronic acid moiety leading to their 

inactivation. A main role for this pathway is also to controls cellular levels of several 

endogenous compounds in order to maintain homeostasis. Many of those compounds are 

involved in feedback loops and control the expression and activity of numerous metabolic 

pathways through the regulation of nuclear receptors and other signaling events. Altered 

expression or activity of the glucuronidation pathway thus has the potential to influence 

cellular metabolism, beyond UGT substrate regulation. This hypothesis is supported by 

preliminary observations showing that UGTs possess the capacity to interact with enzymes 

from other metabolic pathways, affecting their activity. Furthermore, recent studies from our 

laboratory exposed an extended transcriptome for UGT genes, producing new alternative 

proteins comprising new domains and for which the functions and interaction networks 

remain unknown.  

In the context of this work, our first investigations explored the metabolic alterations induced 

by a modification in the cellular levels of UGT enzymes, as well as selected novel alternative 

proteins. A non-targeted metabolomics approach uncovered significant metabolic 

alterations, sometimes common or divergent, depending on the enzyme and the alternative 

isoform. As an example, bioactive lipids such as arachidonic acid were among the most 

modulated metabolites in lysates of cells expressing UGT enzymes but remained 

unchanged in cells expressing alternate proteins. In a second set of investigations, we 

established the interaction networks of UGT proteins in human liver and kidney tissues. We 

used in-house antibodies directed against UGT enzymes or their alternative proteins to 

conduct affinity purification coupled to mass spectrometry. These assays exposed an 

unbiased endogenous interactome in a physiologically relevant protein environment, 

revealing common and specific partners to UGT enzymes and alternative isoforms. In 

addition to proteins involved in drug metabolism, our work uncovered numerous partners 

implicated in other metabolic routes such as energetic pathways (glycolysis, tricarboxylic 

acids cycle, lipid oxidation, etc.). Using cellular models, we showed some of these 

interactions had a functional impact on cellular activity of the protein partners, triggering 

metabolic alterations associated with tumor progression. Lastly, our data further support a 

differential expression of UGT enzymes and their alternative isoforms following treatment 
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with pharmacological compounds that could lead to variable metabolic activity in response 

to stimuli.  

Our results demonstrate functional crosstalk between UGT proteins and cell metabolism. 

This works also supports an extended and rather complex role for UGTs, notably through 

the production of numerous alternative isoforms presenting different peptide structures and 

likely diverse regulatory functions. Our findings indicate that one of the underlying 

mechanisms is related to protein-protein interactions between UGTs and proteins of other 

metabolic routes, likely permitting a fine regulation of cell response to stimuli while optimizing 

metabolic resources. 
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Avant-propos 

La présente thèse, intitulée « Interconnexion du métabolisme cellulaire et de la voie de 

glucuronidation », est présentée à la Faculté des études supérieures et postdoctorales de 

l‘Université Laval pour l‘obtention du grade de Philosophiae doctor, et est rédigée sous la 

forme de thèse avec insertion d‘articles. 

Le premier article est intitulé « Glucuronosyltransferase protein expression alters cellular 

metabolome ». Cet article est en préparation et n’a pas encore été soumis pour publication. 

J’en suis le premier auteur, ayant contribué à 75% à la réalisation de cette étude. J’ai 

complété l’analyse des données métabolomiques, l’analyse de l’expression des gènes, les 

co-immunoprécipitations, la microscopie confocale et j’ai rédigé l’ensemble de l’ébauche de 

l’article. Michèle Rouleau, professionnelle de recherche, a participé à l’analyse des résultats, 

à l’écriture et à la révision du manuscrit. Lyne Villeneuve, également professionnelle de 

recherche, a procédé à la préparation des échantillons aux fins d’analyses métabolomiques. 

Chantal Guillemette, ma directrice de recherche, a conceptualisé et supervisé l'étude, 

effectué l'analyse et l'interprétation des résultats, rédigé et révisé le manuscrit. L'article 

inséré dans cette thèse sera bonifié pour fins de publication dans un journal revu par les 

pairs. 

Le deuxième article est intitulé « Endogenous protein interactome of human UDP-

glucuronosyltransferases exposed by untargeted proteomics » et a été publié dans la revue 

« Frontiers in Pharmacology » (Rouleau et coll., 2017). Je suis le deuxième auteur de cet 
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Introduction   

L’homéostasie se définit par un ensemble de processus permettant le maintien à l’équilibre 

de plusieurs facteurs clés d’un système et ce, malgré de nombreuses contraintes internes 

et externes. Chez les êtres vivants, ces différents processus incluent notamment 

l’absorption de nutriments, la réponse à divers stimuli et la fabrication et l’inactivation de 

nombreux composés bioactifs et métabolites. La cellule, qui est la plus petite unité 

fonctionnelle de l’organisme, doit effectuer avec efficacité l’entièreté de ces processus afin 

de maintenir non seulement son intégrité et sa fonctionnalité, mais également celle de 

l’organisme tout entier. Or, cet équilibre peut être altéré, menant à des dysfonctions 

métaboliques potentiellement néfastes.  

Les néoplasies sont un exemple de dysfonctions métaboliques : plusieurs voies 

métaboliques y sont modulées et altérées afin de soutenir la croissance rapide des cellules 

tumorales et d’échapper aux nombreux points de contrôles métaboliques (Hanahan et 

Weinberg, 2011). D’un point de vue pharmacologique, les différents effets secondaires et 

toxicités associés à la prise de médicament peuvent également être considérés comme des 

dérèglements de l’homéostasie : il est reconnu par exemple que certains médicaments 

causent des toxicités hépatiques ou rénales importantes lors d’un usage excessif, ou encore 

à dose normale chez des individus ayant un métabolisme de détoxication de moindre ou 

plus grande efficacité (Guillemette et coll., 2014; Dong et coll., 2018).  

L’activité de la voie médiée par les enzymes UDP-glucuronosyltransférases (UGT) est 

cruciale pour mieux contrôler de telles perturbations métaboliques, étant responsable de 

l’inactivation de nombreux médicaments et molécules bioactives endogènes. Or, l’activité 

de la voie de glucuronidation est non seulement très variable entre les individus, mais peut 

également varier fortement chez un même individu en fonction des situations physiologiques 

et pathologiques (Court, 2010; Hardwick et coll., 2013; Margaillan et coll., 2015a). Les 

conséquences de cette hétérogénéité notamment causée par des variations génétiques 

communes et héréditaires, ont principalement été étudiées en lien avec l’activité de 

glucuronidation des médicaments et de composés endogènes associés au risque de 

développer certaines maladies (hyperbilirubinémie) et plusieurs types de cancer 

(Guillemette et coll., 2014; Stingl et coll., 2014). Cependant, très peu d’études se sont 

intéressées jusqu’à maintenant aux répercussions métaboliques cellulaires d’une 

modification de l’expression des UGT; l’un des objectifs de cette thèse.   
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Chapitre 1 

1. Métabolisme cellulaire 

Le métabolisme cellulaire regroupe la totalité des transformations biochimiques nécessaires 

au maintien de l’homéostasie via la biosynthèse, la conversion métabolique et la 

dégradation de divers composés. Le métabolisme inclut ainsi le catabolisme et l’anabolisme; 

le premier étant la dégradation des ressources énergétiques en ATP, tandis que le 

deuxième réfère non seulement à la transformation des biomolécules de base en produits 

plus complexes tels les lipides, les acides aminés et les nucléotides, mais également la 

modification et l’inactivation de molécules bioactives endogènes et exogènes. Ces 

nombreuses réactions biochimiques impliquent une vaste diversité de voies métaboliques, 

dont la glycolyse, le cycle des acides tricarboxyliques, la voie des pentoses phosphates, la 

lipogenèse, les voies de synthèse des acides aminés, et les voies d’oxydoréduction et de 

conjugaison. Il est entendu que ces voies sont interdépendantes et partagent divers 

intermédiaires chimiques, tels les squelettes de carbone provenant de la glycolyse et les 

groupements amines issus de la glutaminolyse, ainsi que diverses voies de signalisation 

(Figure 1). 

Fort probablement en raison de l’apparition des techniques axées sur la génomique, le 

métabolisme cellulaire a été plutôt relégué au second plan durant la deuxième moitié du 20e 

siècle en faveur de recherches intenses en génomique. Cependant, avec l’amélioration des 

techniques de spectrométrie de masse, l’étude des protéines et du métabolisme a été 

facilitée dans les dernières décennies, augmentant ainsi l’intérêt scientifique. Les 

découvertes issues de ces travaux ont notamment mené à l’ajout relativement récent du 

métabolisme cellulaire à la signature caractéristique du cancer (Hanahan et Weinberg, 

2011).  

Puisque le métabolisme cellulaire cancéreux diffère du métabolisme cellulaire normal, celui-

ci représente une opportunité unique de mieux comprendre l’interconnexion entre les 

différentes voies métaboliques et les divers métabolites cellulaires. Ces modifications 

métaboliques impliquent un haut niveau de coopération et de régulation cellulaires via 

plusieurs mécanismes (transcription, traduction, stabilité des protéines, modification post-

traductionnelles, etc.) (DeBerardinis et Chandel, 2016). Ce remodelage a pour conséquence 

d’affecter de nombreuses voies métaboliques, incluant le métabolisme des petites 
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molécules, leur signalisation cellulaire et leur inactivation, qui implique notamment la voie 

de glucuronidation (sujet de la thèse). Dans les prochaines sections, je présente une revue 

sommaire des principales voies métaboliques, ainsi que certaines de leurs modifications 

dans le cancer, impliquées dans la progression tumorale et le processus métastatique.  

 

Figure 1. Schéma simplifié des principales voies métaboliques modifiées dans le cancer.  

Tirée de DeBerardinis et Chandel (2016). 

1.1. Glycolyse aérobie ou « effet Warburg » 

Le flux énergétique des cellules cancéreuses a fait l’objet d’intenses recherches dans la 

première moitié du 20e siècle. Un des pionniers dans le domaine est le Prix Nobel Otto 

Warburg, qui a été le premier à caractériser l’augmentation de la synthèse d’énergie par la 

voie de la glycolyse dans les cellules tumorales (Warburg et coll., 1927; Warburg, 1956a; b; 

c). Malgré une mésinterprétation de ses résultats, le menant à l’hypothèse que cette voie 

était suractivée en raison d’une diminution de l’activité mitochondriale (Weinhouse, 1976; 

Fantin et coll., 2006; Moreno-Sanchez et coll., 2007), le fondement de ses recherches 
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demeure la pierre angulaire d’une meilleure compréhension du métabolisme des cellules 

cancéreuses.  

Les cellules saines différenciées, en situation aérobie, utilisent normalement l’essentiel de 

leur fonction glycolytique pour soutenir l’activité mitochondriale via la formation de pyruvate. 

De cette façon, la mitochondrie génère la presque totalité de l’ATP cellulaire par le biais du 

cycle des acides tricarboxyliques et de la chaîne de phosphorylation oxydative. Toutefois, il 

se produit une consommation excessive de glucose dans les cellules cancéreuses, 

accompagnée d’une excrétion de lactate par la cellule. Ce phénomène a été qualifié de 

glycolyse aérobie, ou encore « d’effet Warburg » (Warburg et coll., 1927; Warburg, 1956a; 

b; c). Cependant, la fermentation lactique est moins efficace que la phosphorylation 

oxydative pour former de l’ATP, menant à seulement 2 ATP par molécule de glucose au lieu 

des 36 créés via la chaîne de phosphorylation oxydative (Koppenol et coll., 2011). Le 

recours à cette voie de moindre efficacité peut sembler illogique en regard des besoins 

énergétiques élevés de la cellule cancéreuse proliférative. Il importe donc de considérer la 

disponibilité des nutriments afin de mieux comprendre l’utilisation de cette voie par les 

cellules.  

Plusieurs équipes ont observé que les nutriments ne semblaient pas être un facteur limitant 

pour de nombreux cancers (Kilburn et coll., 1969; Vander Heiden et coll., 2009). Même en 

stimulant au maximum la croissance de cellules en phase proliférative – menant à un 

métabolisme semblable à celui des cellules cancéreuses – plusieurs indicateurs soutiennent 

que les besoins en ATP sont remplis puisque ni le ratio ATP/ADP ni celui NADH/NAD+ ne 

sont modifiés (Christofk et coll., 2008; DeBerardinis et coll., 2008a). Par ailleurs, les 

phénomènes d’apoptose et d’autophagie ne sont pas augmentés dans de telles conditions, 

supportant la capacité des cellules à maintenir ce niveau d’activité (Vander Heiden et coll., 

1999; Izyumov et coll., 2004; Shaw et coll., 2004; Lum et coll., 2005). L’hypothèse la plus 

plausible quant à l’utilisation de la glycolyse aérobie par les cellules cancéreuses stipule 

que celle-ci permettrait d’accumuler les biomolécules nécessaires à la prolifération 

cellulaire. Cette hypothèse est en accord avec le fait que l’activité mitochondriale demeure 

fonctionnelle dans les cellules cancéreuses, résultant donc en une consommation 

globalement plus élevée de glucose par la cellule (Zu et Guppy, 2004). L’imagerie médicale 

PetScan (Positron Emission Tomography Scan) utilise d’ailleurs cette altération du 

métabolisme des cellules cancéreuses pour en détecter la présence : l’injection d’un 

analogue radioactif du glucose est préférentiellement incorporé par les cellules tumorales 
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et les métastases, permettant leur visualisation (Phan et coll., 2014). Les squelettes de 

carbone issus du glucose serviraient donc à produire nucléotides (par la voie des pentoses 

phosphates), lipides (lipogenèse via le pyruvate et l’acétyl-CoA) et acides aminés non-

essentiels (Figure 2). Ce phénomène serait par ailleurs concomitant avec une 

consommation excessive de glutamine par la cellule cancéreuse, un processus nommé 

glutaminolyse et qui permet l’incorporation du squelette de carbone et du groupement amine 

de cet acide aminé par les cellules cancéreuses. 

 

Figure 2. L’augmentation de l’activité glycolytique par les cellules cancéreuses permet de fournir des 

squelettes de carbone aux différentes voies métaboliques associées à la prolifération cellulaire. 

HK, hexokinase; PGI, phosphoglucose isomérase; PFK, phosphofructokinase; ALDO, aldolase; GAPDH, 

glycéraldéhyde-phosphate déshydrogénase; PGK, phosphoglycérate kinase; PGAM, phosphoglycérate 

mutase; ENO, énolase; PK, pyruvate kinase; LDH, lactate déshydrogénase. Tirée de Burns et Manda (2017). 

1.2. Activité mitochondriale et glutaminolyse 

Tel que mentionné plus haut, les mitochondries sont responsables de générer une grande 

partie de l’énergie dans la cellule. Ainsi, le cycle des acides tricarboxyliques et la chaîne de 

phosphorylation oxydative permettent la formation d’une grande quantité d’ATP, puisant 
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l’acétyl-CoA à partir du pyruvate issu de la glycolyse, mais également à partir de la bêta-

oxydation des acides gras (Figure 3).  

 

Figure 3. Activité mitochondriale.  

Le cycle des acides tricarboxyliques et la chaîne de phosphorylation oxydative sont représentés. Noter que dans 

les cellules cancéreuses, l’-cétoglutarate peut également être formé via la glutaminolyse (non représenté). 

OAA, oxaloacétate; PDHP, pyruvate déshydrogénase phosphatase; PDHK, pyruvate déshydrogénase kinase; 

CS, citrate synthase; IDH, isocitrate déshydrogénase; KDH, alpha-cétoglutarate déshydrogénase; ALAS, 

acide aminolévulinique synthase; SCS, succinyl coenzyme A synthétase; SDH, succinate déshydrogénase; 

CoQ, coenzyme Q; ANT, translocateur de nucléotide adénine; FH, fumarate hydratase; MDH, malate 

déshydrogénase; PEPCK-M, phosphoénolpyruvate carboxykinase - mitochondriale. Adapté avec la permission 

du Copyright Clearance Center, Inc. pour Macmillan Publishers Limited NATURE REVIEWS © (Wallace, 2012). 

Les mitochondries se transforment également en véritable usine à biomolécules dans les 

cellules cancéreuses (Boland et coll., 2013). Elles contribuent ainsi au métabolisme des 

lipides et des acides aminés, en plus de stimuler plusieurs voies de signalisation communes 

à maints cancers via la formation d’oncométabolites, c’est-à-dire des métabolites qui 

s’accumulent en présence de néoplasie (Collins et coll., 2017). Le (R)-2-hydroxyglutarate 

(R2-HG) est un exemple d’oncométabolite : celui-ci est formé à la suite d’une mutation 

somatique en condition néoplasique de l’enzyme mitochondriale isocitrate déshydrogénase, 

qui transforme alors l’oxoglutarate en R2-HG plutôt que de faire la conversion de l’isocitrate 

en oxoglutarate (Dang et coll., 2009). Au niveau cellulaire, le R2-HG entraîne différentes 
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cascades d’évènements, incluant la stimulation de la voie glycolytique via PI3K/AKT/mTOR 

et l’expression de l’oncogène HIF-1 (Figure 4) (M. Gagne et coll., 2017). L’accumulation du 

R2-HG s’accompagne également d’une diminution des concentrations d’oxoglutarate, ayant 

pour conséquence une réduction de l’activité déméthylase des enzymes TET, associée à 

des défauts de différentiation (Xu et coll., 2011). Des phénomènes semblables ont été 

observés pour d’autres enzymes et oncométabolites mitochondriaux, supportant 

l’importance de ces organelles dans le métabolisme tumoral (Astuti et coll., 2001; Tomlinson 

et coll., 2002). 

Les mitochondries permettent également l’utilisation de la glutamine pour alimenter le 

métabolisme cellulaire, c’est-à-dire la glutaminolyse. Ce phénomène est amplifié dans le 

cancer, permettant aux dérivés marqués de la glutamine d’être utilisés dans l’imagerie 

diagnostique, tout comme ceux du glucose (Huang et McConathy, 2013). En plus d’être 

utilisée pour créer de l’ATP par le biais du cycle des acides tricarboxyliques, la glutamine 

permet aussi la formation de lipides via la production d’acétyl-CoA (Figure 2). En 

considérant la grande quantité de lipides nécessaires à la duplication cellulaire, notamment 

pour la formation des membranes cellulaires, la suractivation de cette voie représente donc 

un avantage métabolique pour les cellules cancéreuses. En ce sens, DeBerardinis et coll. 

(2007) ont observé 1) une forte synthèse de NADPH réducteurs issus de la glutaminolyse 

et nécessaires à la réduction de l’acétyl-CoA lors de la synthèse des lipides (lipogenèse; 

voir section plus bas) ; et 2) une augmentation de la synthèse d’alanine et d’ammoniaque 

par les cellules. Ces observations indiquent que la forte consommation de glutamine par les 

cellules cancéreuse servirait à intégrer les bases de carbone pour la formation de 

macromolécules essentielles à la duplication cellulaire, tout en diminuant l’acidité 

environnante de la cellule par l’action de l’ammoniaque (Medina, 2001). En addition aux 

rôles précédents, la consommation de glutamine servirait également au maintien de 

l’homéostasie oxydative via la réduction du glutathion oxydé, en plus d’être impliquée dans 

la signalisation cellulaire (Hensley et coll., 2013).  
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Figure 4. L’oncométabolite R-2-hydroxyglutarate (R2-HG) entraine un remodelage métabolique 

important des cellules cancéreuses. 

L’enzyme IDH2 mutée transforme l’oxoglutarate en R2-HG. Cet oncométabolite modifie l’activité de la voie 

signalétique mTOR régulant la prolifération et le métabolisme cellulaire. Le R-2HG affecte également la 

méthylation de nombreux gènes via une modulation des protéines TET. Reproduit avec la permission du 

Copyright Clearance Center, Inc. pour Elsevier Limited TRENDS IN CELL BIOLOGY © (M. 

Gagne et coll., 2017). 
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1.3. Acides aminés 

Les acides aminés sont classés en deux catégories, selon la capacité de l’organisme à les 

synthétiser ou non. On parle ainsi d’acides aminés non-essentiels et essentiels, 

respectivement. En plus de servir à la synthèse des protéines, les acides aminés 

représentent un réservoir de groupements réactifs (amine, méthyl, thiol, etc.) et de chaînes 

de carbone nécessaires aux différentes réactions enzymatiques de l’organisme. Les cellules 

néoplasiques tirent profit de plusieurs voies impliquées dans le métabolisme de ces 

molécules, notamment la voie de la sérine-glycine et celle des acides aminés à chaîne 

latérale ramifiée (branched-chain amino acid ; BCAA), en plus de la glutamine, tel que 

mentionné plus haut. 

 

Figure 5. Voies métaboliques utilisant la sérine et la glycine.  

La sérine et la glycine sont interconvertibles par le métabolisme cellulaire (non représenté). La glycine peut 

incorporer le cycle du folate pour soutenir la synthèse de novo des nucléotides et la synthèse d’antioxydants 

comme le glutathion, ou encore rejoindre le cycle de la méthionine pour soutenir la synthèse de protéines et la 

méthylation de l’ADN et de divers métabolites, incluant les lipides. Tirée de Amelio et coll. (2014) 

De par leur structure simple, la sérine et la glycine sont impliquées dans de nombreuses 

voies métaboliques (Figure 5). Dans les cellules tumorales, la voie de conversion de la 

sérine en glycine est surexprimée, permettant une formation accrue du 5, 10-
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méthylènetétrahydrofolate, un intermédiaire crucial à la synthèse des acides nucléiques. 

Ainsi, une inhibition de cette voie ou une privation en sérine et glycine permet de diminuer 

la prolifération tumorale dans plusieurs types de cancer (Labuschagne et coll., 2014; 

Maddocks et coll., 2017). 

D’autres acides aminés sont nouvellement étudiés dans le contexte tumoral. C’est 

notamment le cas des BCAA, regroupant la valine, la leucine et l’isoleucine (Ananieva et 

Wilkinson, 2018). Ceux-ci peuvent servir à la synthèse des protéines, mais également être 

dégradés en intermédiaires du cycle des acides tricarboxyliques et servir à la synthèse de 

lipides, via l’acétyl-CoA, et de glutamate (Figure 6). Or, plusieurs études ont identifié une 

perturbation des niveaux de BCAA ou des enzymes leur étant associées dans différents 

types de cancer (Wang et coll., 2015; Zheng et coll., 2016; Zhang et Han, 2017). Cependant, 

les mécanismes en cause ne sont pas clairement définis, et d’autres études sont 

nécessaires afin de mieux comprendre leur implication dans ce contexte. 

 

Figure 6. Les acides aminés à chaîne latérale ramifiée (branched-chain amino acids; BCAA) semblent 

impliqués dans le métabolisme des cellules cancéreuses. 

Les BCAA peuvent participer à la synthèse des protéines, ou être dégradés pour incorporer la synthèse de novo 

des nucléotides, ou des lipides. BCAA, acides aminés à chaîne latérale ramifiée; BCKA, alpha-céto acides à 

chaîne latérale ramifiée; BCAT, branched-chain aminoacid aminotransferase; BC-acyl-CoA, acyl-CoA à chaine 

ramifiée; -KG, alpha-cétoglutarate; Glu, glutamate; Gln, glutamine. 
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1.4. Synthèse des nucléotides 

La voie des pentoses phosphates permet de fabriquer les acides ribonucléiques à partir du 

glucose-6-phosphate (G-6-P), un intermédiaire glycolytique. Le G-6-P est transformé en 

ribose-5-phosphate par l’action séquentielle de plusieurs enzymes, dont la glucose-6-

phosphate déshydrogénase (G6PDH) et la 6-gluconate déshydrogénase (6GPDH). 

Cependant, ces enzymes génèrent aussi du NADPH via leur activité enzymatique (Figure 

2) (Jonas et coll., 1992). De façon similaire à la glutaminolyse, la voie des pentoses 

phosphates permet donc de stimuler la lipogenèse et la réduction du glutathion oxydé 

(GSSG) via la production de NADPH, en plus de favoriser la synthèse des acides 

ribonucléiques (Cosentino et coll., 2011; Benito et coll., 2017; Hong et coll., 2018; Yang et 

coll., 2018). 

En raison de son activité, cette voie est stimulée dans plusieurs types de cancer 

(Deberardinis et coll., 2008b; Riganti et coll., 2012). Par ailleurs, une inhibition de cette voie 

permettrait une diminution de la prolifération tumorale dans les cancers du sein et du 

poumon, notamment (Cho et coll., 2018; Hong et coll., 2018; Yang et coll., 2018). 

Les voies de synthèse des bases puriques et pyrimidiques peuvent également être altérées 

dans le cancer. Puisque la synthèse des purines nécessite l’incorporation d’un atome de 

carbone via le N10-formyltétrahydrofolate, une augmentation de la disponibilité de ce 

métabolite permet de stimuler la formation des bases puriques (Tedeschi et coll., 2013). Or, 

tel que mentionné précédemment, son précurseur le 5, 10-méthylènetétrahydrofolate est 

formé via la conversion de la sérine en glycine, couplant ainsi la synthèse des bases 

puriques au métabolisme des acides aminés. De plus, le cycle du tétrahydrofolate est 

également responsable de la régulation de l’activité de l’enzyme thymidylate synthase, 

nécessaire à la formation des pyrimidines. Cette voie est ciblée par différents médicaments 

antinéoplasiques, tel que le 5-fluorouracil et le méthotrexate, utilisés depuis de nombreuses 

années pour traiter le cancer (Wright et coll., 1951; Heidelberger et coll., 1957).  

Hormis la glycine et la sérine, d’autres acides aminés sont également impliqués dans la 

synthèse des nucléotides. C’est le cas notamment de l’asparagine et de la glutamine, 

fournissant des squelettes de carbone et des groupements amines à la voie de synthèse 

des pyrimidines (Cory et Cory, 2006). Cette voie est également suractivée dans le cancer, 

et la conversion du désoxyuridine monophosphate (dUMP) en désoxythymidine 



 

12 

monophosphate (dTMP) est notamment ciblée afin de traiter le cancer des intestins et du 

côlon (Jackman et coll., 1991). 

1.5. Lipides et lipogenèse 

Les cellules en situation de prolifération ont de grands besoins en lipides, et les cellules 

cancéreuses n’échappent pas à cette réalité (Vander Heiden et coll., 2009; Vander Heiden 

et coll., 2011). Il existe une très grande diversité de molécules lipidiques, ayant toutes des 

fonctions précises. Par exemple, les glycérophospholipides sont les principaux composants 

des membranes des organelles et des cellules. Ceux-ci sont donc synthétisés en grande 

quantité pour soutenir la prolifération dans un contexte tumoral (Medes et coll., 1953; 

Kuhajda et coll., 1994; Santos et Schulze, 2012). Plusieurs enzymes sont impliquées dans 

ce processus, dont l’ATP-citrate lyase (ACLY), l’acétyl-CoA carboxylase (ACC), l’acide gras 

synthase (FASN) et la stéaryl-CoA désaturase (SCD). La formation des acides gras débute 

par une conversion de l’acétyl-CoA en malonyl-CoA par l’ACC, puis la FASN catalyse des 

réactions de condensation nécessitant du NADPH et menant ultimement à la formation de 

palmitate. Ensuite, la SCD peut désaturer ces acides gras, formant des acides gras mono-

insaturés, qui arborent une conformation et des propriétés physicochimiques différentes de 

leurs homologues saturés (Fajardo et coll., 2011; Ajdzanovic et coll., 2013).  

Cette voie peut être stimulée dans le cancer. Par exemple, une surexpression de l’enzyme 

FASN a été détectée dans le cancer du sein et de la prostate (Li et coll., 2000; Swinnen et 

coll., 2000; Menendez et Lupu, 2007; Yoon et coll., 2007; Santos et Schulze, 2012), alors 

que l’enzyme ACLY semble nécessaire à la formation de tumeurs prostatiques in vitro et in 

vivo, puisque son inactivation mène à la régression et à la l’apoptose de ces cellules 

tumorales (Bauer et coll., 2005; Hatzivassiliou et coll., 2005).  

D’autres classes de lipides joueraient également un rôle dans la progression tumorale, dont 

les endocannabinoïdes (Sledzinski et coll., 2018). Ces lipides sont principalement issus de 

la conjugaison de groupements polaires (glycérol, acides aminés, éthanolamine) à des 

acides gras polyinsaturés tel l’acide arachidonique (C20:3n6), un acide gras oméga-6 

obtenu principalement via l’alimentation. Étant des lipides bioactifs, les endocannabinoïdes 

influencent la réponse inflammatoire et le métabolisme des lipides via notamment des 

récepteurs couplés aux protéines G, comme les récepteurs aux cannabinoïdes CB1, CB2, 

GPR55 et GPR119; le récepteur ionotrope sensible aux vanilloïdes TRPV1; et les 

récepteurs activés par les proliférateurs de peroxysomes (PPAR) (Mackie, 2008; Patel et 
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coll., 2010; Pertwee et coll., 2010). Or, plusieurs études ont détecté des variations dans les 

concentrations de ces composés, des enzymes responsables de leur synthèse, et de leurs 

récepteurs dans plusieurs types de cancer (Sledzinski et coll., 2018). Cependant, les 

néoplasies ne répondent pas toutes de la même façon à une activation de cette voie 

(Stephen et coll., 2004; Brown et coll., 2013; Grabner et coll., 2017).  

En plus de son activité intrinsèque, l’acide arachidonique peut aussi être enzymatiquement 

transformé en eicosanoïdes tels que les leucotriènes et les prostanoïdes. Ces lipides 

bioactifs sont des modulateurs de l’inflammation et de la contraction des muscles lisses, 

comme ceux retrouvés dans les vaisseaux sanguins (Pace et coll., 2017; Mitchell et Kirkby, 

2018). Exploitant ces propriétés, plusieurs types cancéreux activent les voies métaboliques 

favorisant les eicosanoïdes possédant des propriétés anti-inflammatoires et pro-

angiogéniques, comme l’acide 20-hydroxyeïcosatétraènoïque (20-HETE) (Figure 7) (Casos 

et coll., 2011; Feng et coll., 2017; Sano et coll., 2018). La formation de ces composés 

implique un nombre important d’enzymes, incluant lipoxygénases et cyclooxygénases, ainsi 

que les cytochromes P450 (CYP). 

 

Figure 7. Métabolisme de l’acide arachidonique vers les différents eïcosanoïdes. 

PLA2, phospholipase A2; EET, acide époxyeïcosatriènoïque; DHET, acide dihydroxyeïcosatriènoïque; HETE, 

acide hydroxyeïcosatétraènoïque; HPETE, acide hydroxyépoxyeïcosatétraènoïque. Tirée de Borin et coll. 

(2017). 
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1.6. Voies métaboliques impliquées dans le contrôle de l’homéostasie de molécules 

endogènes et la défense de l’organisme envers les xénobiotiques 

1.6.1. Les cytochromes P450 

Les CYP sont en mesure de biotransformer une très grande variété de molécules via leur 

activité monooxygénase, peroxydase et peroxygénase (Hrycay et Bandiera, 2015). Parmi 

leurs substrats, nous retrouvons diverses molécules exogènes et endogènes, dont certaines 

pouvant participer à la progression tumorale (Go et coll., 2015; He et Feng, 2015). En effet, 

plusieurs produits métaboliques de ces enzymes sont impliqués dans la régulation des voies 

métaboliques mentionnées plus haut. Par exemple, l’activité des CYP contrôle le 

métabolisme de la vitamine D, impliquée notamment dans la régulation de l’oxydation des 

lipides et du métabolisme énergétique (Jacobs et coll., 2013; Marcotorchino et coll., 2014; 

Ji et coll., 2016; Abu El Maaty et coll., 2017). De façon similaire, les androgènes, dont la 

régulation implique plusieurs enzymes de la famille des CYP, sont en mesure d’activer les 

voies de la glycolyse et du cycle des acides tricarboxyliques des cellules prostatiques 

tumorales (Niwa et coll., 2015; Audet-Walsh et coll., 2017). Grâce à leur très grande diversité 

de substrats, les CYP se retrouvent donc au croisement de nombreuses voies 

métaboliques. Or, les réactions catalysées par les CYP ont aussi pour effet d’augmenter 

l’affinité des molécules biotransformées pour le métabolisme de phase II des médicaments, 

c’est-à-dire les réactions de conjugaison. 

1.6.2. Les voies de conjugaison  

De façon générale, les réactions de conjugaison catalysent l’ajout d’une molécule aux 

groupements fonctionnels d’un substrat et ce, dans le but de l’inactiver et de faciliter son 

excrétion. Plusieurs types de molécules peuvent ainsi être transférées aux substrats, qui 

eux peuvent être de nature endogène ou exogène (Figure 8). De nombreux facteurs 

déterminent des voies empruntées par les substrats, tels que la nature de ceux-ci, les 

groupements fonctionnels qu’ils présentent, ainsi que l’affinité des enzymes et la capacité 

des voies. Par exemple, l’acétaminophène est connu pour emprunter plusieurs de ces voies, 

pouvant être excrété sous forme d’acétaminophène-glucuronide (métabolite majeur) et 

d’acétaminophène-sulfate (métabolite secondaire) (Court et coll., 2017). Parmi les 

métabolites mineurs de l’acétaminophène, on trouve également le N-acétyl-p-benzoquinone 

imine (NAPQI), formé par les CYP et possédant des propriétés hépatotoxiques (Dahlin et 

Nelson, 1982). Cependant, ce métabolite est produit préférentiellement lorsque les 

concentrations d’acétaminophène sont élevées et que les voies de glucuronidation et de 
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sulfatation sont saturées (Court et coll., 2017). Bien que la glutathionation puisse inactiver 

le métabolite NAPQI, de sérieux dommages hépatiques peuvent résulter d’une exposition à 

celui-ci (Ramachandran et Jaeschke, 2017).  

 

Figure 8. Schéma simplifié des différentes voies de conjugaison chez l’humain. 

 

Au niveau endogène, une situation similaire est observée pour les estrogènes. En effet, ces 

molécules sont métabolisées via plusieurs enzymes du métabolisme de conjugaison (SULT, 

COMT, GST, UGT), dont la coopérativité permet de contrôler l’activité biologique de ces 

hormones et de favoriser l’élimination de leurs dérivés quinones, ayant des propriétés 

génotoxiques (Rogan et coll., 2003; Lepine et coll., 2004; Gerstner et coll., 2008; Hui et coll., 

2008; Cavalieri et Rogan, 2016). La prise en charge de ces différents métabolites illustre 

bien la synergie qui existe entre les voies de conjugaison, nécessaire au maintien de 

l’homéostasie cellulaire et métabolique, et en réponse à des stimuli. 

Parmi les voies de conjugaison, la voie de glucuronidation prédomine, étant responsable de 

l’élimination de plus de 55% des médicaments les plus prescrits dans le monde (Guillemette 

et coll., 2014). Puisque cette voie a été le point focal des travaux rapportés dans cette thèse, 

la prochaine section présente l’état des connaissances sur celle-ci. 

Groupe transféré Enzymes impliquées Réaction

Méthyl Méthyltransférases Méthylation

Sulfate Sulfotransférases Sulfatation

Acide aminé (glycine, taurine) Glycine N-acyltransférases Aminoacylation

Acide glucuronique UDP-glucuronosyltransférases Glucuronidation

Glucide (glucose, xylose, etc.) Glycosyltransférases Glycosylation

Acétyl N-acétyltransférases Acétylation

Glutathion Glutathion S-transférases Glutathionation

Métabolite / 

médicament
Conjugaison Élimination



 

16 

2. La voie de glucuronidation médiée par les enzymes UDP-

glucuronosyltransférases 

Il existe quatre sous-familles d’enzymes UDP-glucuronosyltransférases (UGT), basées sur 

la localisation chromosomique et l’homologie de séquence des gènes, soit les UGT1A, 

UGT2, UGT3 et UGT8. Relativement peu d’informations sont connues à propos des sous-

familles UGT3 et UGT8, identifiées plus récemment et qui participeraient plutôt à la 

glycosylation en utilisant d’autres sucres que l’acide glucuronique (Bosio et coll., 1996; 

Mackenzie et coll., 2008; Meech et coll., 2015). Les enzymes issues des sous-familles 

UGT1A et UGT2B catalysent quant à elles la majeure partie de l’activité de glucuronidation 

intracellulaire en utilisant l’acide glucuronique (UDP-GlcA) comme co-substrat. 

Les enzymes UGT sont des protéines transmembranaires du réticulum endoplasmique (RE) 

dont la majeure partie de la protéine est située dans la lumière du RE (Figure 9) 

(Radominska-Pandya et coll., 1999; Rowland et coll., 2013). Celles-ci conjuguent plusieurs 

médicaments de toutes classes, des composés exogènes toxiques et de nombreuses 

molécules endogènes (Tableau 1). Ainsi, ces enzymes hautement versatiles jouent un rôle 

déterminant dans l’inactivation et dans l’élimination de nombreux métabolites par la bile et 

l’urine (Guillemette et coll., 2014; Bock, 2015). 
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Figure 9. La réaction de glucuronidation par les UDP-glucuronosyltransférases (UGT).  

A) Les UGT sont des protéines transmembranaires localisées au réticulum endoplasmique. B) La réaction de 

glucuronidation requiert une attaque nucléophile initiée par le substrat, permettant au groupement sucre de se 

lier à ce dernier, tandis que l’UDP est expulsé. C) Groupements chimiques pouvant initier la réaction de 

glucuronidation par les UGT. Reproduit avec la permission du Copyright Clearance Center, Inc. pour John Wiley 

and Sons CLINICAL PHARMACOLOGY & THERAPEUTICS © (Guillemette et coll., 2014). 
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Tableau 1. Exemples de substrats endogènes et exogènes d’enzymes UGT humaines. 

UGTs Substrats exogènes Substrats endogènes 

1A1 
SN-38, simvastatine, étoposide, ézétimibe, 
éthinylestradiol, atorvastatine, codéine 

bilirubine, estrogènes, catéchols estrogènes, 
thyroxine, acide arachidonique, PGB1 

1A3 
atorvastatine, simvastatine, ézétimibe, telmisartan, 
vorinostat 

estrogènes, catéchols estrogènes, acide 
chénodésoxycholique, thyroxine 

1A4 
tamoxifène, lamotrigine, olanzapine, amitriptyline, 
midazolam, tacrolimus, trifluoperazine 

androgènes  

1A5† 1-hydroxypyrène inconnu 

1A6 Défériprone, acétaminophène sérotonine, 5-hydroxytryptophol 

1A7† SN-38, coumarine, thymol, vorinostat inconnu 

1A8† acide mycophénolique, vorinostat estrogènes, catéchols estrogènes 

1A9 
SN-38, acétaminophène, flavopiridol, propofol, 
entacapone, R-oxazepam, acide mycophénolique, 
édaravone, sorafénib, tolcapone, vorinostat 

catéchols estrogènes, thyroxine, acide 
arachidonique, 20-HETE, 15-HETE 

1A10† SN-38, apigenin, vorinostat estrogènes, catéchols estrogènes, dopamine 

2B4 
acétaminophène, défériprone, fénofibrate, 
carvedilol 

catéchols estrogènes, acides biliaires 

2B7 
zidovudine, épirubicin, fénofibrate, morphine, 
codéine, AINS, acide mycophénolique, 
chloramphénicol, éfavirenz, naproxène, naloxone 

androgènes, estrogènes, catéchols 
estrogènes, acide tout-trans-rétinoïque, acide 
arachidonique, 20-HETE, 15-HETE, PGB1, 
PGE2 

2B10 diphénhydramine, olanzapine, lévomédétomidine 12-HETE, 15-HETE 

2B11 Inconnu 12-HETE, 15-HETE 

2B15 
tamoxifène, S-oxazépam, lorazépam, dabigatran, 
R-méthadone, tolcapone 

androgènes 

2B17 vorinostat androgènes 

2B28 inconnu androgènes / estrogènes 

†Isoenzymes exprimées exclusivement à l’extérieur du foie. La liste des substrats est non exhaustive. Les termes 

« acides biliaires », « androgènes », « estrogènes » et « catéchols estrogènes » ont été utilisés pour alléger le 

tableau, bien qu’il existe une spécificité et une régiosélectivité pour chacun de ces substrats. PGB1, 

prostaglandine B1; PGE2, prostaglandine E2; 5-HETE, acide 5-hydroxyeïcosatétraènoïque; 12-HETE, acide 12-

hydroxyeïcosatétraènoïque. Adapté de Guillemette et coll. (2014) et de Bock (2015). 

Les UGT nécessitent la présence d’un substrat et d’un co-substrat. Le co-substrat est l’UDP-

GlcA, qui est ubiquitaire dans les tissus humains. Le mécanisme réactionnel postulé est de 

type SN2 et fait appel à une base catalytique capable d'activer l'accepteur par déprotonation. 

Il s'ensuit une attaque nucléophile sur le carbone 1 de l’acide glucuronique, conduisant à la 
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formation d’un -D-glucuronide hydrosoluble avec inversion de configuration et libération 

d'UDP, facilitée par la présence d'un cation magnésium (Figure 9). L’UDP relargué peut 

être recyclé pour former une nouvelle molécule d’UDP-GlcA, alors que l’acide glucuronique 

est couplé au groupement réactif de la molécule non-polaire, formant ainsi un métabolite 

glucuronide. Cette réaction mène principalement à la formation de O-glucuronides (O-G), 

par le biais d’un lien éther ou ester, selon le groupement d’attache de type phényle ou 

carbonyle, respectivement. Malgré la prépondérance des O-G, l’attaque nucléophile peut 

également se produire à partir d’autres groupements actifs, menant à la glucuronidation d’un 

groupement de souffre (S-G), d’azote (N-G) ou de carbone (C-G) (Figure 9) (Burchell et 

Coughtrie, 1989). La conjugaison du groupement sucre permet d’augmenter la solubilité du 

composé lipophile en phase aqueuse et crée également un encombrement stérique qui rend 

généralement la molécule moins toxique et moins active, empêchant ainsi sa liaison aux 

récepteurs et autres effecteurs. 

Il existe cependant quelques rares exceptions pour lesquelles le substrat des UGT n’est pas 

inactivé. Par exemple, la morphine peut être conjuguée à l’acide glucuronique sur deux 

positions, menant à la formation de morphine-6-G ou de morphine-3-G. Or, la morphine-6-

G a un potentiel pharmacologique supérieur à celui du composé mère, affichant une activité 

analgésique près de 20 fois supérieure dans des essais in vitro, et un potentiel nociceptif 

prolongé dans des essais in vivo chez la souris et l’humain (Frances et coll., 1992; van Dorp 

et coll., 2008). De façon similaire, le glucuronide de l’acide tout-trans rétinoïque, un 

métabolite endogène de la vitamine A, demeure actif malgré la glucuronidation (Sidell et 

coll., 2000; Barua et Sidell, 2004). Bien que ce phénomène soit plutôt rare, il existe ainsi 

une possibilité que le substrat métabolisé possède un potentiel d’activité biologique ou 

pharmacologique. 

2.1. Régulation de l’expression et de l’activité des UGT 

Les membres de la sous-famille UGT1A comptent pour près de la moitié des 19 enzymes 

UGT humaines et sont tous issus du gène UGT1 localisé au chromosome 2q37.1 (Figure 

10) (Guillemette et coll., 2010). Celui-ci code pour neuf enzymes, soit les UGT1A1, 1A3, 

1A4, 1A5, 1A6, 1A7, 1A8, 1A9 et 1A10 (Gong et coll., 2001). Ainsi, il existe une grande 

diversité d’enzymes UGT1A, rendue possible par la complexité des évènements d’épissage 

se produisant dans ce gène. Celui-ci présente neuf exons 1 alternatifs partageant une 

homologie de séquence entre 54 et 94%, et possédant chacun un promoteur unique 
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responsable de l’expression différentielle des isoenzymes UGT1A. Une fois transcrit, 

l’épissage du pré-ARN messager permet à l’un des exons 1 d’être couplé aux 4 exons 

communs (2-5a) (Ritter et coll., 1992; Gong et coll., 2001). Le premier exon code pour la 

région N-terminale de la protéine, impliquée dans la reconnaissance du substrat et qui est 

très variable entre les isoenzymes. C’est donc à cette diversité des exons 1 qu’est due la 

vaste gamme de substrats et des diverses structures chimiques prises en charge par les 

enzymes UGT1A. Quant à eux, les exons 2 à 5, communs à toutes les enzymes UGT1A, 

codent pour le domaine de liaison au co-substrat et le domaine transmembranaire, ainsi que 

le motif dilysine (KKXX ou KXKXX), impliqué dans la localisation cellulaire des enzymes 

vers le RE après modification post-traductionnelle dans l’appareil de Golgi (Teasdale et 

Jackson, 1996; Meech et Mackenzie, 1998). Les exons communs codent également pour 

un domaine appelé microrégion d’ancrage à la membrane, qui interviendrait aussi dans la 

localisation de la protéine au RE, de même que pour une séquence signature commune à 

toutes les protéines glycosyltransférases (Figure 10) (Ciotti et coll., 1998). 

Les membres de la sous-famille UGT2B comprennent les enzymes UGT2B4, 2B7, 2B10, 

2B11, 2B15, 2B17 et 2B28. La structure de leurs gènes est différente de celles des UGT1 : 

les gènes, regroupés sur le chromosome 4q13, sont regroupés sous forme de clusters de 

gènes et sont issus de la duplication génique. Chaque gène code ainsi pour une isoenzyme 

différente, bien que démontrant une forte homologie de séquence, affichant jusqu’à 97% 

d’homologie entre certaines enzymes UGT2B (Nair et coll., 2015; Tourancheau et coll., 

2016). Les gènes codant pour les UGT2B sont formés de 6 exons, dont la répartition des 

domaines protéiques reste similaire à celle des UGT1A (Figure 10).  



 

21 

 

Figure 10. Structure des gènes UGT.  

Les UGT1A sont toutes issues du même gène, codant pour neuf exons 1 mutuellement exclusifs et les exons 

2-5 communs. Un événement d’épissage commun a aussi été identifié dans la partie 3’ du gène, menant à la 

formation d’isoformes tronquées, utilisant l’exon 5b et nommées isoformes 2 ou i2. Les UGT2B sont issues de 

gènes distincts, issus de la duplication génique. Reproduit avec la permission du Copyright Clearance Center, 

Inc. pour John Wiley and Sons CLINICAL PHARMACOLOGY & THERAPEUTICS © (Guillemette et coll., 

2014). 

Bien qu’il existe un chevauchement de substrats, les enzymes UGT présentent une certaine 

spécificité et parfois même une régio-sélectivité (Burchell et coll., 1995; Tripathi et coll., 

2013). Par exemple, la bilirubine est exclusivement métabolisée par l’enzyme UGT1A1, 

tandis que l’acétaminophène est glucuronidée au foie par les enzymes UGT1A1, 1A6, 1A9 

et 2B4, quoique de façon prédominante par UGT1A6, ayant une affinité supérieure (Nagar 

et Remmel, 2006; Tripathi et coll., 2013). Par ailleurs, l’UGT2B7 catalyse préférentiellement 

la glucuronidation de l’estradiol en position 17 (estradiol-17-G), tandis que les autres 

isoenzymes, particulièrement celles de la famille UGT1A, catalysent plutôt l’ajout du sucre 

en position 3 (estradiol-3-G) (Lepine et coll., 2004). Le profil d’expression de ces enzymes 

diffère selon les tissus, et leur localisation est parfois spécifique aux types cellulaires, 
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comme c’est le cas dans les cellules luminales et basales de la prostate, qui n’offrent pas le 

même patron d’expression des enzymes UGT2B15 et 2B17 (Chouinard et coll., 2004).  

Les enzymes UGT sont fortement exprimées au foie et au tractus gastro-intestinal, qui 

constituent la première ligne de défense contre les molécules exogènes potentiellement 

toxiques, alors que certaines isoenzymes affichent une expression exclusivement 

extrahépatique, comme c’est le cas d’UGT1A7, 1A8 et 1A10 (Nakamura et coll., 2008; 

Izukawa et coll., 2009). Les UGT sont aussi exprimées dans de nombreux autres organes, 

dont le rein, le cerveau, les voies aérodigestives, le tissu adipeux, et la peau, ainsi que dans 

plusieurs tissus hormono-dépendants, tels que prostate, testicule, ovaire, utérus et sein 

(Tchernof et coll., 1999; Luu-The et coll., 2007; Nakamura et coll., 2008; Ohno et Nakajin, 

2009; Lepine et coll., 2010; Menard et coll., 2013b).  

Tableau 2. Récepteurs et facteurs de transcription impliqués dans la régulation transcriptionnelle des 

UGT, ainsi que leurs ligands. 

Récepteurs Ligands UGT ciblés 

ER 17-estradiol, tamoxifène 1A4, 2B15, 2B17 

AR testostérone, dihydrotestostérone, R1881, flutamide 1A1, 1A3, 2B10, 2B11, 2B15, 
2B17, 2B28 

GR cortisone, dexaméthasone 1A1 

AhR 3-méthylcholanthrène, benzo[]pyrène, bilirubine, TCCD, 12-
HETE 

1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 
1A10, 2B4 

CAR TCPOBOP, 3,5-androsténol, 3,5-androstanol, 
artémisinine 

1A1, 2B7 

FXR acide chénodésoxycholique, acide cholique, acide 
désoxycholique, Z-guggulstérone 

1A3, 2B4, 2B7 

LXR 24(S)-hydroxycholestérol, 24(S),25-époxycholestérol 1A3 

Nrf2 bilirubine, -naphthoflavone,  
tert-butylhydroquinone, oltipraz 

1A1, 1A6, 1A7, 1A8, 1A10, 2B7 

PPAR clofibrate, gemfibrozil, bézafibrate, GW7647, 20-HETE, 
11,12-EET 

1A3, 1A6, 1A9, 2B4 

PPAR ciglitazone, troglitazone, 15-désoxy-D12,14-prostaglandine 
J2, GW9662 

1A9 

PXR rifampicine, acide litocholique, hyperforine 1A1 

VDR 25-hydroxyvitamine D3, 1,25-dihydroxyvitamine D3 2B15, 2B17 

ER, récepteur aux estrogènes; AR, récepteur aux androgènes; GR, récepteur aux glucocorticoïdes; AhR, 
récepteur aux hydrocarbures aromatiques; CAR, récepteur constitutif aux androstanes; FXR, récepteur au 
farnésoïde X; LXR, récepteurs des oxystérols, Nrf2, facteur nucléaire 2; PPAR, récepteur activé par les 
proliférateurs du peroxysome; PXR, récepteur au prégnane X; VDR, récepteur de la vitamine D; EET, acide 
époxyeïcosatriènoïque; HETE, acide hydroxyeïcosatétraènoïque; TCDD, 2,3,7,8-tétrachlorodibenzo-p-dioxine; 
TCPOBOP, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzène. Tiré de Hu et coll. (2014). 
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Plusieurs éléments de régulation génique ont été identifiés pour les UGT1A et UGT2B et 

impliquent notamment des récepteurs nucléaires ou biosenseurs métaboliques, tels que le 

récepteur aux estrogènes ER, le récepteur aux androgènes AR, le récepteur constitutif aux 

androstanes CAR, le récepteur au prégnane X PXR, le facteur nucléaire Nrf2, le récepteur 

aux hydrocarbures aromatiques AhR et les récepteurs activés par les proliférateurs de 

peroxysomes PPAR (Tableau 2) (Hu et coll., 2014; Riches et Collier, 2015). Ainsi, la 

stimulation de ces récepteurs nucléaires mène à une modification de l’expression des UGT. 

Par exemple, il a été démontré que la stimulation des récepteurs PXR, AhR et CAR tend à 

faire augmenter l’expression d’UGT1A1 (Sugatani et coll., 2005; Liu et coll., 2014a; 

Moscovitz et coll., 2018). De plus, cette enzyme est également responsable de l’inactivation 

des ligands endogènes de ces récepteurs, tel que la bilirubine. On assiste donc à une boucle 

de rétroaction entre les niveaux des composés modifiant l’expression, et donc l’activité des 

UGT, puisque l’activité UGT est déterminante pour la concentration des substrats. Ce 

phénomène est important dans le cas d’autres substrats endogènes, puisqu’il permet de 

maintenir l’homéostasie cellulaire et systémique (Bock, 2012; 2015). 

2.1.1. Variabilité de la voie de glucuronidation et impact clinique  

Il existe une très grande variabilité interindividuelle dans l’expression et l’activité des UGT 

dans la population saine et en présence de néoplasie par exemple (Guillemette et coll., 

2014; Stingl et coll., 2014). Puisque les enzymes UGT sont d’une importance cruciale dans 

le métabolisme de nombreux composés, ces variations peuvent modifier la réponse à 

certains médicaments (Iyer et coll., 1998; Court et coll., 2001; Ando et coll., 2002; Iyer et 

coll., 2002), la susceptibilité à certaines maladies, ainsi que leur évolution. Puisque les UGT 

sont impliquées dans l’élimination d’une vaste gamme de composés endogènes et 

exogènes, plusieurs groupes se sont intéressés au rôle fonctionnel de la voie UGT dans un 

contexte néoplasique. En effet, l’étiologie de certains cancers est associée à l’exposition à 

certaines molécules étant des substrats des UGT, telles que les hormones sexuelles 

stéroïdiennes, des contaminants environnementaux et des toxines issues de l’exposition 

professionnelle. Ainsi, parmi les maladies associées à une altération de la voie UGT, nous 

retrouvons des cancers hormono-dépendants : prostate, sein et utérus; ainsi que des 

cancers reliés à l’exposition à des composés toxiques, tels ceux du côlon, des voies 

aérodigestives, de la vessie et des poumons (Evans et Relling, 1999; Liston et coll., 2001; 

Guillemette, 2003; Nagar et Remmel, 2006; McGrath et coll., 2009; Pacheco et coll., 2009; 

Wang et coll., 2013a). Par exemple, dans le cas des cancers du côlon et du foie, il est connu 
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que divers composés ingérés par le biais de l’alimentation peuvent être la source de 

mutations génétiques carcinogènes, dont le PhIP (2-amino-1-méthyl-6-phénylimidazo[4,5-

f]pyridine), une amine hétérocyclique formant des adduits à l’ADN et inactivée par les 

enzymes UGT1A (Nagao et coll., 1996; Ferrucci et coll., 2012; Miller et coll., 2013). Ainsi, 

une plus faible activité de glucuronidation causée par la présence de variations génétiques 

délétères, ou autres causes modifiant leur expression, pourrait entraîner une exposition 

accue à ces composés sur une longue période, résultant potentiellement à l’accumulation 

de dommages à l’ADN dus à la présence d’adduits (Reeves et coll., 2011; Jamin et coll., 

2013).  

En lien avec la variabilité interindividuelle de l’activité de glucuronidation, plusieurs 

polymorphismes génétiques ont été identifiés et expliquent une fraction de cette variabilité. 

Certains ont un impact sur l’expression ou l’activité de glucuronidation, tel le polymorphisme 

du promoteur d’UGT1A1, l’allèle UGT1A1*28 (caractérisé par 7 répétitions TA au lieu de 6 

pour l’allèle *1). Celui-ci, situé dans la boîte TATA de la région promotrice d’UGT1A1, 

entraîne une transcription moins efficace, une réduction de la quantité d’enzyme UGT1A1 

au foie d’environ 50 % et une diminution de l’activité UGT1A1 hépatique de 30 à 50% 

(Bosma et coll., 1995; Guillemette et coll., 2000; Girard et coll., 2005). La présence de ce 

polymorphisme est ainsi associée à une augmentation du risque de développer un cancer 

colorectal, en interaction avec la consommation de viandes rouges, ainsi que du risque de 

développer un cancer du sein et de l’endomètre (Guillemette et coll., 2000; McGrath et coll., 

2009; Jiraskova et coll., 2012). Ce variant génétique est également associé à une 

hyperbilirubinémie asymptomatique ou syndrome de Gilbert, causée par une diminution de 

la conjugaison de la bilirubine exclusivement pris en charge par l’enzyme UGT1A1 (Skierka 

et coll., 2013; Sticova et Jirsa, 2013; Travan et coll., 2014). Aussi, des individus porteurs de 

polymorphismes délétères à l’expression des UGT sont plus à risque de développer des 

toxicités reliées à l’utilisation de certains médicaments. Cela a notamment été observé pour 

l’agent anticancéreux irinotécan, utilisé dans les cas de cancers colorectaux métastatiques 

et autres tumeurs solides ou hématologiques, et dont une diminution de la capacité de 

conjugaison au foie par l’enzyme UGT1A1 cause une exposition accrue à ce métabolite 

toxique, entrainant une myélosuppression (neutropénies de grade 3-4) (Gagne et coll., 

2002; Gao et coll., 2013; Levesque et coll., 2013; Liu et coll., 2014b; Chen et coll., 2015a).  

D’autres facteurs pouvant contribuer à la variabilité interindividuelle de la voie de 

glucuronidation ont été identifiés, dont des processus épigénétiques. Par exemple, le statut 
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de méthylation des gènes UGT est connu pour affecter leur expression (Gagnon et coll., 

2006; Belanger et coll., 2010; Oda et coll., 2014; Schioth et coll., 2016; Oeser et coll., 2018). 

Des études récentes font également état d’une régulation des enzymes UGT2B15 et 2B17 

par des microARN, un processus qui serait associé à la progression du cancer de la prostate 

(Wijayakumara et coll., 2015; Margaillan et coll., 2016). La phosphorylation des enzymes 

UGT a également été identifiée comme nécessaire à l’activité glucuronosyltransférase, 

notamment pour les enzymes UGT1A1, 1A3, 1A6, 2B7 et 2B15 (Basu et coll., 2003; Basu 

et coll., 2005; Basu et coll., 2008; Mitra et coll., 2009; Chakraborty et coll., 2012; Riches et 

Collier, 2015; Xiao et coll., 2015). 

Des travaux récents soutiennent également que les UGT pourraient jouer un rôle dans la 

résistance au traitement, notamment dans le cas des agents anticancéreux ribavarine, 

cytarabine et fludarabine (Gruber et coll., 2013; Zahreddine et coll., 2014). De plus, la 

littérature soutient que les niveaux d’expression des UGT sont altérés en présence de 

néoplasie, soulevant la possibilité d’une implication de ces protéines dans les modifications 

métaboliques survenant au niveau tumoral (Giuliani et coll., 2005; Lepine et coll., 2010; 

Bellemare et coll., 2011; Cengiz et coll., 2015; Lu et coll., 2015; Margaillan et coll., 2015a; 

Margaillan et coll., 2016; Yang et coll., 2017). En ce sens, une association entre les niveaux 

d’expression des UGT et la progression tumorale a été observée, notamment dans le cancer 

de la prostate et en leucémie lymphoïde chronique (Gruber et coll., 2013; Belledant et coll., 

2016; Bhoi et coll., 2016; Li et coll., 2016). Dans les deux cas, l’expression des UGT est 

augmentée et associée à un mauvais pronostic, en absence de traitement 

pharmacologique, soulevant le fait que la surexpression de cette voie enzymatique pourrait 

favoriser la progression tumorale via la perturbation de métabolites oncogéniques. 

Cependant, les mécanismes moléculaires précis sont pour le moment peu connus. 

La variabilité de cette voie métabolique entraine donc des conséquences pathologiques et 

pharmacologiques notables, puisque tout processus influençant la capacité de 

glucuronidation d’un individu a le potentiel d’influencer l’exposition à de nombreuses 

molécules, incluant des molécules endogènes, et d’en moduler les effets sur l’organisme. 

Ces processus incluent non seulement la variabilité génétique, le sexe (Gallagher et coll., 

2010),  l’âge (particulièrement les nouveau-nés) (Miyagi et Collier, 2007; Knibbe et coll., 

2009; Zuppa et coll., 2011; Smits et coll., 2013) et les interactions médicamenteuses (Kiang 

et coll., 2005; Uchaipichat et coll., 2013), mais également les processus d’épissage 

alternatif, qui peuvent mener à une modification de la quantité d’enzymes actives produite 
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ou encore à la production de variants alternatifs possédant de nouvelles propriétés 

biologiques. Parmi ces propriétés, le laboratoire a été le premier à rapporter la capacité 

d’isoformes UGT issues de l’épissage alternatif à moduler négativement l’activité de 

l’enzyme canonique, notamment via des interactions protéines-protéines (section suivante). 

2.1.2. Nouveaux évènements d’épissage et interactions protéine-protéine 

L’épissage alternatif est un déterminant majeur de l’expression génique, puisqu’il permet 

d’une part de produire une grande diversité de protéines fonctionnellement distinctes à partir 

d’un nombre restreint de gènes, et d’autre part d’influencer les niveaux d’expression des 

différentes isoformes produites en respectant une spécificité tissulaire propre à chacune 

(Pineda et Bradley, 2018). Les conséquences de l’épissage alternatif sur les différents 

ARNm produits sont variées, parfois subtiles et indétectables, alors qu’à l’inverse, elles 

peuvent mener à une perte de fonction complète, à une localisation subcellulaire différente 

et à la production de nouvelles protéines ayant des fonctions biologiques distinctes des 

protéines natives (Caridi et coll., 2014; Haeusgen et coll., 2014; Tan et coll., 2014). 

Notre laboratoire a découvert un nouvel exon du gène UGT1 – identifié exon 5b en contraste 

avec l’exon 5 connu, renommé 5a – dans la région 3’ du gène et impliqué dans un nouvel 

évènement d’épissage. L’utilisation de ce nouvel exon entraîne la formation de 18 nouveaux 

transcrits nommés v2 (exon 5b) et v3 (exons 5b-5a), possédant le même cadre de lecture 

et produisant 9 nouvelles protéines UGT1A de 45 kDa, nommées isoformes 2 ou i2 (Figure 

9). Le domaine transmembranaire en C-terminal, normalement codé par l’exon 5a, est 

absent et remplacé par une séquence de 10 acides aminés (RKKQQSGRQM) codée par 

l’exon 5b. Les protéines i2 partagent la même extrémité amino-terminale que les isoformes 

i1, qui comprend un peptide signal, de même que des sites de liaison au substrat et au co-

substrat. De plus, contrairement aux enzymes i1, les protéines alternatives i2 semblent 

partiellement localisée au cytoplasme en plus de leur présence au RE, probablement en 

raison de la délétion d’une partie du domaine transmembranaire permettant leur rétention 

au RE (Girard et coll., 2007; Levesque et coll., 2007). 

Du point de vue enzymatique, les protéines i2 sont dépourvues d’activité transférase en 

présence d’UDP-GlcA en essai in vitro  (Girard et coll., 2007; Levesque et coll., 2007). Les 

isoformes i2 sont détectées dans plusieurs tissus, dont le côlon, le foie, l’intestin, 

l’œsophage et le rein (Girard et coll., 2007; Bellemare et coll., 2011). En fait, les isoformes 

i2 sont co-exprimées dans les mêmes tissus et structures tissulaires que les enzymes i1 
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mais se retrouvent parfois seules à y être exprimées. Par exemple, l’UGT1A1_i2 est 

présente au rein alors que l’enzyme UGT1A1 y est absente (Levesque et coll., 2007). 

Lorsque les protéines i2 et les enzymes i1 sont co-exprimées dans les cellules eucaryotes, 

l’activité UGT est diminuée de l’ordre de 15 à 79%, dépendamment de l’enzyme et du 

substrat testés. Ces données suggèrent que les protéines i2 agissent comme modulateurs 

négatifs de l’activité de glucuronidation et ce, par interactions protéine-protéine au RE, 

menant à la production de complexes i1-i2 inactifs (Bellemare et coll., 2010a; Bellemare et 

coll., 2010b; Rouleau et coll., 2013a; Rouleau et coll., 2013b). Cette observation est en lien 

avec les travaux précédents de la littérature indiquant que les UGT ont la capacité d’interagir 

entre elles, modifiant ainsi l’activité, la régio-sélectivité ou même la spécificité des enzymes 

impliquées in vitro (Operana et Tukey, 2007; Finel et Kurkela, 2008; Ishii et coll., 2010b). 

D’ailleurs, la répression de l’expression endogène des formes i2 par interférence à l’ARN 

dans un modèle cellulaire de côlon (HT115) supporte cette notion : l’activité UGT1A est 

augmentée de façon significative à la suite d’une déplétion partielle (50%) de l’ensemble de 

protéines i2, que ce soit par répression transitoire des i2 par siRNA (Bellemare et coll., 

2010c) ou de façon stable en utilisant un shRNA ciblant l’exon 5b (Rouleau et coll., 2014). 

Ces données supportent le rôle des protéines alternatives i2 dans la modulation de l’activité 

de glucuronidation effectuée par les enzymes UGT1A.  

Des évènements d’épissage entraînant une troncation en C-terminal ont également été 

identifiés pour le gène UGT2B7 (Menard et coll., 2013a). De façon similaire aux protéines 

UGT1A_i2, ces évènements d’épissage mènent aussi à une répression de l’activité des 

enzymes UGT2B7_i1, soutenant la capacité des protéines alternatives UGT à réguler 

l’activité des enzymes canoniques via des interactions protéine-protéine. Or, des travaux 

récents du laboratoire, utilisant l’enrichissement des ARN UGT et le séquençage à haut 

débit, ont identifié de nouveaux événements d’épissage des UGT (Tourancheau et coll., 

2016). Les séquences des transcrits identifiées coderaient pour des protéines affichant des 

troncations en N- ou C-terminal, incorporant des exons supplémentaires, ou encore sautant 

des exons ou des parties de ceux-ci. Ces modifications dans les domaines protéiques des 

UGT pourraient conférer de nouvelles propriétés aux protéines alternatives, dont les 

répercussions sur le métabolisme cellulaire sont encore inconnues. Parmi les objectifs de 

la thèse, je me suis penché sur certains de ces variants alternatifs. 
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3. Hypothèses de recherche et objectifs  

Les UGT font partie des mécanismes permettant de réguler la biodisponibilité et l’action de 

nombreux métabolites cellulaires. Ces mêmes voies sont impliquées dans les mécanismes 

de défense contre les composés d’origine exogène, c’est-à-dire la biotransformation des 

xénobiotiques, incluant les médicaments. Il est également reconnu que plusieurs substrats 

des enzymes UGT, telles les hormones thyroïdiennes et stéroïdiennes, entraînent une 

modification de l’expression de nombreux gènes via l’activation de récepteurs nucléaires et 

autres voies de signalisation, ou encore affectent les mécanismes d’épissage alternatif 

(Satoh et coll., 2014; Dago et coll., 2015). Or, la voie des UGT elle-même, ainsi que 

plusieurs autres voies métaboliques, sont régulées par les récepteurs nucléaires et autres 

voies de signalisation, établissant des boucles de rétroaction (Anderson et coll., 2012; Bhat-

Nakshatri et coll., 2013; Hu et coll., 2014). Par exemple, Maglich et coll. (2004) ont montré 

que chez la souris, l’activation de CAR par une restriction calorique ou des activateurs 

pharmacologiques entrainait une augmentation de l’expression des enzymes ugt1a1, 

sult1a1 et sult2a1, causant une diminution des niveaux d’hormones thyroïdiennes 

circulantes, alors que des spécimens CAR double délétant (CAR-/-) conservaient des 

niveaux faibles de ces enzymes et des concentrations élevées d’hormones thyroïdiennes. 

Or, la perte de poids de ces souris CAR-/- suite à une restriction calorique était deux fois plus 

importante que celle des souris contrôles non délétées en raison des niveaux élevés 

d’hormones thyroïdiennes. Ce phénomène est d’autant plus intéressant considérant que les 

hormones thyroïdiennes régulent positivement l’expression de CAR (Bing et coll., 2014). 

Ces boucles de régulation soulèvent ainsi la possibilité que la perturbation de la voie des 

UGT puisse avoir de conséquences plus étendues que celles de contrôler les 

concentrations intracellulaires des substrats de ces enzymes. Une première hypothèse de 

recherche stipule que la modulation de l’expression des UGT mènerait à des perturbations 

métaboliques au-delà des substrats de ces enzymes. 

Le métabolisme cellulaire est également modifié de façon importante par diverses 

conditions pathologiques telles que le cancer, une condition impliquant un remodelage 

important des programmes d’expression et d’épissage des gènes et ayant une influence 

importante sur les concentrations cellulaires d’une multitude de métabolites (Chen et Weiss, 

2015). Par exemple, ces modifications métaboliques entrainent souvent un avantage 

prolifératif pour les cellules cancéreuses, permettant une synthèse accrue de constituants 

cellulaires (discuté en introduction) (Oltean et Bates, 2014; de Alteriis et coll., 2018). À ce 
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jour, peu d’études se sont intéressées à l’implication potentielle de la voie des UGT dans la 

progression tumorale, bien que leur rôle dans le métabolisme de plusieurs traitements 

anticancéreux et d’oncométabolites ait été démontré par différents groupes (Lien et coll., 

1989; Innocenti et coll., 2001; Wen et coll., 2007; Balliet et coll., 2009; Peer et coll., 2012; 

Wang et coll., 2013b). Plusieurs évidences, dont certaines issues des travaux précédents 

du laboratoire, suggèrent que la voie des UGT est perturbée soit à la hausse ou à la baisse 

dans plusieurs types de cancer et ce, en fonction du type histologique et du stade d’évolution 

de la maladie (Giuliani et coll., 2005; Lepine et coll., 2010; Bellemare et coll., 2011; Nadeau 

et coll., 2011; Gruber et coll., 2013; Lu et coll., 2015; Margaillan et coll., 2015a; Belledant et 

coll., 2016; Tourancheau et coll., 2016; Yang et coll., 2017), ainsi que suite au traitement 

pharmacologique (Gruber et coll., 2013; Zahreddine et coll., 2014).  

De par leur rôle clé dans le maintien de l’homéostasie cellulaire, et suite à divers stimuli, il 

est possible que des changements dans l’expression des UGT entrainent des modifications 

métaboliques en faveur (ou défaveur) de la progression tumorale et de la résistance aux 

agents anticancéreux. Ces métabolites pourraient être des substrats des UGT, mais ceux-

ci pourraient également être issus d’autres voies métaboliques. Cette notion est soutenue 

par les travaux précédents du laboratoire indiquant un rôle de perturbateur métabolique pour 

certaines protéines alternatives dérivées des gènes UGT humains, qui semblent interagir 

non seulement avec les enzymes UGT pour en moduler l’activité, mais également avec des 

protéines d’autres voies métaboliques. En effet, une première étude montre que les 

isoformes alternatives du gène UGT1A, les protéines UGT1A_i2, modulent l’activité de la 

voie de défense contre les espèces oxygénées réactives (ROS) en interagissant avec 

l’enzyme catalase (Rouleau et coll., 2014). Cette capacité des UGT à interagir via des 

interactions protéine-protéine est soutenue par quelques observations d’autres groupes 

démontrant que les enzymes UGT interagissent avec d’autres enzymes de la 

biotransformation des xénobiotiques, telles que les CYP, entraînant une modification de 

l’activité de ces partenaires in vitro (Taura et coll., 2000; Fremont et coll., 2005; Ishii et coll., 

2007; Fujiwara et Itoh, 2014; Ishii et coll., 2014; Nakamura et coll., 2016). Ces notions 

appuient la première hypothèse et en soulèvent une seconde, stipulant que les enzymes et 

les protéines alternatives UGT puissent faire partie de réseaux d’interactions protéiques, 

possiblement distincts en partie l’un de l’autre, entrainant des modifications significatives du 

métabolisme cellulaire dans certains contextes. D’ailleurs, les travaux du laboratoire 

montrent que les variants alternatifs possèdent des structures protéiques différentes : 
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certains variants ont des domaines protéiques tronqués, alors que d’autres présentent de 

nouvelles séquences peptidiques tout en conservant les principaux domaines 

caractéristiques d’une enzyme UGT (Tourancheau et coll., 2016). Ces différences 

pourraient permettre une localisation cellulaire distincte et un réseau d’interaction divergent, 

entrainant des conséquences métaboliques propres à chacune des protéines UGT. D’autre 

part, ces changements du métabolisme sont susceptibles d’entraîner des modifications 

phénotypiques au niveau cellulaire, notamment dans un contexte tumoral et possiblement 

dans la physiologie normale de la cellule. Cette troisième hypothèse a également constitué 

l’objet de nos travaux.  

En lien avec ces hypothèses, nos objectifs étaient :  

1) Étudier les changements métaboliques associés à une modification de la voie des UGT, 

incluant des enzymes parmi les plus caractérisées et abondantes, ainsi que de nouvelles 

protéines alternatives, dont le rôle est moins bien connu;  

2) Établir le réseau d’interaction protéique, ou l’interactome, des protéines UGT;  

3) Caractériser les effets potentiels d’une modification de l’expression des UGT sur le 

phénotype cellulaire, au-delà de la perturbation de l’activité de glucuronidation. 

4. Méthodologie et importance des articles dans la démarche 

scientifique 

L’étude approfondie du métabolisme global, ou métabolome, est rendue possible par 

l’émergence d’outils de métabolomique, qui permettent la quantification simultanée d’une 

grande quantité de métabolites. Bien entendu, les différentes approches et méthodes pour 

l’étude des métabolites endogènes produits par le corps humain et présents dans les 

cellules, tissus et fluides corporels comportent des avantages et inconvénients (Tableau 3). 

En lien avec le premier objectif du projet, qui visait à détailler de façon systématique les 

perturbations métaboliques associées aux UGT, la métabolomique non-ciblée par 

spectrométrie de masse a été retenue. Cette approche a mené à l’identification et la 

quantification de métabolites intracellulaires dans différents modèles in vitro. Ce choix 

méthodologique constitue une approche novatrice dans le domaine, puisqu’aucune étude 

n’a rapporté les conséquences métaboliques globales d’une modification de l’expression 

des UGT. Les études actuelles portent essentiellement sur des classes de molécules 
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précises souvent reconnues pour être des substrats des UGT (Harrington et coll., 2006; 

Richardson et Klaassen, 2010; Chen et coll., 2017; Zhou et coll., 2017).  

Tableau 3. Sommaires des avantages et inconvénients des principales approches utilisées pour 

l’analyse de métabolites lors d’études métabolomiques. 

 Avantages Désavantages 

Approches   

Métabolomique ciblée - Permet la quantification absolue des 

métabolites 

- L’identité des métabolites détectés 

est connue 

- Nombre relativement restreint de 

métabolites investigués, selon la 

méthode 

Métabolomique non-ciblée - Grande quantité de métabolites 

détectés 

- Quantification relative des 

métabolites 

- Comporte souvent beaucoup de 

métabolites inconnus  

- Base de données de référence 

variable entre les laboratoires 

Techniques   

Chromatographie liquide 

(LC) couplée à la 

spectrométrie de masse en 

tandem (MS/MS) 

- Nécessite peu ou pas de 

modifications chimiques (ex. 

dérivatisation) des métabolites pré-

analyse 

- Détecte une très grande quantité 

des molécules 

- Sensibilité généralement supérieure 

à la GC et au RMN 1H 

 

- Nécessite souvent la préparation de 

l’échantillon pré-chromatographie 

(précipitation des protéines, 

extraction liquide-liquide ou sur 

colonne)  

- Susceptible à la suppression du 

signal par la matrice 

- Méthode de séparation 

chromatographique simple ou 

complexe à temps variable 

Chromatographie gazeuse 

(GC) couplée à la MS/MS 

- Signal plus stable dans le temps 

- Résolution supérieure à la LC 

- Mieux adaptée pour les molécules 

volatiles et non-polaires 

- Nécessite souvent la préparation de 

l’échantillon pré-chromatographie 

(précipitation des protéines, 

extraction liquide-liquide ou sur 

colonne)  

- Nécessite souvent la dérivatisation 

de molécules non-volatiles 

- Sensibilité parfois inférieure à la LC-

MS/MS dépendant de la molécule 

-Ne permet pas l’analyse 

d’échantillons à très haut débit 

Résonance magnétique 

nucléaire du proton 

(RMN 1H) 

- Ne détruit pas l’échantillon 

- Détecte et quantifie les métabolites 

simultanément 

- Nécessite peu de préparation de 

l’échantillon 

- Sensibilité inférieure à la MS 

- Temps d’acquisition et d’analyse 

plus long que la MS 

- Spectrogrammes complexes  

- Appareillage très couteux 
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Afin de questionner l’effet d’une perturbation de la voie des UGT sur le métabolome et le 

phénotype cellulaire, nous avons opté pour l’étude de modèles cellulaires. Cette approche 

nous est d’abord apparue nécessaire afin de caractériser les effets plus spécifiques aux 

protéines UGT (enzymes versus protéines alternatives) dans des modèles cellulaires 

reconnus du domaine, avant de pouvoir l’étudier éventuellement à un niveau plus complexe 

in vivo. Dans un premier temps, la lignée HEK293, dérivée de rein humain embryonnaire et 

dépourvue d’expression UGT, a été utilisée. Des lignées stables exprimant les enzymes 

UGT1A1 et UGT2B7 ont été créées puisque ces isoenzymes possèdent toutes deux une 

grande diversité de substrats et qu’elles représentent une proportion importante des 

transcrits et protéines UGT exprimés dans les principaux organes du métabolisme des 

médicaments (Guillemette et coll., 2014). Parallèlement, des lignées exprimant les variants 

alternatifs de ces enzymes ont également été investiguées et ce, afin de discerner, par 

métabolomique non ciblée, les effets potentiels des enzymes de ceux des protéines 

alternatives sur le métabolisme cellulaire. Ces travaux se trouvent dans le Chapitre 2, intitulé 

« Glucuronosyltransferase protein expression alters cellular metabolome ». Cette 

étude est la première à rapporter une perturbation significative du métabolisme global de la 

cellule en présence d’une expression accrue d’enzymes et de protéines UGT humaines. 

Les voies perturbées se sont avérées plus vastes que celles anticipées, puisqu’elles 

s’étendent à des molécules qui ne sont probablement pas toutes des substrats des UGT, 

incluant plusieurs classes de lipides, des acides aminés, des acides nucléiques et des 

intermédiaires de la glycolyse et du cycle des acides tricarboxyliques. 

Il a été observé par immunohistochimie dans une étude précédente que l’expression des 

protéines alternatives UGT1A_i2 était diminuée dans une proportion importante de tumeurs 

de cancer du côlon comparativement au tissu péritumoral normal (Bellemare et coll., 2011). 

Afin de mimer cette répression, nous avons utilisé une lignée cellulaire de cancer du côlon 

exprimant de façon endogène les produits du gène UGT1A. Le modèle cellulaire HT115 a 

été sélectionné car celui-ci exprime les protéines alternatives UGT1A de manière 

significative, en plus d’afficher un ratio d’expression enzyme/protéine alternative similaire à 

celui observé dans les tissus humains. Nous avons ainsi établi une lignée stable dont les 

protéines alternatives UGT1A ont été réprimées par interférence à l’ARN, via des courts 

ARN en forme d’épingle à cheveux (shRNA) dirigés contre la séquence spécifique à ces 

variants. Une répression stable de 90% de l’expression protéique a été obtenue pour ce 

modèle cellulaire. Pour cette étude, nos travaux se sont portés sur la caractérisation du 
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métabolome (obj.1), en plus de s’intéresser à l’interaction avec un nouveau partenaire 

protéique de la voie de la glycolyse, fréquemment perturbée en cancer (obj.2), et aux 

conséquences de la répression des UGT1A alternatives sur le phénotype cellulaire (obj.3). 

Les résultats de ces travaux sont présentés au Chapitre 4, intitulé « Cross-talk between 

alternatively spliced UGT1A isoforms and colon cancer cell metabolism ». Ces travaux 

sont novateurs car ils présentent les premières évidences d’une interrelation entre le 

métabolisme cellulaire et les protéines alternatives UGT dans un contexte néoplasique. 

Avec ces premières évidences appuyant l’hypothèse des réseaux d’interactions protéiques 

et afin de répondre plus particulièrement au deuxième objectif, l’interactome des UGT dans 

les principaux tissus dans lesquels ces protéines sont abondantes a été caractérisé. La 

plupart des études favorisent une approche méthodologique basée sur l’expression de 

protéines étiquettes afin d’élucider ces réseaux d’interaction. Cette approche est notamment 

limitée par l’utilisation d’un type cellulaire en particulier et une expression exogène de la 

protéine d’intérêt dont la séquence a été modifiée par l’ajout d’un peptide étiquette. 

Dans un contexte physiologique, les tissus, de même que les cellules qui les composent, 

présentent des profils d’expression protéique distincts afin d’assurer les fonctions 

biologiques qui leurs sont propres. Or, ces fonctions complexes sont soutenues par des 

réseaux d’interactions protéiques fonctionnels dont les composantes dépendent de 

l’environnement protéique, c’est-à-dire l’identité et l’abondance des protéines. Ces réseaux 

constituent l’interactome endogène. Ainsi, afin de valider notre hypothèse, nous avons 

favorisé une approche basée sur l’interactome endogène tissulaire plutôt que celui d’un type 

cellulaire en particulier. Nous avons utilisé un anticorps dirigé contre les protéines UGT par 

opposition à l’expression d’une protéine UGT couplée à un peptide étiquette. L’approche 

favorisée offre l’avantage de pouvoir étudier l‘interactome de façon non-biaisée dans un 

environnement protéique physiologique où les différentes protéines sont exprimées à des 

niveaux physiologiques; en opposition avec l’autre méthode. L’utilisation d’un ensemble de 

tissus (pool) provenant de divers individus offre aussi la possibilité de s’affranchir des 

variances interindividuelles associées à l’expression des partenaires potentiels des UGT. 

L’amélioration des outils moléculaires, de bio-informatique et de spectrométrie de masse 

ont mené à une progression rapide de la protéomique dans les dernières années, 

permettant la caractérisation systématique de réseaux d’interactions protéiques. Différentes 

techniques permettent d’étudier les interactions protéiques (Tableau 4). Au moment où mes 
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travaux ont été entrepris, la purification d’affinité sur bille couplée à la spectrométrie de 

masse était la méthode la plus adaptée pour caractériser de façon non-ciblée un 

interactome endogène tel celui des UGT. Cette méthode à haut débit permet l’identification 

de plusieurs partenaires de façon simultanée, une approche qui se distingue de celles 

utilisées par les quelques groupes ayant étudié les interactions protéiques des UGT. De 

plus, ces auteurs ont exploré les interactions potentielles de façon individuelle, c’est-à-dire 

un partenaire à la fois (Taura et coll., 2000; Ghosh et coll., 2001; Fremont et coll., 2005; Ishii 

et coll., 2007; Operana et Tukey, 2007; Ishii et coll., 2014). Notre approche est donc non 

biaisée et s’effectue dans un contexte physiologique.  

N’utilisant pas de protéines de fusion ou d’étiquettes peptidiques, l’étude de l’interactome 

endogène est cependant limitée par la spécificité des anticorps, une limite significative dans 

le domaine. En effet, l’obtention d’un anticorps spécifique représente un défi de taille pour 

les UGT puisque ces protéines présentent une très forte homologie de séquence, dépassant 

les 97% pour les membres d’une même sous-famille et partageant plus de 50% d’homologie 

entre les familles UGT1 et UGT2 (Nair et coll., 2015; Tourancheau et coll., 2016). Peu 

d’anticorps sont disponibles commercialement et s’ils le sont, leur caractérisation est 

souvent très minimale. Dans le cas des protéines alternatives, aucun anticorps n’est 

disponible commercialement. De plus, pour les isoformes alternatives et les enzymes 

dérivées du gène UGT1, qui ont fait l’objet de notre étude, seulement la séquence issue de 

l’exon terminal diffère et permet de distinguer les enzymes des protéines alternatives. Pour 

les enzymes, une séquence codant pour 95 résidus situés en C-terminal a permis la création 

d’un peptide immunogène dans cette région et de produire un anticorps spécifique, 

reconnaissant seulement les enzymes UGT1A (Bellemare et coll., 2011). Celui-ci est 

spécifique aux enzymes UGT1A et ne reconnaît pas les enzymes UGT2B. De façon 

similaire, un anticorps ciblant une séquence immunogène issue des 10 peptides distinguant 

les protéines alternatives UGT1A_i2 a été créé. Celui-ci est spécifique aux protéines 

alternatives et ne reconnaît pas les enzymes UGT1A (Bellemare et coll., 2010c).  

Ces anticorps ont été utilisés pour identifier les partenaires endogènes des enzymes et 

protéines alternatives UGT1A dans des extraits dérivés de plusieurs individus provenant 

des principaux organes dans lesquels ces protéines sont abondantes, soit le foie, le rein et 

l’intestin. Certains de ces partenariats ont ensuite été validés dans des modèles cellulaires 

exprimant les UGT1A et leurs partenaires. Ces travaux sont présentés au Chapitre 3: 

« Endogenous protein interactome of human UDP-glucuronosyltransferases exposed 
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by untargeted proteomics ». Ce travail porte sur les enzymes UGT1A alors que 

l’interactome de leurs protéines alternatives est présenté au Chapitre 4. Ces travaux ont mis 

en lumière l’étendu de l’interactome des enzymes et protéines alternatives dérivés du gène 

UGT1, identifiant non seulement des partenaires impliqués dans la fonction de détoxication 

tout comme les UGT, mais également dans plusieurs autres voies métaboliques, incluant la 

glycolyse, la gluconéogenèse et le métabolisme des lipides, dont plusieurs sont perturbées 

en présence de cancer, tel que discuté en introduction. 

S’appuyant sur les modifications métaboliques observées et l’interactome des UGT, nous 

avons par la suite caractérisé les répercussions phénotypiques d’une modification de 

l’expression des UGT et ce, en lien avec l’objectif 3 et dans un contexte de cancer. En effet, 

la littérature soutient que les modifications métaboliques, tout comme les interactions 

protéiques, influencent le phénotype cellulaire, dont la prolifération et la migration cellulaires, 

l’activité énergétique, etc., et que ces mécanismes permettent à la cellule cancéreuse de 

s’adapter, de proliférer et de se propager  (Xu et coll., 2011; Granata et coll., 2014; Yang et 

coll., 2014b; Chen et coll., 2015b; Hussain et coll., 2016; Park et coll., 2016; Andrzejewski 

et coll., 2017; Yan et coll., 2017; Zhao et coll., 2018). Les essais fonctionnels ont été menés 

en utilisant différents essais cellulaires courants en laboratoire, notamment des essais de 

prolifération cellulaire, adhésion cellulaire et un suivi en temps réel des flux métaboliques. 

Les résultats de ces travaux de recherche sont présentés dans les chapitres suivants, dans 

une séquence permettant de reconnaître des fonctions cellulaires additionnelles possibles 

aux protéines UGT, au-delà de leur activité enzymatique utilisant le co-substrat UDP-GlcA. 

Tableau 4. Description des différentes méthodes disponibles pour l’étude des interactomes protéiques. 

Approche et brève description Avantages et inconvénients 

Purification d’affinité 
Immunoprécipitation et purification de l’appât et de ses 
partenaires avec un anticorps. Les protéines immuno-
précipitées sont ensuite digérées et analysées par 
spectrométrie de masse. 

- Technique à haut débit 
- Ne nécessite pas de modifier génétiquement la cible 
- Artéfacts possibles dus à la spécificité de l’anticorps et/ou 
la lyse des cellules 
- Détecte seulement les interactions robustes 
 

Étiquetage protéique dépendant de la proximité 
Ajout d’un marqueur, telle la biotine, sur les protéines à 
proximité de l’appât (par ex. BioID). Les protéines ainsi 
marquées sont enrichies grâce à une purification utilisant 
la streptavidine couplée à un support solide. Les protéines 
sont ensuite digérées et analysées par spectrométrie de 
masse. 

- Technique à haut débit 
- Détecte les interactions faibles/transitoires 
- Permet d’inférer la localisation cellulaire 
- Ne discrimine pas les interactions directes et indirectes 
- Nécessite la création d’un appât fusionné à une autre 
enzyme 
- Ne peut être utilisé que dans des modèles cellulaires 
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Essai de ligation dépendant de la proximité 
Utilisation d’anticorps secondaires, couplés à des amorces, 
qui reconnaissent des anticorps primaires dirigés contre 
l’appât et son partenaire. Lorsqu’en forte proximité, les 
amorces permettent l’amplification d’un brin d’ADN, détecté 
via des sondes fluorescentes. 
 

- Permet de visualiser l’interaction des partenaires 
protéiques par microscopie 
- Technique à faible débit 
- Nécessite des anticorps très spécifiques, telles les anti-
étiquettes peptidiques 

Résonance de la fluorescence par transfert d’énergie 
Stimulation photonique d’un fluorochrome couplé à l’appât, 
qui par proximité transfert son énergie au fluorochrome du 
partenaire, possédant une longueur d’onde d’émission 
différente 
 

- Permet de visualiser la localisation des partenaires 
protéiques par microscopie 
- Technique à faible débit 
- Nécessite l’utilisation de modèles cellulaires spécifiques 
aux partenaires étudiés 

Adapté de Che et Khavari (2017) 

Toujours en lien avec l’objectif 3, et supportant un rôle plus étendu des UGT, nous avons 

caractérisé les répercussions phénotypiques issues d’une modification de l’expression 

d’autres types de variants alternatifs. Ainsi, nous avons investigué les protéines alternatives 

d’UGT2B10 représentant une proportion appréciable du transcriptome du gène UGT2B10 

au foie, atteignant les 50%. Les protéines variantes d’UGT2B10 présentent une insertion 

d’exon, à l’intérieur du cadre de lecture, dans la section terminale du transcrit. L’ajout de tels 

segments peptidiques, correspondants à 10 et 65 acides aminés pour les protéines 

alternatives isoformes 4 et 5 dérivés du gène UGT2B10, pourraient conférer de nouvelles 

propriétés biologiques. Ceux-ci se situent à proximité du domaine de liaison au co-substrat 

et des peptides signalétiques permettant la rétention de la protéine au réticulum 

endoplasmique. Ces travaux sont présentés au Chapitre 5, intitulé « Posttranscriptional 

regulation of UGT2B10 hepatic expression and activity by alternative splicing ». Les 

données ont révélé une interaction entre l’enzyme UGT2B10 et ses protéines alternatives 

(obj.2), dont l’expression entraine des répercussions significatives qui semblent dépendre 

du type cellulaire (obj.3). De plus, ces travaux ont permis de mettre à jour une induction 

différentielle de l’expression des transcrits alternatifs au détriment de l’expression de 

l’enzyme à la suite d’un traitement pharmacologique, influençant possiblement la capacité 

métabolique cellulaire en réponse à des stimuli. 

L’implication de ces travaux novateurs dans le domaine est significative considérant que 

plusieurs autres protéines alternatives UGT, découvertes par le laboratoire (Tourancheau 

et coll., 2016; Tourancheau et coll., 2018), pourraient comporter des fonctions similaires ou 

divergentes à celles observées pour les variants étudiés dans cette thèse. La découverte 

d’une diversité importante d’isoformes UGT s’appuie sur l’utilisation du séquençage à haut 

débit, qui a permis de quantifier l’ensemble des transcrits UGT (transcriptome des UGT), 
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incluant ceux présents en moindre abondance. Ces travaux s’appuient également sur un 

travail précédent réalisé par le laboratoire, qui avait comme objectif de reconstruire le 

transcriptome des principaux tissus métaboliques (foie, rein, côlon et intestin) à partir de 

séquençage ciblé. La technique utilisée a également permis de produire des lectures de 

séquences plus longues (de 450 nucléotides en moyenne), permettant un meilleur 

alignement des séquences et la construction des transcrits hautement homologues dérivés 

des gènes UGT. Une approche similaire avait été utilisée pour les gènes d’histocompatibilité 

HLA, partageant aussi un très haut degré d’homologie et étant l’objet de nombreux 

évènements d’épissage alternatif (Bentley et coll., 2009). Ces travaux, présentés au 

Chapitre 6 et intitulés « Divergent Expression and Metabolic Functions of Human 

Glucuronosyltransferases through Alternative Splicing », présentent l’étendue du 

transcriptome alternatif UGT humain, en plus d’explorer les conséquences d’une expression 

de variants alternatifs sur le métabolisme cellulaire (obj.1) et les modifications du phénotype 

(obj.3) en lien avec les objectifs de la thèse. Ce travail met également en lumière la 

nécessité de poursuivre ces recherches, car peu d’UGT alternatifs ont été caractérisés à ce 

jour, malgré la contribution significative des travaux de cette thèse.  
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Chapitre 2 : « Glucuronosyltransferase protein 

expression alters cellular metabolome » 

Résumé 

Les UGT sont des enzymes ubiquitaires essentielles à l’homéostasie de nombreuses 

molécules endogènes. Nos travaux récents ont révélé un transcriptome étendu et un 

interactome complexe pour les protéines UGT humaines, supportant leur potentielle 

connexion avec le métabolisme cellulaire. Nous avons utilisé une approche métabolomique 

non-ciblée pour investiguer les changements métaboliques associés à l’expression des 

UGT. Les enzymes UGT1A1 et UGT2B7 ont été étudiées, toutes deux abondantes au foie 

et démontrant une grande diversité de substrat. Leurs protéines alternatives dérivées de 

l’épissage, présentant des différences structurelles majeures et possédant de nouvelles 

séquences peptidiques dans le cadre de lecture, ont aussi été exprimées de façon stable 

dans des cellules UGT-négatives. Un total de 615 métabolites de toutes classes a été 

quantifié dans les lysats cellulaires. Nous avons observé des profils métaboliques 

divergents entre les isoformes UGT, ainsi que des changements dans les concentrations de 

métabolites n’étant pas des substrats des UGT. Près de 20 sentiers métaboliques sont 

modifiés par l’expression des enzymes UGT, incluant des glucides, des acides nucléiques 

et des lipides. Des précurseurs du co-substrat UDP-GlcA sont altérés dans ces cellules, 

appartenant notamment à la glycolyse et la voie de synthèse des pyrimidines. De plus, des 

lipides bioactifs tels que l’acide arachidonique et des endocannabinoïdes sont grandement 

enrichis, jusqu’à 13.3 fois plus élevés (P < 0.01). Les protéines UGT2B7 induisent des 

modifications significatives dans les intermédiaires de la voie de la créatine, tandis que 

l’expression des protéines UGT1A promeut l’accumulation de métabolites en amont de 

complexe OGDC, notamment des métabolites des acides aminés à branche ramifiée et du 

cycle des acides tricarboxyliques. Ces changements sont plus importants pour la protéine 

alternative UGT1A1, qui interagit avec OGDHL, une sous-unité du complexe OGDC. Cette 

étude élargit nos connaissances des voies métaboliques associées à l’expression et à 

l’activité des UGT, supportant une vaste connexion entre la voie de glucuronidation et les 

autres voies métaboliques. 
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Context  

• UGTs are ubiquitous enzymes central to homeostasis of endobiotics 

• Their regulation through a variety of mechanisms allows a response to cellular 

signals and environmental changes 

• We hypothesized that UGT expression affects other cellular pathways and has 

consequences on the cellular metabolome 

Highlights 

• Untargeted metabolomics exposed 19 biochemical pathways perturbed by UGT1A1 

and UGT2B7 expression. 

• Cellular concentrations of nucleotide sugar precursors, pyrimidine nucleosides as 

well as bioactive lipids were significantly changed. 

• Divergent metabolic alterations were noted between UGT isoforms.  

• Findings expand our knowledge of biochemical changes beyond known substrates 

associated with UGT expression and highlight a broad connectivity with cell 

metabolism. 
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Abstract 

Nucleotide sugar-dependent glucuronosyltransferases (UGTs) are ubiquitous enzymes 

critical to the homeostasis of numerous endogenous metabolites and xenobiotics 

detoxification. Our recent investigations revealed complex transcriptome and interactome 

landscapes for human UGTs, potentially expanding their connectivity to cell metabolism. 

Non-targeted metabolomics was applied to portray metabolic changes caused by UGT 

expression. We studied the abundant hepatic bilirubin-conjugating UGT1A1 and UGT2B7 

enzymes, exhibiting broad substrate specificity. Their alternative (alt.) splicing-derived 

isoforms showing major structural differences and novel in-frame sequences were also 

stably expressed in UGT-negative cells. A total of 615 metabolites from all major metabolite 

classes were quantified in cell lysates. Divergent metabolic profiles were noted between 

UGT isoforms and changes in levels of metabolites were observed beyond known UGT 

substrates. Nearly 20 biochemical routes were modified by UGT enzyme expression, 

including carbohydrates, nucleic acids and lipids. Precursors of the co-substrate UDP-

glucuronic acid (UDP-GlcA) were changed, with significant variations in glycolysis and 

pyrimidine pathways. Bioactive lipids such as arachidonic acid and endocannabinoids were 

also highly enriched in these cells, up to 13.3-fold (P < 0.01). For UGT2B7 proteins, 

significant variations for creatine pathway metabolites were observed. In contrast, UGT1A1 

proteins promoted the accumulation of metabolites upstream of the mitochondrial 

oxoglutarate dehydrogenase complex (OGDC), namely branched-chain amino acids 

(BCAA) and tricarboxylic acid cycle (TCA) metabolites. These changes were more 

pronounced for alt. UGT1A1, which interacts with the OGDC component OGDHL. This study 

expands our knowledge of biochemical pathways associated with UGT expression and 

supports an extensive connectivity between UGTs and other cellular metabolic processes. 
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Introduction  

Maintenance of cellular homeostasis relies on a variety of biosynthetic and catabolic 

pathways, and involves a plethora of biomolecules. The glucuronidation pathway is one of 

these key metabolic processes that participate in the regulation of bioactive molecules, 

inactivating them through the addition of glucuronic acid, a sugar moiety derived from the 

co-substrate UDP-glucuronic acid (UDP-GlcA) (1). This metabolic reaction is catalyzed by 

uridine diphospho-glucuronosyltransferases (UGT) and leads to an increase polarity of the 

aglycone, promoting excretion of the glucuronide product through bile and urine (1, 2). UGT 

enzymes are involved in the elimination of drugs from all classes, toxins and other 

xenobiotics disturbing various cellular processes. Endobiotics from diverse metabolic routes 

participating in a variety of cellular processes are also inactivated by UGTs, including 

bilirubin (the product of heme catabolism), neurotransmitters such as serotonin, as well as 

steroid and thyroid hormones and various bioactive lipids (3).  

Our knowledge of transcriptional, translational and post-translational regulation of UGT 

metabolism is constantly expanding (1, 4-6). Many endobiotic UGT substrates are involved 

in signal transduction pathways that control key transcription factors acting as major 

regulators of gene expression programs (3, 6). This mechanism is primary used by cells to 

control its metabolic state by modulating expression levels of enzyme-coding genes 

including UGTs, which allows to respond to signals and environmental changes (3). 

Allosteric regulation by small molecules as control loops as well as by protein interactions 

resulting namely in conformational changes also affect UGT functions (7-11). Biochemical 

studies further support that homomeric and heteromeric UGT-UGT interactions can 

modulate the substrate selectivity of a UGT enzyme as well as catalytic rates of a variety of 

glucuronidation reactions (12). Our recent examination of the endogenous UGT interactome 

in human tissues further exposed the ability of UGT to interact with other enzymatic systems 

such as cytochromes P450 and dehydrogenases as well as enzymes related to 

bioenergetics and lipid metabolism (1, 13, 14). Alternative splicing has recently emerged as 

another key process involved in the regulation of UGT expression and activity (14-18). A 

comprehensive quantification of the UGT transcriptome based on high-throughput RNA 

sequencing identified over 130 diverse novel UGT variants with nearly a fifth comprising in-

frame sequences that may create distinct structural and functional features (15, 19). 

According to functional assays, some of these alternate (alt.) UGT isoforms were found to 

inhibit or induce glucuronidation activity. Moreover, alt. UGT1A isoforms were found to 
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interact with various protein partners, perhaps partially distinct from those of UGT enzymes 

(1, 13, 14). However, the contribution of UGT network connectivity on the cell metabolome 

remains unclear, as is the role that these complexes may play in regulating the bioavailability 

of endobiotics.  

We hypothesized that a potential functional interplay between UGTs and other cellular 

pathways has consequences on the cellular metabolome, possibly beyond the control of 

metabolites known as UGT substrates. To examine changes in intracellular metabolite 

concentrations induced by UGT expression, we used non-targeted metabolomics and stably 

expressed selected human UGT proteins in a UGT-negative mammalian cell model, the 

human kidney cell line HEK293. We focused on two of the most studied UGT enzymes, the 

bilirubin-conjugating enzyme UGT1A1 and UGT2B7 exhibiting broad substrate specificity. 

We also included their alternative isoforms exhibiting major structural differences and novel 

in-frame sequences, namely the shorter UGT1A1 protein with an in-frame C-terminal 

sequence UGT1A1_i2, and the longer UGT2B7 protein with an internal in-frame peptide 

sequence, UGT2B7_i8 (Fig.1) (17, 19). Our findings expand knowledge of biochemical 

changes associated with UGT expression and highlight an important connectivity with cell 

metabolism. 

Materials and Methods 

Cell culture and metabolomics 

HEK293 were cultured in standard conditions, i.e. DMEM medium with 4.5 g/L glucose, 2 

mM glutamine, 1 mM sodium pyruvate, 10% fetal bovine serum, as well as 100 IU penicillin 

and 100 µg/mL streptamycin. Cells stably expressing the UGT1A1 enzyme, its alternative 

isoform UGT1A1_i2, the UGT2B7 enzyme, its alternative isoform UGT2B7_i8 or the parental 

plasmid vector as a control were generated as described (15, 17). Protein expression was 

maintained using appropriate selection antibiotics supplemented to culture media, i.e. G418 

(1 mg/mL, Life Technologies Inc., Burlington, ON, Canada) or blasticidin (10 mg/mL, Wisent 

Bioproducts, St-Bruno, QC, Canada). For metabolomics analyses, cell pellets (10-15x106 

cells) were rinsed with 1 mL ice-cold PBS and centrifuged (5 minutes, 525 xg), flash-frozen 

on dry ice, then stored at -80°C until shipment to Metabolon (Morrisville, NC, USA). Five 

biological replicates were prepared for each cell model. Metabolomics profiling was 

conducted by Metabolon Inc. based on ultra-high-performance liquid chromatography-mass 

spectrometry (UPLC-MS/MS) (20). Proteins were removed from samples by methanol-
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induced precipitation and centrifugation. Each sample extract was divided into five fractions 

for analyses using four methods: two for analysis by two separate reverse phase 

(RP)/UPLC-MS/MS methods with different solvent gradients and analyzed in positive ion 

mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion 

mode ESI, one for analysis by hydrophilic interaction chromatography (HILIC) UPLC-MS/MS 

with negative ion mode ESI, and one sample was reserved for backup. Several types of 

controls were analyzed in concert with the experimental samples. Each reconstitution 

solvent contained a series of standards at fixed concentrations to ensure injection and 

chromatographic consistency. Raw data was extracted, peak-identified and QC processed 

using Metabolon’s hardware and software. Compounds were identified by comparison to 

library entries of purified standards or recurrent unknown entities. Data were normalized for 

protein concentration and log-transformed before being subjected to the analysis of variance 

(ANOVA). Metabolites displaying a P-value under 0.05 were considered significant. 

UGT enzymatic assays 

Cellular extracts enriched in endoplasmic reticulum membranes (i.e. microsomes) were 

generated as follow: cells from confluent 15 cm petri dishes were scraped and resuspended 

in microsome buffer [4 mM potassium phosphate buffer pH7.0, 20% glycerol]. Samples were 

frozen at -80°C for at least 16 hours before being thawed on ice. Samples were sonicated 

on ice and centrifuged (20 min, 16 000 xg, 4°C). Supernatants were collected and 

centrifuged (1 hour, 100 000 xg, 4°C) to concentrate cellular extracts. Pellets were 

resuspended in microsome buffer and quantified using a bicinchoninic acid assay 

(ThermoFisher Scientific, Ottawa, ON, Canada). Microsomes (20 µg) were incubated with 

bilirubin (10 µM; Sigma, Oakville, ON, Canada), estradiol (E2, 100 µM; Steraloid, Newport, 

RI, USA), zidovudine (AZT, 300 µM; Sigma), 7-ethyl-10-hydroxy-camptothecin (SN-38, 

200 µM; obtained as previously (5)) or arachidonic acid (AA, 100 µM; Cayman Chemical, 

Ann Arbor, MI, USA) in assay buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 5 µg/mL 

pepstatin, 0.5 µg/mL leupeptin, 2  mM UDP-GlcA, 20 µg/mL alamethicin) at 37°C. Reactions 

were stopped with methanol, centrifuged (13 000 xg, 10 minutes, 4°C) and store at -20°C 

until MS analysis. Glucuronides were quantified by LC-MS/MS and according to published 

methods for bilirubin (18), E2 (21), AZT (22) and SN-38 (23). Arachidonic acid glucuronide 

was detected with an API 6500 (Sciex, Concord, Canada), operated in multiple reaction 

monitoring (MRM) mode and equipped with a turbo ion-spray source. ESI was performed in 

negative ion mode. The chromatographic system consisted of a Nexera (Shimadzu Scientific 
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instruments, Inc., Columbia, MD, USA) equipped with a Synergie RP-Hydro 4.0 µm packing 

material, 100 X 4.6 mm (Phenomenex, Torrance, CA, USA). The mobile phases were 35% 

water 1 mM ammonium formate (A) and 65% methanol 1 mM ammonium formate (B) at a 

flow rate of 0.9 ml/min. The initial conditions were of 75% B, followed by a linear gradient up 

to 90% B in 5 minutes. This concentration was held for 2 minutes and then re-equilibrated 

to initial conditions over 3 minutes. The MRM transition used for analysis was 479.2 → 303.1 

m/z. The resolution used in those methods for Q1 and Q3 was Unit/Unit. HPLC and MS were 

controlled through Analyst Software (v1.6.1, AB Sciex LP, Concord, ON, Canada). 

Fatty acid synthesis assay 

Fatty acid synthase (FASN) activity was based on a published protocol (25). Briefly, HEK293 

cells from two confluent 15 cm petri dishes were scraped and rinsed with ice-cold PBS. After 

centrifugation (525 xg, 5 minutes), cells were resuspended in lysis buffer (50 mM Tris-HCl 

pH 7.4, 1 mM EDTA, 150 mM NaCl and cOmplete Protease inhibitor [Sigma]). Cell 

suspensions were homogenized on ice using a microtip sonicator and a dounce 

homogenizer. Samples were centrifuged (14 000 xg, 15 minutes, 4°C) and supernatants 

were quantified using a Bradford assay. Assays were conducted with 100 µg of protein in 

an assay buffer (200 mM potassium phosphate buffer pH 6.6, 1 mM DTT, 1 mM EDTA, 

240 µM NADPH and 30 µM acetyl-CoA). Malonyl-CoA was added to a final concentration of 

50 µM. NADPH oxidation rate was monitored during 10 minutes at =340 nm with a TECAN 

M1000 Pro (Morrisville, TN, USA).  

Gene expression analysis 

Flash-frozen cell pellets were obtained as above. RNA extraction was carried out using the 

RNeasy Plus Mini Kit (Qiagen Inc., Toronto, ON, Canada) as per the manufacturer's 

protocol. Reverse transcriptase and qPCR were conducted as previously reported (15). 

Primer sequences are listed in Supplementary Table 1. Data were analyzed using the Ct 

method (25). 

Co-immunoprecipitation 

Co-immunoprecipitations (Co-IPs) to confirm OGDHL partnership with UGT1A1 alternative 

protein were carried out on cell lysates from HEK293 cells stably expressing UGT1A1_i2-

V5-His and in which OGDHL-Myc-DDK (Origene, Rockville, MD, USA) was transfected 
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using Lipofectamine 3000 (Life Technologies Inc.). Co-IPs were conducted as described 

(13). Briefly, proteins were crosslinked with 0.125% paraformaldehyde (Sigma) during 

10 minutes at 37°C. Crosslink reaction was stopped with glycine (125 mM, pH 3.0) for 

5 minutes at room temperature. Cells were rinsed twice with PBS and lysed in 1 mL of lysis 

buffer (175 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Igepal [Sigma], 1 mM DTT, cOmplete 

Protease Inhibitor) for 1 hour at 4°C. Lysates were homogenized using 18G and 20G 

needles. After centrifugation (6000 xg, 10 minutes), the lysates were split and mixed with 

Protein A/G magnetic beads (Life Technologies Inc.) pre-incubated with either goat anti-V5 

antibody (Bio-Techne Canada, Oakville, ON, Canada) or goat anti-IgG (R&D Systems, Inc., 

Minneapolis, MN, USA). After incubation (2 hours, 4°C), beads were rinsed thrice with lysis 

buffer and subjected to SDS-PAGE. Proteins were detected by immunoblotting using mouse 

anti-V5 (1:20 000, Life Technologies Inc.) and goat anti-Flag M2 (1:10 000, Sigma) 

antibodies. 

Results 

Validation of cell models  

The full-length canonical UGT1A1 and UGT2B7 enzymes were stably expressed in the 

UGT-negative cell line HEK293 (Fig.1). Selected alternative UGT proteins were also studied 

and included the shorter UGT1A1_i2 (alt. UGT1A1) and the longer UGT2B7_i8 (alt. 

UGT2B7) proteins. The alt. UGT1A1 lacks the canonical sequence of 99 amino acids 

comprising the trans-membrane domain and a short cytosolic charged tail (encoded by exon 

5a) replaced by a truncated C-terminus encoding a unique sequence of 10 amino acids 

derived from the exon 5b (Fig.1A). Its molecular weight corresponds to approximately 45 

kDa, as confirmed by western blotting. The alt. UGT2B7 has a unique 32-residue in-frame 

internal region derived from the novel exon 2b, residing at the interface between the N-

terminal substrate-binding domain and the C-terminal co-substrate–binding domain leading 

to an apparent molecular mass of 62 kDa (Fig.1A). The enzymatic functionality of UGT 

proteins was confirmed in standard in vitro UGT assays using microsomal fractions derived 

from HEK293 cells incubated in the presence of the co-substrate UDP-GlcA and known 

substrates. UGT1A1 and UGT2B7 enzymes displayed significant transferase activity for 

bilirubin, AA, estradiol and SN-38 (Fig.1B), and estradiol, AZT and AA (Fig.1C), 

respectively. In these enzymatic assay conditions, detectable activity was noticed for the 
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UGT2B7_i8 isoform whereas glucuronide formation was not detected for UGT1A1_i2 

(Fig.1B-C), consistent with previous reports (18, 20). 

UGT expression induced significant changes in the cellular metabolome 

An unbiased metabolomics analysis of cell lysates allowed the examination of 615 

metabolites (Supplementary Table 2). Compared to control cells, the levels of 276 

metabolites were significantly altered in cells expressing the UGT1A1 canonical enzyme 

(176 increased and 100 decreased), and 345 metabolites in cells expressing the UGT2B7 

enzyme (228 increased and 117 decreased) (Fig.2A). Overall, all four UGT proteins 

produced significant changes in pyrimidine metabolism and glycolysis (Table 1; 

Supplementary Figure 1). Compared to control cells, the levels of 2’-deoxycytidine and 

uracil as well as glucose, mannose and fructose, along with several glycolytic intermediates, 

were the most severely changed (by -100 to 18-fold) (Table 1). Pathway enrichment analysis 

further revealed that 19 biochemical routes, including carbohydrate, nucleotide and lipid 

pathways, were altered by the expression of the UGT1A1 and UGT2B7 enzymes (Fig.2B). 

Common changes included 190 metabolites and most notably glucose-6-phosphate, 

mannose-6-phosphate and arachidonic acid (AA) (Table 1).  

Alt. UGT1A1 expression modified the levels of 207 cellular metabolites (97 increased and 

110 decreased; Fig.2C), with 127 metabolites (61%) being also altered in UGT1A1 enzyme-

expressing cells. Of those, 94 metabolites (48 increased and 46 decreased) were 

concordantly affected in both cell models, representing 45% and 34% of metabolites altered 

by alt. and enzyme UGT1A1 expression, respectively. The levels of 292 metabolites (184 

increased and 108 decreased) were perturbed by alt. UGT2B7, including 198 metabolites 

(68%) in common with UGT2B7 enzyme-expressing cells (Fig.2D). Of these, 147 

metabolites were similarly modified (101 increased and 46 decreased).  

Nucleotide sugar precursors were significantly altered  

Consistent with the utilization of UDP-GlcA as a co-substrate by UGT enzymes, cellular 

levels of metabolites related to its synthesis were modified in enzyme-expressing cells, 

including glycolysis, pentose-phosphate, pyrimidine synthesis, and hexosamine synthesis 

pathways (Fig.3). For example, the levels of orotate, orotidine and uridine-5’-

monophosphate (UMP) metabolites from the pyrimidine synthesis pathway were up to 3.6-

fold higher (P < 0.01) in UGT enzyme-expressing cells when compared to control cells 
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(Fig.3). Expression of the UGT2B7 enzyme also induced elevated levels of N-carbamoyl 

aspartate (9.0-fold; P = 0.004), a metabolite resulting from a committed step of pyrimidine 

synthesis. In addition, metabolites from pathways competing with UDP-GlcA synthesis were 

severely depleted in the presence of UGT enzymes. For example, glycolytic and pentose 

phosphate intermediates such as Glc/Fru-1-6-BP, glycerate-3-phosphate, 

phosphoenolpyruvate and 6-phosphogluconate were decreased by -2.6 to -12.5-fold. 

Although to a lesser extent, some of the glycolytic and pyrimidine synthesis intermediates 

were also altered by the expression of the alt. UGT1A1 protein (Fig.3). In contrast, most of 

these metabolic intermediates were elevated in cells expressing the alt. UGT2B7 protein, 

including UDP-GlcA (1.6-fold; P = 0.004) and several glycolytic intermediates (Fig.3). 

Changes specific to UGT isoforms  

In cell models expressing UGT1A1 and UGT2B7 enzymes, several classes of lipids, and 

most particularly bioactive lipids such as AA, were among the most modified metabolites 

(Fig.2B), with higher levels by 5.4 and 13.3-fold (P < 0.001) in UGT1A1 and UGT2B7 cells, 

respectively, compared to control cells (Fig.4A). Numerous polyunsaturated fatty acids 

(PUFAs) and endocannabinoids were significantly enriched in UGT enzyme-expressing 

cells when compared to control cells. The monoacylglycerol (MAG) 2-arachidonoylglycerol 

(2-AG) was significantly higher in UGT1A1 and UGT2B7 enzyme-expressing cells by 5.5 

and 2.8-fold (P < 0.001), respectively (Fig.4A). In line, increased mRNA expression of 

PLA2G4A, encoding an enzyme releasing AA from phospholipids, and lower expression of 

MAGL, coding for an enzyme catalyzing MAG hydrolysis, were observed in both UGT 

enzyme-expressing cells (Fig.4B). In addition to 2-AG, other endocannabinoid molecules 

also accumulated in enzyme-expressing cells (Fig.4C). This was also consistent with a 

significantly decreased expression of FAAH, which encodes the fatty acid amide hydrolase, 

the main enzyme catabolizing these bioactive lipids (Fig.4D).  

For UGT1A1-expressing cells, we further observed a decreased expression of genes 

encoding cannabinoid receptors, including the G-protein coupled receptor CNR1 (-2.9-fold; 

P < 0.001) and the transient receptor potential cation channel TRPV1 (-1.7-fold; P < 0.001) 

(Fig.5A-B). Downstream targets of the cannabinoid system were also decreased, such as 

mRNA expression (-1.4-fold, P < 0.001) and activity (-1.9-fold, P < 0.01) of the fatty acid 

synthase (FASN) enzyme, determined by an in vitro assay measuring the oxidation rate of 

NADPH upon addition of malonyl-CoA (Fig.5C-D). A slight decreased in the expression of 
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endocannabinoid-targeted nuclear receptors PPARD was observed with no significant 

modifications for PPARA and PPARG. We also perceived a modest but constant decrease 

in expression of genes coding for PPAR-regulated mitochondrial and peroxisomal enzymes 

(Fig.5A-B), suggesting that these nuclear receptors were repressed. This change in gene 

expression was specific to cells expressing the UGT1A1 enzyme, as it remained near control 

levels in cells expressing the alt. UGT1A1 (Supplementary Table 2). 

For UGT2B7-expressing cells, specific metabolic changes were connected to the creatine 

pathway. Levels of guanidinoacetate, a metabolite resulting from a committed step of 

creatine synthesis, were depleted by -3.8 and -1.4-fold (P < 0.05) in cells expressing the 

enzyme and the alt. UGT2B7 protein, respectively (Fig.6A). Supporting the induction of this 

pathway in UGT2B7-expressing cell models, levels of the downstream metabolite creatinine 

were 1.2-fold higher (P < 0.01) in both cell models when compared to control. Elevation of 

creatine and creatine-P were also noted in alt. UGT2B7 cells, whereas these metabolites 

were unaltered in UGT2B7 enzyme-expressing cells. Enzymatic conversion of 

guanidinoacetate to creatine requires the simultaneous transformation of S-

adenosylmethionine (SAM) into S-adenosylhomocysteine (SAH) by guanidinoacetate N-

methyltransferase (GAMT). In line with an increased GAMT activity, SAH levels were 

enriched by up to 2.0-fold (P < 0.05) in UGT2B7-expressing cells. This is supported by an 

elevated expression of GAMT by up to 2.0-fold (P<0.05) in these cells (Fig.6B). In contrast, 

few of these metabolites were significantly modified in cells expressing UGT1A1 proteins 

(Supplementary Table 2). 

Evidence of a functional interaction leading to changes in metabolite levels 

Mitochondrial branched-chain keto acids, i.e. 3-methyl-2-oxovalerate, 4-methyl-2-

oxopentanoate and 3-methyl-2-oxobutyrate, derived from branched-chain amino acids 

(BCAA), were particularly more abundant in alt. UGT1A1 expressing cells by up to 5.9-fold 

(P < 0.001) when compared to control cells. TCA cycle metabolites, namely citrate, isocitrate 

and oxoglutarate, were also higher in these cells (by 1.6 to 2.5-fold; P < 0.01; Fig.6C). These 

changes were much less significant for the UGT1A1 enzyme, whereas UGT2B7 protein 

expressions led to their depletion, suggesting a differential effect of the UGT proteins on 

mitochondrial metabolism. Altered BCAA and TCA cycle metabolites are located upstream 

of the oxoglutarate dehydrogenase complex (OGDC), among which protein partners of the 

UGT1As were previously identified by untargeted proteomics experiments in human tissues 
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(14). While no interaction between the UGT1A1 enzyme and the OGDC component 

oxoglutarate dehydrogenase-like (OGDHL) protein was detected (Fig.6D), we observed a 

protein-protein interaction between the alt. UGT1A1 and OGDHL. This supports the 

possibility that metabolic changes might be caused by a functional interaction between this 

member of the OGDC complex and the alt. UGT1A1 protein (Fig.6E).  

Discussion 

Our study reveals that UGT protein expression triggers significant changes in cellular 

metabolism beyond known UGT substrates, including alterations in the levels of major 

macromolecular groups. These changes were observed for all four UGT proteins included 

in the study and comprised those in carbohydrates, nucleotides and bioactive lipids 

pathways.  

Notably, UGT enzyme expression induced significant modifications in the pyrimidine 

metabolism and glycolysis, suggesting a diversion of these intermediates to support UDP-

GlcA co-substrate synthesis. Previous lines of evidence implied a limited availability of UDP-

GlcA when exposed to important amounts of UGT substrates (26-29), while our data indicate 

that UGT expression induces modifications in this pathway in the absence of UGT substrate 

supplementation (i.e. normal growth media supplemented with serum). An increased 

pyrimidine metabolism may also reflect a metabolic rewiring to repress UGT activity, as 

nucleotides represent endogenous allosteric inhibitors (30, 31). Certain UGT enzymes, 

including UGT2B7, are capable of using UDP-Glc as a co-substrate (32-34). Coherent with 

a potential increased usage of downstream-related metabolites such as UDP-Glc, depletion 

in early glycolytic intermediates (e.g. mannose-6-phosphate and glucose-6-phosphate) was 

observed in UGT2B7 enzyme-expressing cells. Metabolic flux analysis would help examine 

more closely the effects of UGT expression on these pathways. In addition, the absolute 

quantification of UDP-sugars with some sharing the same mass-to-charge (m/z) ratio in MS 

such as UDP-Glc / UDP-galactose, and UDP-GlcA / UDP-galacturonic acid, would provide 

a more accurate quantification. 

Additional biochemical routes affected by UGT expression were related to lipid pathways, 

including the bioactive lipid AA and endocannabinoids. For instance, expression of UGT1A1 

and UGT2B7 enzymes induced a significant elevation of AA levels. The opposite would have 

been expected since our data and a previous report identified AA as a substrate of several 

UGTs including UGT1A1 and UGT2B7 (35). It remains unclear how AA accumulates within 
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cells and it may involve a regulatory feedback loop. A previous study showed that AA 

supplementation induces a repression of UGT1A1 expression in the hepatic model HepG2, 

which endogenously express this isoenzyme (36). It may also engage PPAR signaling, as 

lower expression of several peroxisomal and mitochondrial PPAR targets involved in 

mitochondrial fatty acid beta-oxidation were noticed in UGT1A1 enzyme-expressing cells. 

Moreover, we previously observed an accumulation of lipid droplets induced by UGT1A 

expression (13), a process reflecting storage of energy-rich fatty acids as well as bioactive 

lipids (37, 38), and which potentially involved protein-protein interactions (13). Another report 

further supports a key role of UGTs in maintaining lipid homeostasis, with an effect on the 

proliferation of cancer cells (39). An impact of UGT on gene expression and cell metabolism 

was also observed in a humanized mouse model (hUGT1). For instance, (40) reported that 

the loss of UGT1A functionality in liver resulted in significant alterations in the expression of 

gene pathways such as those linked to hormones, fatty acids and pyrimidine metabolism. 

Accordingly, the interconnection between lipid metabolism and the UGT pathway seems 

more complex than being related to substrates for these enzymes, and likely involves 

signaling events and modifications of gene expression triggered by bioactive lipids, as well 

as protein-protein interactions. 

In support of functional protein interactions involving UGTs, we demonstrated a protein-

protein interaction between the alt. UGT1A1 protein and OGDHL, a component of the OGDC 

enzyme complex and a key control point in the citric acid cycle often bypassed in cancer 

cells (41-45). It is plausible that this partnership may explain, at least in part, changes in the 

levels of TCA cycle intermediates and BCAA metabolites observed in cells overexpressing 

the alt. UG1A1 protein. Consistent with this notion, our previous work using an alt. UGT1A-

depleted cancer cell model showed a shift in energy metabolism, increasing cell dependency 

on glucose at the expense of oxidative phosphorylation, likely dependent on a functional 

interaction of UGT1A proteins with the pyruvate kinase M2 (PKM2) enzyme (14). These two 

protein partners of the alt. UGT1A1 protein are key regulators of energy metabolism, which 

could be linked to the capacity of UGTs to induce a redirection of carbon skeletons as 

discussed above. In fact, when compared to UGT1A1 enzyme-expressing cells, those 

expressing the alt. UGT1A1 displayed similar alterations for several abovementioned 

metabolic pathways (glycolysis, pyrimidine synthesis and bioactive lipid metabolism), and 

could be instigated by common protein interactors (1, 13, 14). By these interactions, we also 

exposed that alt. UGT1A proteins, but not UGT1A enzymes, interfere with oligomeric 
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complex formation necessary for scavenging activity of catalase and peroxiredoxin (1). 

OGDC activity is linked to an increased ROS formation in mitochondria (46, 47), upholding 

a role for alt. UGT1A proteins in ROS metabolism. Besides, UGT1A1 is a key regulator of 

oxidative stress through controlling the homeostasis of the antioxidant bilirubin, implying a 

potential role of UGT expression in oxidative stress-related diseases (48). 

Isoform-specific interactions are thus expected to induce, to a certain extent, different 

metabolic changes that may be related to their divergent primary structure and/or subcellular 

localisation (19). Supporting this notion, expression of the structurally divergent alt. UGT2B7 

caused distinct metabolic profiles for several pathways, notably for glycolytic intermediates 

and nucleotide sugar precursors, which could result from protein partners interacting with its 

unique peptide sequence. We also previously observed that in contrast to the canonical 

enzyme, the expression of the alt. UGT2B7 increased cellular adhesion while reducing 

proliferation, supporting a distinct role for alt. proteins on cellular metabolism (15). 

The human HEK293 embryonic kidney cell model was selected for our study because the 

UGT pathway is inactive due to the lack of endogenous UGT expression (Fig.1) (49). This 

allowed us to better delineate the effects of individual UGT protein on the cell metabolome 

since most available human immortalized cell lines express multiple UGTs including 

enzymes and some forms of alt. UGTs (50, 51). Profiling cell culture media could have 

helped better portray the effects of UGT expression since glucuronide derivatives as well as 

many other metabolic intermediates are excreted by cells into the medium (52, 53). 

Limitations of the study include the fact that most of known signalling molecules inactivated 

by UGTs were not part of the panel of metabolites detected by MS, including many 

hormones. Moreover, relative metabolite quantification hinders our capacity to compare 

metabolite levels with other studies, an inherent limitation of untargeted metabolomics 

analyses. Our study represents an extensive portrait of cellular metabolites changed by UGT 

expression that also resulted in changes in gene expression. We are currently exploiting 

these data for the discovery of endogenous substrates of UGT proteins, a strategy that has 

been successful for organic anion transporters (54). The glucuronidation pathway emerges 

as a potential regulatory process used by cells to control the activity of their metabolic 

networks, with broad consequences on cell metabolite levels. 
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Table 1. Top 6 up and down modulated metabolites in UGT-expressing cells. 

Cell line Pathway Metabolite 
Fold 

Change 
P-

value 

UGT1A1 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

Isobar: fructose 1,6-diphosphate, glucose 
1,6-diphosphate, myo-inositol 1,4 or 1,3-
diphosphate 

-12.5 4.4E-08 

Fructose, Mannose and Galactose 
Metabolism 

mannose-6-phosphate -9.1 8.6E-05 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

glucose 6-phosphate -5.3 9.4E-05 

Pentose Phosphate Pathway 6-phosphogluconate -5.3 5.8E-05 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

3-phosphoglycerate -5.0 2.0E-06 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

dihydroxyacetone phosphate (DHAP) -5.0 5.8E-08 

Glycerolipid Metabolism glycerophosphoglycerol 5.4 1.4E-10 

Polyunsaturated Fatty Acid (n3 and n6) arachidonate (20:4n6) 5.4 2.7E-08 

Monoacylglycerol 1-arachidonylglycerol (20:4) 5.5 5.9E-08 

Purine Metabolism, Adenine containing adenine 5.5 2.4E-10 

Pyrimidine Metabolism, Cytidine 
containing 

2'-deoxycytidine 5.6 9.8E-06 

Polyamine Metabolism N1,N12-diacetylspermine 5.9 1.0E-04 

UGT2B7 

Fructose, Mannose and Galactose 
Metabolism 

mannose-6-phosphate 
-20.0 

5.9E-11 

Pyrimidine Metabolism, Cytidine 
containing 

2'-deoxycytidine 
-20.0 

5.1E-10 

Polyamine Metabolism N1,N12-diacetylspermine 
-14.3 

2.2E-06 

Polyamine Metabolism N(1)-acetylspermine 
-9.1 

1.1E-07 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

glucose 6-phosphate 
-6.3 

3.9E-07 

Nicotinate and Nicotinamide Metabolism adenosine 5'-diphosphoribose (ADP-ribose) 
-6.3 

4.1E-06 

Polyunsaturated Fatty Acid (n3 and n6) arachidonate (20:4n6) 
13.3 

6.5E-09 

Glutathione Metabolism cysteine-glutathione disulfide 
14.5 

8.3E-07 

Pyrimidine Metabolism, Thymine 
containing 

5,6-dihydrothymine 
19.5 

3.6E-09 

Methionine, Cysteine, SAM and Taurine 
Metabolism 

cystine 
21.0 

1.4E-09 

Pyrimidine Metabolism, Thymine 
containing 

thymine 
26.1 

7.3E-09 

Pyrimidine Metabolism, Uracil containing uracil 
28.3 

1.9E-08 
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alt. 
UGT1A1 

Plasmalogen 
1-(1-enyl-stearoyl)-2-linoleoyl-GPE (P-
18:0/18:2)* 

-6.3 1.1E-06 

Polyamine Metabolism putrescine -4.3 8.8E-08 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

Isobar: fructose 1,6-diphosphate, glucose 
1,6-diphosphate, myo-inositol 1,4 or 1,3-
diphosphate 

-4.0 7.4E-05 

Pentose Phosphate Pathway 6-phosphogluconate -3.6 8.0E-04 

Polyamine Metabolism N-acetylputrescine -3.6 9.1E-07 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

dihydroxyacetone phosphate (DHAP) -3.4 1.7E-06 

Leucine, Isoleucine and Valine 
Metabolism 

3-methyl-2-oxovalerate 5.5 7.3E-07 

Leucine, Isoleucine and Valine 
Metabolism 

4-methyl-2-oxopentanoate 5.8 2.1E-06 

Leucine, Isoleucine and Valine 
Metabolism 

3-methyl-2-oxobutyrate 5.9 1.6E-06 

Diacylglycerol palmitoleoyl-oleoyl-glycerol (16:1/18:1) [1]* 6.9 4.9E-05 

Diacylglycerol 
diacylglycerol (12:0/18:1, 14:0/16:1, 
16:0/14:1) [1]* 

8.0 5.7E-07 

Pyrimidine Metabolism, Cytidine 
containing 

2'-deoxycytidine 13.5 1.1E-07 

alt. 
UGT2B7 

Pyrimidine Metabolism, Cytidine 
containing 

2'-deoxycytidine -100.0 1.0E-13 

Diacylglycerol 
diacylglycerol (12:0/18:1, 14:0/16:1, 
16:0/14:1) [1]* 

-7.7 2.2E-03 

Pyrimidine Metabolism, Cytidine 
containing 

cytidine -7.1 5.7E-07 

Pyrimidine Metabolism, Cytidine 
containing 

5-methylcytidine -7.1 9.8E-06 

Polyamine Metabolism N1,N12-diacetylspermine -6.7 2.0E-04 

Endocannabinoid N-oleoyltaurine -3.8 7.9E-06 

Polyunsaturated Fatty Acid (n3 and n6) mead acid (20:3n9) 4.5 6.4E-06 

Pentose Phosphate Pathway 6-phosphogluconate 4.6 1.8E-07 

Pyrimidine Metabolism, Thymine 
containing 

3-aminoisobutyrate 4.8 1.1E-12 

Pyrimidine Metabolism, Uracil containing uracil 5.5 3.0E-04 

Plasmalogen 
1-(1-enyl-stearoyl)-2-linoleoyl-GPE (P-
18:0/18:2)* 

6.1 1.8E-07 

Glycolysis, Gluconeogenesis, and 
Pyruvate Metabolism 

glucose 18.2 5.7E-07 
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Figure Legends  

Figure 1. Expression and activity of UGT enzymes and alt. proteins in UGT-negative 

HEK293 cells. A) Schematic representation of splicing events in UGT1 and UGT2B genes, 

leading to the UGT1A1 and UGT2B7 canonical enzymes (full lines). The UGT1A1_i2 

alternative protein (alt. UGT1A1) possess a truncated C-terminal, resulting from a stop 

codon located in the exon 5b, whereas the UGT2B7_i8 alternative protein (alt. UGT2B7) 

has an in-frame insertion of 32 amino acids encoded by the exon 2b. Stable expression and 

glucuronidation activity of UGT1A1 (B) and UGT2B7 (C) enzymes (enz.) or alternative 

proteins (alt.) in HEK293 cells. Expression was revealed by immunoblotting of microsomal 

fractions of UGT-expressing cell models and control cells (Ctr). UGT1A1 and UGT2B7 

enzymes displayed enzymatic activity toward typical substrates of these isoenzymes. 

Assays were conducted with microsomal extracts of each cell model incubated with bilirubin, 

arachidonic acid (AA), estradiol (E2), SN-38 or zidovudine (AZT). All substrates are reported 

in pmol/mg prot/h (right axis), except for bilirubin and AA (1x103 area/mg prot/h; left axis). 

No activity was detected in Ctr cells (not shown). 

Figure 2. UGT expression induces significant perturbations of metabolite levels. Using 

an unbiased metabolomic approach, we showed that UGT expression modified intracellular 

metabolite concentrations in comparison to control cells. A) Common and divergent changes 

in metabolite levels (P<0.05) for enzyme-expressing models are displayed in the Venn 

diagram (Upper panel), while the scatter plot (Lower panel) shows the log2 fold change 

(Log2 FC) of metabolites significantly altered in both cell models. Numbers of metabolites in 

each quadrant are displayed. B) Pathway enrichment analysis revealed perturbations 

common to UGT1A1 and UGT2B7. Displayed pathways were enriched in both cell models 

with an enrichment score > 1 and comprised at least 3 metabolites. C) Venn diagram of 

common and divergent changes in metabolite levels (P<0.05) for UGT1A1 and alt. UGT1A1 

models (left). The scatter plot shows the Log2 FC of metabolites altered in both cell models 

(right). D) Common and divergent changes in metabolite levels (P<0.05) for UGT2B7 and 

alt. UGT2B7 models are displayed in the Venn diagram (left). The scatter plot shows the 

log2 FC of metabolites altered in both conditions. Pathway enrichment analysis for E) and 

F) are displayed in Supplementary Figure 1. Cells were cultured in standard conditions, as 

described in the Methods. Metabolites were categorized according to Metabolon proprietary 

database. The complete list of metabolites and their quantification are provided in 

Supplementary Table 2. 
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Figure 3. Metabolic precursors of UDP-GlcA synthesis are modified by UGT 

expression. Several metabolites of the pyrimidine, glycolytic and pentose phosphate 

pathways are preferentially altered in UGT enzyme-expressing cells. Fold changes (FC) 

relative to control cells are provided in the heatmap. Non-significant metabolites are 

displayed in white. Note that glucose and pyruvate were supplemented by the medium. 

NCA, N-carbamoyl aspartate; DHO, dihydroorotate; UMP, uridine monophosphate; UDP, 

uridine-diphosphate; UTP, uridine triphosphate; Glc, glucose; Glc-6-P, glucose-6-

phosphate; Glc-1-P, glucose-1-phosphate; UDP-Glc, UDP-glucose; UDP-GlcA, UDP-

glucuronic acid; Fru, fructose; Fru-6-P, fructose-6-phosphate; GlcN-6P, glucosamine-6-

phosphate; GlcNAc-6-P, N-acetyl-glucosamine-6-phosphate; GlcNAc-1-P, N-acetyl-

glucosamine-1-phosphate; UDP-GlcNAc, UDP-N-acetyl-glucosamine; Man-6-P, Mannose-

6-phosphate; Glc/Fru-1-6-BP, glucose/fructose-1-6-bisphosphate; PEP, 

phosphoenolpyruvate.  

Figure 4. UGT1A1 and UGT2B7 enzymes induce an accumulation of bioactive lipids. 

A) Arachidonic acid (AA; C20:4n6) and its precursors, 1-arachidonoylglycerol (1-AG) and 2-

AG, are elevated in cells expressing UGT1A1 and UGT2B7 enzymes, whereas the levels of 

these metabolites are almost unaffected by the expression of alt. UGT1A1 and alt. UGT2B7 

(Supplemental Table 2). MAG, monoacylglycerol; DAG, diacylglycerol; GPC, 

glycerophosphocholine; GPE, glycerophosphoethanolamine; GPI, glycerophosphoinositol; 

GPS, glycerophosphoserine; LPA, lysophosphatidic acid. MAGL, monoacylglycerol lipase; 

DAGLB, diacylglycerol lipase B; PLA2G4A, cytosolic phospholipase A2 group IVA. Lipid 

species are detailed in parentheses. B) The accumulation of AA is linked to an increased 

expression of PLA2G4A and repressed expression of MAGL in enzyme-expressing cells, as 

detected by reverse-transcriptase-quantitative-PCR (RT-qPCR). DAGLB expression did not 

correlate with levels of AA-containing lipids. mRNA fold change (FC) over control (Ctr) cells 

is displayed. C) Enrichment of endocannabinoids in UGT enzyme-expressing cells. D) The 

expression of the fatty acid amide hydrolase (FAAH), catalyzing the hydrolysis of 

endocannabinoids, was decreased in enzyme-expressing cells. Metabolite fold changes 

(FC) relative to control cells are provided in heatmaps. Non-significant metabolites are 

displayed in white. ***P<0.001, **P<0.01, *P<0.05. 

Figure 5. The cannabinoid system is downregulated in cells expressing UGT1A1 

enzyme and its alt. protein. A) Scheme of the endocannabinoid system in HEK293 cells, 

including cannabinoid receptors (CNR1, TRPV1), peroxisome proliferator-activated 
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receptors (PPARs) and PPAR targets. B) Gene expression of the endocannabinoid system 

in HEK293 cells expressing UGT1A1 enzyme and alt. UGT1A1. Expression of most genes 

is perturbed in both cell models and preferentially reduced in UGT1A1 enzyme-expressing 

cells. Cells expressing the UGT1A1 enzyme have lower fatty-acid synthase (FASN) C) 

expression and D) activity than control cells, as detected by an assay measuring NADPH 

oxidation upon malonyl-CoA addition. EHHADH, Enoyl-CoA Hydratase And 3-Hydroxyacyl 

CoA Dehydrogenase; ACAA, Acetyl-CoA Acyltransferase; ECH1, Enoyl-CoA Hydratase 1; 

CPT1A, Carnitine Palmitoyltransferase 1A. ***P<0.001, **P<0.01, *P<0.05, †P<0.1. 

Figure 6. Specific metabolic changes induced by UGT expression. A) Expression of 

UGT2B7 proteins is associated with elevated metabolites of the creatine pathway. Fold 

changes (FC) relative to control cells are provided in the heatmap. Non-significant 

metabolites are displayed in white. SAM, S-adenosyl-methionine; SAH, S-adenosyl-

homocysteine; DMGly, dimethyl-glycine; GAMT, guanidinoacetate methyltransferase. B) 

GAMT mRNA expression are increased in cells expressing UGT2B7 proteins when 

compared to control cells. C) Metabolites upstream from the oxoglutarate dehydrogenase 

complex (OGDC) in the TCA cycle are elevated in cells expressing UGT1A1 proteins. 

Branched-chain keto acids (BCKA) are also enriched in alt. UGT1A1 cells. D) Co-

immunoprecipitations (co-IPs) revealed no interaction between UGT1A1 and the 

oxoglutarate dehydrogenase-like (OGDHL) protein, a key regulator of the OGDC. E) The alt. 

UGT1A1 interacts with OGDHL, as detected by co-IP. Co-IPs were conducted using anti-

myc (UGT1A1) or anti-V5 (alt.UGT1A1) and control IgG antibodies. Western blots were 

revealed with in-house anti-UGT1A (RC-71; for UGT1A1), anti-V5 (for alt. UGT1A1) or anti-

Flag (for OGDHL) antibodies. 
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Supplementary Material 

Supplementary Table 1. Primers for gene expression analysis by qPCR. 

Gene Primer Sequences 

PLA2G4A F- ACTGCACAATGCCCTTTACC 
R- CGGGAGCCATAAAAGTACCA 

DAGLB F- TGCTTCATCAGCAACAGGAC  
R- CAGCAGTCACCACCAATCC 

MAGL F- ATGCAGAAAGACTACCCTGGGC 
R- TTATTCCGAGAGAGCACGC 

FAAH F- AAGGTGATTTCGTGGACCCC 
R- CCAGCCGAACGAGACTTCAT 

PPARA F- GCTGGTGTATGACAAGTGCG 
R- TCTTGGCATTCGTCCAAAACG 

PPARD F- CTTCCAGCAGCTACACAGACCTC 
R- TACTGGCACTTGTTGCGGTT 

PPARG F- AGATGACAGCGACTTGGCAATA 
R- AGGGCTTGTAGCAGGTTGTCT 

CNR1 F- GATGCGAAGGGATTGCCCC 
R- GATGGTGCGGAAGGTGGTAT 

CNR2 F- CCACCCACAACACAACCCAAAG 
R- GCTGTCTTCTGGGGACCACT 

TRPV1 F- GGGTACACACCTGATGGCAA 
R- GCCTGAAACTCTGCTTGACC 

ACAA1 F- GAGATCAATGAGGCCTTTGC 
R- GATGCACATGGACACCACTC 

ECH1 F- GGGATAGTGGCTTCTCGCAG 
R- CCAGTGAGGCGAAGGCTAAT 

EHHADH F- GTGAAGGAGCTTGGTGGTGT 
R- AAAAGAAGTGGGTGCCAATG 

CPT1a F- AGATGAGTCGTGCCACCAAG 
R- CCACCAGTCGCTCACGTAAT 

HADHB F- TAATCATGGCGGAGGAAAAG 
R- CCAAAATCTGACCCGAGAAA 

ACAA2 F- GGCTGTTGAGAGGAGTTTGG 
R- GGCTGTGCTCTGAATGATGA 
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Supplementary Figure 1 

 

Supplementary Figure 1. Pathway enrichment analysis revealed perturbations common to 

A) UGT1A1 and B) UGT2B7 enzymes and alt. proteins.  Displayed pathways were enriched 

in both cell models with an enrichment score > 1 and comprised at least 3 metabolites. 

Metabolites were categorized according to Metabolon proprietary database.  
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Chapitre 3 : « Endogenous protein interactome of 

human UDP-glucuronosyltransferases exposed by 

untargeted proteomics » 

Résumé 

Le métabolisme de conjugaison médié par les UGT influence significativement la 

biodisponibilité et la réponse biologique à des substrats endogènes et exogènes de ces 

enzymes, incluant des médicaments. Les UGT participent à la régulation de l’homéostasie 

cellulaire en limitant le stress induit par des molécules toxiques, et en contrôlant la 

signalisation hormonale. La glucuronidation est hautement régulée tant au niveau 

génomique, transcriptionnel, post-transcriptionnel que post-traductionnel. Le réseau 

d’interaction protéique des UGT, ayant le potentiel d’influencer l’activité de glucuronidation, 

a cependant été peu étudié. Nous avons investigué l’interactome endogène des enzymes 

UGT1A dans les principaux tissus du métabolisme des médicaments, où l’expression de 

ces enzymes est plus prévalente, en utilisant une approche protéomique non-biaisée. 

L’analyse par spectrométrie de masse de complexes protéiques UGT purifiés par affinité 

dans le foie, les reins et les intestins a identifié un réseau d’interactions complexe, reliant 

les enzymes UGT à de nombreuses voies métaboliques. Nous avons identifié plusieurs 

protéines importantes pour la pharmacologie, tels que des transférases (incluant les UGT2), 

des transporteurs et des déshydrogénases, supportant l’existence d’une coordination de la 

réponse cellulaire à des petites molécules lipophiles et des médicaments. De plus, nous 

avons observé des regroupements d’enzymes fonctionnellement liées parmi les partenaires 

des enzymes UGT1A, notamment dans la béta-oxydation des lipides, la glycolyse et la 

gluconéogenèse. Plusieurs de ces partenariats sont validés par co-immunoprécipitation et 

par co-localisation en microscopie confocale. En support d’une interaction fonctionnelle, 

nous avons observé une accumulation de gouttelettes lipidiques dans un modèle cellulaire 

rénal exprimant l’enzyme UGT1A9. Ces travaux représentent les premières preuves d’une 

interaction entre la voie de glucuronidation et le métabolisme bioénergétique. 
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Abstract  

The conjugative metabolism mediated by UDP-glucuronosyltransferase enzymes (UGTs) 

significantly influences the bioavailability and biological responses of endogenous molecule 

substrates and xenobiotics including drugs. UGTs participate in the regulation of cellular 

homeostasis by limiting stress induced by toxic molecules, and by controlling hormonal 

signaling networks. Glucuronidation is highly regulated at genomic, transcriptional, post-

transcriptional and post-translational levels. However, the UGT protein interaction network, 

which is likely to influence glucuronidation, has received little attention. We investigated the 

endogenous protein interactome of human UGT1A enzymes in main drug metabolizing non-

malignant tissues, where UGT expression is most prevalent, using an unbiased proteomics 

approach. Mass spectrometry analysis of affinity-purified UGT1A enzymes and associated 

protein complexes in liver, kidney and intestine tissues revealed an intricate interactome 

linking UGT1A enzymes to multiple metabolic pathways. Several proteins of 

pharmacological importance such as transferases (including UGT2 enzymes), transporters 

and dehydrogenases were identified, upholding a potential coordinated cellular response to 

small lipophilic molecules and drugs. Furthermore, a significant cluster of functionally related 

enzymes involved in fatty acid β-oxidation, as well as in the glycolysis and glycogenolysis 

pathways were enriched in UGT1A enzymes complexes. Several partnerships were 

confirmed by co-immunoprecipitations and co-localization by confocal microscopy. An 

enhanced accumulation of lipid droplets in a kidney cell model overexpressing the UGT1A9 

enzyme supported the presence of a functional interplay. Our work provides unprecedented 

evidence for a functional interaction between glucuronidation and bioenergetic metabolism. 
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Introduction 

UDP-glucuronosyltransferases (UGTs) are well known for their crucial role in the regulation 

of cellular homeostasis, by limiting stress induced by toxic drugs, other xenobiotics and 

endogenous lipophilic molecules, and by controlling the hormonal signaling network 

(Rowland et al., 2013; Guillemette et al., 2014). UGTs coordinate the transfer of the sugar 

moiety of their co-substrate UDP-glucuronic acid (UDP-GlcA) to amino, hydroxyl and thiol 

groups on a variety of lipophilic molecules, thereby reducing their bioactivity and facilitating 

their excretion. In humans, nine UGT1A and ten UGT2 enzymes constitute the main 

glucuronidating enzymes. UGTs are found in nearly all tissues, each UGT displaying a 

specific tissue-expression profile, and are most abundant in the liver, kidney and 

gastrointestinal tract, where drug metabolism is highly active. These membrane-bound 

enzymes localized in the endoplasmic reticulum (ER) share between 55 and 97 % sequence 

identity, thus displaying substrate specificity and some overlapping substrate preferences 

(Rowland et al., 2013; Guillemette et al., 2014; Tourancheau et al., 2016). For instance, the 

alternative first exons of the single UGT1 gene produce the nine UGT1A enzymes with 

distinct N-terminal substrate binding domains but common C-terminal UDP-GlcA-binding 

and transmembrane domains. The seven UGT2B enzymes and UGT2A3 are encoded by 

eight distinct genes, whereas UGT2A1 and UGT2A2 originate from a single gene by a 

UGT1A-like, alternative exon 1 strategy. However, similar to UGT1As, substrate binding 

domains of UGT2 enzymes are more divergent than their C-terminal domains. 

Genetic variations, epigenetic regulation, as well as posttranscriptional and translational 

modifications, all contribute to the modulation of UGT conjugation activity, thereby 

influencing an individual’s response to pharmacologic molecules and the bioactivity of 

endogenous molecules (Guillemette et al., 2010; Ramirez et al., 2010; Guillemette et al., 

2014; Hu et al., 2014; Dluzen and Lazarus, 2015).  For instance, genetic lesions at the UGT1 

locus that impair UGT1A1 expression or activity result in transient or fatal hyperbilirubinemia, 

characterizing Gilbert and Crigler-Najjar syndromes, respectively (Costa, 2006). 

Several lines of evidence support protein-protein interactions (PPIs) among UGTs and with 

other enzymes of pharmacological importance (Taura et al., 2000; Fremont et al., 2005; 

Takeda et al., 2005a; Takeda et al., 2005b; Ishii et al., 2007; Takeda et al., 2009; Ishii et al., 

2014) (Operana and Tukey, 2007). These interactions may also significantly influence UGT 

enzymatic activity (Bellemare et al., 2010b; Menard et al., 2013; Ishii et al., 2014; Fujiwara 
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et al., 2016). In addition, interactions of UGT proteins with some anti-oxidant enzymes that 

have been recently uncovered have raised the interesting concept of alternative functions 

of UGTs in cells (Rouleau et al., 2014). However, most studies have been conducted in cell-

based systems with overexpression of tagged UGTs and little evidence in human tissues 

supports the extent of this mechanism and its physiological significance. 

PPIs are essential to cell functions including responses to extracellular and intracellular 

stimuli, protein subcellular distribution, enzymatic activity, and stability. Understanding 

molecular interaction networks in specific biological contexts is therefore highly informative 

of protein functions. We aimed to gain insight on the endogenous protein interaction network 

of UGT1A enzymes by applying an unbiased proteomics approach in main drug 

metabolizing human tissues. In doing so, we provide support to a potential coordinated 

cellular response to small lipophilic molecules and drugs. Importantly, a potential functional 

interplay between UGT1A enzymes and those of bioenergetic pathways also emerges from 

this exhaustive endogenous interaction network. 

Materials and methods 

UGT1A enzyme antibodies – The anti-UGT1A rabbit polyclonal antibody (#9348) that 

specifically recognizes UGT1A enzymes, and not the alternative UGT1A variant isoforms 2, 

has been described (Bellemare et al., 2011). Purification was performed using the 

biotinylated immunogenic peptide (K520KGRVKKAHKSKTH533; Genscript, Piscataway, NJ, 

USA) and streptavidin magnetic beads (Genscript) per the manufacturer’s instructions. 

Antibodies (3 ml) were incubated O/N at 4°C with peptide-streptavidin beads, and then 

washed with PBS to remove unbound immunoglobulins. UGT1A-specific antibodies were 

eluted using glycine (0.125 M, pH 2.9), and rapidly buffered with Tris pH 8.0. Purified 

antibodies were subsequently concentrated using a centrifugal filter unit (cut off 3 kDa; 

Millipore (Fisher Scientific), Ottawa, ON) to a final volume of 1 ml. 

Affinity purification of endogenous UGT1A enzymes and their interacting partners in 

human tissues and a UGT1A expressing cellular model – Human liver, kidney and 

intestine S9 fractions comprised of ER and associated membranes as well as cytosolic 

cellular content (Xenotech LLC, Lenexa, KS, USA) were from 50, 4 and 13 donors, 

respectively. This study was reviewed by the local ethics committee and was exempt given 

that anonymized human tissues were from a commercial source. Human colon cancer HT-

29 cells (ATCC, Manassas, VA, USA) were grown in DMEM supplemented with 10% fetal 
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bovine serum (Wisent, St-Bruno, QC, Canada), 50 mg/ml streptomycin, 100 IU/ml penicillin, 

at 37°C in a humidified incubator with 5% CO2 as recommended by ATCC. 

Immunoprecipitations (IP) were conducted according to standard procedures (Savas et al., 

2011; Ruan et al., 2012), with at least three independent replicates per sample source. For 

each sample, 1 mg protein was lysed in 1 ml lysis buffer A (final concentration: 50 mM Tris-

HCl pH 7.4, 150 mM NaCl, 0.3% deoxycholic acid, 1% Igepal CA-630 (Sigma-Aldrich), 1 

mM EDTA, Complete protease inhibitor (Roche, Laval, QC, Canada)) for 45 min on ice. This 

buffer included deoxycholate to enhance membrane solubilization and stringency of 

immunoprecipitation conditions. Lysates were then homogenized by pipetting up and down 

through fine needles (18G followed by 20G) 10–20 times on ice. Lysates were cleared of 

debris by centrifugation for 15 min at 13,000 g. UGT1A enzymes were immunoprecipitated 

from cleared lysates with 4 µg of purified anti-UGT1A for 1 h at 4°C with end-over-end 

agitation. After addition of protein G–coated magnetic beads (200 µl Dynabeads, Life 

Technologies, Burlington, ON), lysates were incubated O/N at 4°C. Beads were washed 

three times with 1 ml lysis buffer A and subsequently processed for mass spectrometry (MS) 

analysis, as described below. Control IPs were conducted in similar conditions using 4 µg 

normal rabbit IgGs (Sigma-Aldrich) per protein sample. The inclusion of 150 mM NaCl and 

0.3% deoxycholate ensured stringent wash conditions. 

Liquid chromatography-MS/MS identification of UGT1A interacting partners – Protein 

complexes bound to magnetic beads were washed 5 times with 20 mM ammonium 

bicarbonate (1 ml). Tryptic digestion and desalting was performed as described (Rouleau et 

al., 2016). Briefly, bead-bound proteins were digested in 10 µg/µl trypsin for 5 hrs at 37°C. 

The tryptic digest was recovered, dried, and resuspended in 30 µl sample buffer (3% 

acetonitrile, 0.1% trifluoroacetic acid, 0.5% acetic acid). Peptides were desalted on a C18 

Empore filter (ThermoFisher Scientific), dried out, resuspended in 10 µl 0.1% formic acid 

and analyzed using high-performance liquid chromatography-coupled MS/MS on a LTQ 

linear ion trap-mass spectrometer equipped with a nanoelectrospray ion source (Thermo 

Electron, San Jose, CA, USA) or on a triple-quadrupole time-of-flight mass spectrometer 

(TripleTOF 5600, AB Sciex, Concord, ON) as described (Rouleau et al., 2014). Data files 

were submitted for simultaneous searches using Protein Pilot version 4 software (AB Sciex) 

utilizing the Paragon and Progroup algorithms (Shilov). The RAW or MGF file created by 

Protein Pilot was used to search with Mascot (Matrix Science, London, UK; version 2.4.1). 

Mascot was set up to search against the human protein database (Uniref May 2012; 204083 
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entries) supplemented with a complete human UGT protein sequence database comprised 

of common UGT coding variations and protein sequences of newly discovered alternatively 

spliced UGT isoforms (assembled in-house (November 2013; 882 entries). Mascot analysis 

was conducted using the following settings: tryptic peptides, fragment and parent ion 

tolerance of 0.100 Da, deamidation of asparagine and glutamine and oxidation of methionine 

specified as variable modifications, deisotoping was not performed, two missed cleavage 

were allowed. Mass spectra were also searched in a reversed database (decoy) to evaluate 

the false discovery rate (FDR). On-beads digestion and MS analyses were performed by the 

proteomics platform of the CHU de Québec Research Center. The MS proteomics data have 

been deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the 

dataset identifier PXD000295.  

Identification of proteins in Scaffold (version 4.6.1; Proteome Software, Portland, OR) was 

carried out using two sets of criteria: 1- for UGT proteins, 95% peptide and protein 

probability, and 1 unique peptide were used, considering the high level of sequence identity 

among the proteins in this family. For the same reason of high sequence identity, each 

identified peptide was manually assigned to the proper UGT protein or to the common UGT 

sequence (Supplementary Table 1). 2- For UGT1A interacting proteins, specificity 

threshold was set to 95% peptide and protein probability and a minimum of 2 unique 

peptides. Proteins that contained similar peptides and could not be differentiated based on 

MS/MS analysis alone were grouped to satisfy the principles of parsimony. Detailed 

proteomics datasets are provided in Supplementary Tables 4-7. 

Confidence scores of each UGT1A-protein interaction were determined using the 

computational tools provided online at http://crapome.org (Choi et al., 2011). Spectral counts 

for each identified protein were normalized to the length of the protein and total number of 

spectra in the experiment. Two empirical scores (FC-A and more stringent FC-B) and one 

probability score (SAINT) (Mellacheruvu et al., 2013) were then calculated based on 

normalized spectral counts of identified proteins in UGT1A immunoprecipitation samples 

compared to our matching control immunoprecipitation samples (CRAPome Workflow 3). 

Confidence score calculations were conducted separately for each tissue, with the following 

analysis options: FC-A: Default parameters; FC-B: User controls, stringent background 

estimation, geometric combining replicates; SAINT: User Controls, Average - best 2 
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Combining replicates, 10 Virtual controls and default SAINT options. Confidence scores for 

all UGT1A interaction partners are given in Supplementary Table 2.  

Bioinformatics tools and data analysis – The common external contaminants keratins 

and trypsin were manually removed from the lists of interacting proteins prior to pathway 

enrichment analysis. UGT1A interacting partners were classified according to KEGG 

pathways (update November 12, 2016) using ClueGO and CluePedia Apps (v2.3.2) in 

Cytoscape 3.4 (Bindea et al., 2009; Bindea et al., 2013). Enrichment was determined based 

on a two-sided hypergeometric statistical test and a Bonferroni step down correction 

method. Only enriched pathways with P <0.05 and a Kappa score threshold of 0.4 were 

considered. The following optional criteria were also used for the search: minimum # genes 

= 4, minimum 2% genes. The UGT1A interactome was generated using Cytoscape basic 

tools. Because protein annotations based on tools such as KEGG and Gene Ontology are 

partial, the UGT1A interactome was subsequently manually extended to include significant 

UGT1A interactors that were absent in the original output but involved in enriched pathways, 

per their Uniprot entries (www.uniprot.org) and literature mining. Details are included in the 

legend of Fig.3. 

Validation of protein-protein interactions by co-IP and immunofluorescence (IF) – 

HEK293 cells stably expressing the human enzyme UGT1A9-myc/his (a pool of cells) were 

used (Bellemare et al., 2010a). Expression and glucuronidation activity of the tagged 

UGT1A9 in this model have been described and were similar to the untagged enzyme 

(Bellemare et al., 2010a). In the current study, only the myc tag served for UGT1A9 detection 

and the his tag was not exploited. Cells were transfected with Lipofectamine 2000 (Life 

Technologies) to transiently express tagged protein partners. HA-ACOT8 and FLAG-

SH3KBP1 were kindly provided by Dr Ming-Derg Lai (National Cheng Kung University, 

Taiwan (Hung et al., 2014)) and Dr Mark McNiven (Mayo Clinic, Rochester, MN (Schroeder 

et al., 2010)) respectively. The PHKA2-myc-FLAG expression construct was purchased from 

OriGene (Rockville, MD, USA). 

Co-IP: HEK293 cells (3 x 105 cells plated in 10 cm dishes) were harvested 40 hrs post-

transfection. Cells were washed three times with PBS, lysed in 800 µl lysis buffer B (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1 % Igepal, 1 mM DTT, complete protease inhibitor) for 1 h 

at 4°C and subsequently homogenized and centrifuged as described above. 

Immunoprecipitation with purified anti-UGT1A antibodies (2 μg) or control rabbit IgG (2 μg) 
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and 50 μl Protein-G magnetic beads was as above. Protein complexes were washed three 

times in lysis buffer B and eluted in Laemmli sample buffer by heating at 95°C for 5 min. 

Eluates were subjected to SDS-PAGE, and the presence of interacting partners was 

revealed by immunoblotting using anti-tag antibodies specified in figures and legends: anti-

myc (clone 4A6, EMD Millipore, Etobicoke, ON, Canada; 1:5000), anti-FLAG (clone M2, 

Sigma-Aldrich, St-Louis, MO, USA; 1:20 000) and anti-HA (Y-11, Santa Cruz 

Biotechnologies, Dallas, TX, USA; 1:500). 

IF: HEK293 cells (2 x 105 cells per well of 6-well plates) grown on coverslips were harvested 

36 hrs post-transfection and processed for IF, as described (Rouleau et al., 2016). ACOT8 

was detected with anti-HA (1:500), SH3KBP1 with anti-FLAG (1:1500), UGT1A9-myc/his 

with anti-myc (1:200) or purified anti-UGT1A (1:500), and with secondary goat anti-rabbit, 

goat anti-mouse or donkey anti-mouse respectively, conjugated to either AlexaFluor 488 or 

594 (1:1000; Invitrogen). Immunofluorescence images were acquired on a LSM510 META 

NLO laser scanning confocal microscope (Zeiss, Toronto, ON, Canada). Zen 2009 software 

version 5.5 SP1 (Zeiss) was used for image acquisitions. 

Quantification of lipid droplets – HEK293 cells grown on coverslips were fixed in 3.7% 

formaldehyde (Sigma) for 30 min at RT. Cells were then gently washed three times with PBS 

and incubated for 10 minutes in 0.4 g/mL Nile Red (Sigma). After being rinsed three times, 

coverslips were mounted on glass slides using Fluoromount (Sigma) as a mounting medium. 

Images were acquired on a Wave FX-Borealis (Quorum Technologies, Guelph, ON, 

Canada) - Leica DMI 6000B (Clemex Technologies inc., Longueil, QC, Canada) confocal 

microscope, with a 491 nm laser and 536 nm filter. Z-stacks were acquired every 0.15 m. 

Stacks were analyzed using ImageJ (v1.51f; U.S. National Institutes of Health, Bethesda, 

MD, USA) and the 3-D Object Counter plugin (Bolte and Cordelieres, 2006). Results are 

derived from 3 independent experiments and more than 140 cells per experiment were 

analyzed for each condition. Fluorescence images were acquired on an LSM 510 

microscope as above. 

Results  

Endogenous UGT1A enzymes associate with several other metabolic proteins in non-

malignant human tissues 
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The endogenous interactome of human UGT1A enzymes was established in three major 

metabolic tissues, namely liver, kidney and intestine from pools of 4 to 50 donors, using S9 

tissue fractions comprised of ER and associated membranes as well as cytosolic cellular 

content (Fig.1). IPs were conducted with an antibody specific to the C-terminal region 

common to the nine human UGT1A enzymes, thereby allowing affinity purification of all 

UGT1A enzymes expressed in studied tissues (Fig.1A). This antibody was shown by 

western blotting to lack affinity for alternatively spliced UGT1A isoform 2 proteins derived 

from the same human UGT1 gene locus (Bellemare et al., 2011). The experimental 

approach to establish the endogenous UGT1A enzymes interactome using the anti-UGT1A 

enzymes antibody is presented in Fig.1B. 

Multiple UGT1A enzymes were immunopurified from each tissue in line with their 

documented expression profile (Fig.2). The list of specific UGT1A enzymes 

immunoprecipitated from each tissue was established based on their unique N-terminal 

peptide sequences, whereas multiple additional peptides corresponding to the common C-

terminal half of the UGT1A proteins and thereby common to all UGT1A enzymes were also 

observed (Fig.2B, Supplementary Fig.1; Supplementary Table 1).  

Spectral counts for unique peptides provided a quantitative appreciation of 

immunoprecipitated UGT1A (Fig.2A). UGT1A1 and UGT1A4 were the most abundant 

UGT1As in hepatic IPs, whereas UGT1A1 and UGT1A10 were predominantly 

immunopurified from the intestine and UGT1A9 from the kidney (Fig.2A, Supplementary 

Table 1). UGT1A9 (n=51 spectra) was far more abundant than UGT1A6 (n=2 spectra) in 

the kidney whereas UGT1A10 (n=194 spectra) predominated over most other UGT1A in the 

intestine, although all UGT1A enzymes were identified besides UGT1A7 and UGT1A9. 

These metrics indicated that an exhaustive immunoprecipitation of UGT1As from each 

tissue was achieved. 

UGT1A interaction network and functional annotation 

A total of 9 independent AP-MS datasets (4 liver, 3 kidney and 2 intestine replicates of 

control and UGT1A AP-MS) efficiently immunoprecipitated UGT1A enzymes and associated 

proteins. Mass spectra were assigned to specific proteins using Mascot and Scaffold 

software. A list of UGT1A-interacting proteins was created based on the analysis of total 

spectral counts assigned to each identified protein in each replicate to obtain empirical (FC-

B) and probability (SAINT) confidence scores (Supplementary Table 2). Using a FC-B 
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score threshold of 1.42, we reported a total of 148 proteins forming endogenous interactions 

with UGT1A enzymes in the three surveyed human tissues (31 in the liver, 70 in the kidney 

and 77 in the intestine) (Fig.1B, Supplementary Table 2). This FC-B threshold was 

selected based on the validated protein partner having the lowest probability score, 

corresponding to PHKA2 in the intestine (see below). This approach was chosen because 

of the inherent difficulty to obtain similar replicate datasets with AP-MS from tissues, 

especially in intestine, a variability highly penalized in the SAINT scoring algorithm 

(Supplementary Fig.2). To further strengthen the UGT1A interactome in the 

gastrointestinal tract, we also conducted three more replicate AP-MS experiments of 

endogenous UGT1A enzymes with the human colon cancer cell line HT-29, expressing high 

levels of UGT1As. The intestinal UGT expression profile is well represented in HT-29 cells, 

with UGT1A1, UGT1A6, UGT1A8 and UGT1A10 immunoprecipitated in similar proportions 

(Supplementary Table 1). Using the FC-B threshold used for tissues (1.42), 125 interaction 

partners were selected for further analysis. Of those, 44 proteins were common with those 

immunoprecipitated in non-malignant tissue samples, including 26 common with the 

intestine dataset (Fig.1B, Supplementary Fig.3).  UGT1A protein partners with highest 

significance scores are given in Table 1 whereas a complete list of immunoprecipitated 

protein partners is provided in Supplementary Table 2.  

To portray the global functions enriched in the UGT1A interactome, the UGT1A protein 

partners from the three surveyed tissues were classified per the KEGG pathway database. 

Structural proteins such as tubulins, myosins, actin, as well as multiple ribosomal protein 

subunits (RPL/RPS proteins) and other RNA-binding proteins involved in mRNA splicing 

(e.g. heterogeneous ribonucleotide proteins (hnRNPs) and serine/arginine-rich splicing 

factors (SRSF) proteins) were significant classes of proteins immunoprecipitated with 

UGT1As. However, because these proteins are frequently non-specifically enriched in AP-

MS experiments (Mellacheruvu et al., 2013), the specificity of interactions with UGT1A will 

require validation and will not be discussed further. 

The interactome of UGT1A enzymes is characterized by numerous metabolic proteins 

playing roles in detoxification and bioenergetic pathways (Fig.3). They include the UGT2 

glucuronosyltransferases UGT2A3, UGT2B4, UGT2B7 and UGT2B17, the glutathione S-

transferase GSTA1, glycine N-acyltransferase GLYAT, the alcohol dehydrogenase ALDH2 

and the antioxidant enzymes PRDX1 and PRDX2 (full protein names are provided in Table 

2). Given their functions in line with high scoring proteins, ADH1B and PRDX3 were also 
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included in the final interactome, having confidence interaction scores just below threshold 

(FC-B=1.37; Supplementary Fig.2). Similarly, cytochrome P450 CYP3A4 was included 

because also observed in liver tissue with a single high confidence peptide and a previously 

observed interaction partner (Fremont et al., 2005; Ishii et al., 2014). Enzymes of the lipid 

metabolism pathway were also significantly represented and most particularly several 

peroxisomal and mitochondrial proteins involved in fatty acid β-oxidation, namely ACOT8, 

ECH1, CPT1A, and ACAA2. To encompass all potential protein partners involved in lipid 

metabolism, a pathway that was functionally validated at a later stage (see below), relevant 

but slightly lower scoring proteins were incorporated in the final interactome, namely SCP2, 

ACSL1, EHHADH, ACAT1, and ECHS1 (FC-B=1.38-1.19; Supplementary Fig.2). Finally, 

the glycolysis/pyruvate and glycogenolysis metabolic pathways were also significantly 

enriched, given the high number of immunoprecipitated UGT1A partners in these pathways. 

Several other protein partners, including transporters (SLC25A5, SLC25A13 and SLC34A2) 

and proteins participating in vesicular trafficking (RALGAPA1, RALGAPA2, RALGAPB and 

GBF1) were also immunoprecipitated from tissues and may represent important partners 

(Table 1, Fig.3). The interaction network of UGT1A enzymes established in the HT-29 cell 

model was consistent with that built from tissues, with enrichments in xenobiotic and 

bioenergetics metabolic pathways. Several transporters, anti-oxidant, lipid metabolism, 

glycolytic/glycogen metabolic enzymes and vesicular trafficking proteins were all 

significantly identified in AP-MS on cells, as in tissues (Supplementary Table 2), further 

supporting the significance of the endogenous interactome of UGT1A enzymes. 

Experimental validation of selected UGT1A partners 

Using the non-malignant kidney model cell line HEK293 (a UGT negative model) stably 

expressing a myc/his-tagged UGT1A9 enzyme, selected partnerships with enzymes of 

bioenergetic cellular pathways were confirmed by a co-IP/immunodetection approach. The 

peroxisomal acyl-coenzyme A thioesterase ACOT8, involved in fatty acid β-oxidation, and 

the cytosolic phosphorylase b kinase regulatory subunit A2 (PHKA2), involved in glycogen 

degradation, were selected based on their significant enrichment in more than one tissue 

(ACOT8 in kidney, intestine and HT-29; PHKA2 in all 4 matrices). The cytosolic SH3 domain-

containing kinase-binding protein 1, also known as cbl-interacting protein of 85 kDa 

(SH3KBP1/CIN85), an adaptor protein regulating membrane trafficking and receptor 

signaling, was also chosen as a representative protein partner of the vesicular trafficking 

pathway, given its identification in the kidney and HT-29 datasets. After transient expression 
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of selected partners as tagged proteins in the kidney cell model stably expressing UGT1A9, 

each of the candidate partners was specifically enriched by an IP of UGT1A (Fig.4A). 

Likelihood of a physical interaction of ACOT8 and CIN85 with UGT1A enzymes was further 

supported by their partial co-localization with UGT1A9 detected by IF and confocal 

microscopy (Fig.4B). 

Influence of UGT1A on cellular lipid droplets  

Pathway enrichment analysis identified several proteins involved in lipid metabolism and 

suggested a possible functional implication of UGT1A enzymes in this pathway. This was 

explored by measuring levels of lipid droplet in HEK293 cells stably expressing or not the 

UGT1A9 enzyme. Lipid droplets, cytoplasmic organelles that constitute a store of neutral 

lipids such as triacylglycerides, were labeled with Nile Red and counted. This analysis 

revealed that the number of lipid droplets per cell was significantly higher in UGT1A9-

expressing cells relative to control cells (by 7.5 fold, P<0.001), whereas average size and 

staining intensity of lipid droplets were similar between UGT negative and UGT1A9-

expressing HEK293 cells (Fig.5). 

Discussion 

Defining protein interaction networks is a key step towards a better understanding of 

functional crosstalk among cellular pathways. In the current work, we established the 

endogenous interactome of key metabolic UGT1A enzymes in three relevant human tissues. 

Data suggest an interplay between UGT1A enzymes regulating the glucuronidation pathway 

and enzymes involved in multiple cellular energetic pathways, most notably with lipid and 

glucose/glycogen metabolism. This interactome considerably expands what was known 

about UGT1A protein interactions in the literature (reviewed by (Ishii et al., 2010; Fujiwara 

et al., 2016)) and public databases (3 interactions among UGT1A enzymes reported in 

STRING database (http://string-db.org/), none in the iRefWEB database 

(http://wodaklab.org/iRefWeb/), accessed November 9, 2016). 

One of our study’s strength relies on the use of an unbiased approach targeting endogenous 

proteins in non-malignant human tissues, as opposed to most studies that used the 

overexpression of an exogenous tagged protein expressed in a cellular model (Taura et al., 

2000; Takeda et al., 2005a; Takeda et al., 2005b; Fujiwara et al., 2007a; Fujiwara et al., 

2007b; Kurkela et al., 2007; Takeda et al., 2009; Fujiwara et al., 2010). In addition, profiles 



 

86 

of immunoprecipitated UGT1A enzymes replicated well their known tissue distribution, and 

spectral peptide counting further reflected the relative abundance of these UGT1A enzymes 

previously established by mass spectrometry-based multiple reaction monitoring and RNA-

sequencing (Fallon et al., 2013a; Fallon et al., 2013b; Sato et al., 2014; Margaillan et al., 

2015a; Margaillan et al., 2015b; Tourancheau et al., 2016). Of note, our data support the 

notion that both UGT1A8 and UGT1A10 enzymes are expressed in the intestine, as peptides 

unique to each UGT were detected (Fig.2; Supplementary Table 1) (Strassburg et al., 

2000; Sato et al., 2014; Fujiwara et al., 2016; Troberg et al., 2016). Moreover, two peptides 

specific to the UGT1A5 enzyme sequence were detected in the intestine, albeit at low levels 

(1 spectrum for each peptide) relative to other expressed UGT1As, providing evidence for 

its intestinal expression at the protein level (Supplementary Fig.4). 

We provide unprecedented data on protein-protein interactions within the UGT family, 

namely between UGT1A and UGT2A3 enzymes and/or UGT2B family members. UGT1A-

UGT2 interactions were observed in the liver (UGT2B4 and UGT2B7), in the kidney 

(UGT2B7) and in the intestine (UGT2B7, UGT2B17 and UGT2A3), and reflect the 

expression profiles of these UGT2 enzymes (Harbourt et al., 2012; Fallon et al., 2013a; 

Fallon et al., 2013b; Sato et al., 2014; Margaillan et al., 2015a; Margaillan et al., 2015b; 

Tourancheau et al., 2016). Our current study offers a representative view of the endogenous 

UGT1A enzyme interactome in relevant drug metabolizing tissues. Findings are consistent 

with the interactions between several UGT1A enzymes and UGT2B7 detected in 

microsomes from liver tissues (Fremont et al., 2005; Fujiwara and Itoh, 2014) and when 

overexpressed in heterologous cell model systems as tagged proteins (Kurkela et al., 2007; 

Operana and Tukey, 2007; Fujiwara et al., 2010; Ishii et al., 2010; Ishii et al., 2014; Liu et 

al., 2016). In addition, other transferases and anti-oxidant PRDX1, PRDX2 and PRDX3 

enzymes were also found associated with UGT1A enzymes. The interaction network is also 

in line with a model favoring detoxifying enzymes acting in a “metabolosome”, i.e. a complex 

of xenobiotic-metabolizing enzymes and associated transport proteins regulating drug and 

xenobiotics inactivation and elimination (Taura et al., 2000; Takeda et al., 2005a; Takeda et 

al., 2005b; Akizawa et al., 2008; Takeda et al., 2009; Mori et al., 2011; Fujiwara and Itoh, 

2014; Ishii et al., 2014; Rouleau et al., 2014; Fujiwara et al., 2016).  

The significant number of peroxisomal and mitochondrial enzymes regulating fatty acid β-

oxidation identified in protein complexes with UGT1A enzymes hinted towards a potential 

involvement of UGT1A in regulating lipid metabolism. The higher number of lipid droplets, a 
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reservoir of neutral lipids (such as fatty acids, sterol esters and phospholipids) (Thiam et al., 

2013), in the UGT negative kidney cell model HEK293 overexpressing UGT1A9 lends 

support to this hypothesis. This observation is reminiscent of higher levels of lipid bodies 

induced by the overexpression of the peroxisomal ACOT8 protein, a confirmed UGT1A 

protein partner (Ishizuka et al., 2004). A modulation of lipid storage levels by overexpression 

of the UGT2B7 enzyme was also recently uncovered in breast and pancreatic cancer cell 

line models (Dates et al., 2015). This potential functional link between UGTs and lipid 

metabolism is intriguing and may be independent of the glucuronidation of some bioactive 

lipids previously reported (Turgeon et al., 2003). The underlying mechanism(s) of increased 

lipid droplets and the potential involvement of protein complexes comprised of UGT1A 

enzymes thus remain to be addressed and are aspects that fall beyond the scope of this 

study. 

While UGT1A are ER-resident enzymes, their presence in other subcellular compartments 

such as the mitochondria is suggested by their co-localization with markers of several 

organelles (Rouleau et al., 2016). An intimate connection between ER, mitochondria, 

peroxisomes, and lipid droplets is also well recognized (Currie et al., 2013; Schrader et al., 

2015). This is consistent with the significant number of peroxisomal and mitochondrial 

proteins interacting with ER-resident UGT1A enzymes. Indeed, peroxisomes and lipid 

droplets are ER-derived substructures, whereas interactions between the ER and 

mitochondria at the so-called mitochondria-associated ER membranes are gaining 

recognition as important sites of ER-mitochondria crosstalk where regulation of calcium 

signaling, lipid transport and tricarboxylic acid cycle take place (Hayashi et al., 2009; Tabak 

et al., 2013; Lodhi and Semenkovich, 2014; Pol et al., 2014).  

The UGT1A interaction network exposes multiple links with enzymes of bioenergetic 

pathways. Besides lipids, glycogen catabolism as well as glycolytic and tricarboxylic acid 

cycle pathways may be influenced by the interactions of UGT1A with several subunits of the 

phosphorylase b UGT1A enzymes and glycolytic/TCA cycle enzymes. It could be envisioned 

that UGT1A enzymes participate in the regulation of metabolite levels to prevent the toxic 

impact of excess concentrations of basic constituents, a hypothesis that remains to be 

addressed. Interestingly, mice with a disrupted UGT1 gene locus (UGT1-/- mice) are short-

lived, dying within 1 week of birth. Whereas hyperbilirubinemia induced by UGT1A1 

deficiency appears largely responsible for early death, highly perturbed hepatic expression 

of genes involved in general cellular metabolic function, and notably those of starch, sugar 
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and fatty acid metabolism was also observed in UGT1-/- mice, also supporting a contribution 

of UGT1A enzymes in those metabolic pathways (Nguyen et al., 2008). Rodent cell models 

from UGT1A-deficient mice or Gunn rats may constitute valuable models to investigate the 

interplay between UGT1A enzymes and global metabolic pathways. 

One of the limitations of this study is that it examines complexes in which UGT1A enzymes 

reside and it does not provide information on direct interactions of UGT1A with proteins. 

Approaches such as proximity ligation and fluorescence resonance energy transfer 

approaches are necessary to move forward with a better understanding of direct protein 

interactions and the domains involved. It is well documented that UGTs, like numerous 

metabolic enzymes, homo- and hetero-oligomerize with other UGTs (Fujiwara et al., 2007a; 

Kurkela et al., 2007; Operana and Tukey, 2007; Bellemare et al., 2010b). It is therefore 

conceivable that UGT1A enzymes influence the activity of other metabolic enzymes by direct 

interactions that could alter the stoichiometry or composition of metabolic protein complexes. 

In turn, interactions of UGT1A enzymes with other metabolic enzymes may influence the 

glucuronidation pathway and thus contribute to the variable conjugation rates of individuals. 

This notion is supported by the altered activity of several UGT1A enzymes by CYP3A4 

demonstrated in cell-based systems (Ishii et al., 2014). As well, the antagonistic or 

stimulatory functions of interactions among UGT1A and UGT2 enzymes, or with alternatively 

spliced isoforms, are consistent with a potential mode of regulation of UGTs by PPI (Fujiwara 

et al., 2007a; Bellemare et al., 2010b; Bushey and Lazarus, 2012; Rouleau et al., 2014; 

Rouleau et al., 2016).  

In summary, we established an effective affinity purification method coupled to mass 

spectrometry for the enrichment and identification of protein complexes interacting with 

endogenous UGT1A enzymes. We successfully applied this approach to UGT1A enzymes 

expressed in drug metabolizing tissues and a UGT positive cell model to uncover an 

interaction map linking glucuronidation enzymes to other metabolic proteins involved in 

detoxification, as well as in the regulation of bioenergetic molecules (lipids and 

carbohydrates). Our data also support physical and functional interactions between ER and 

other subcellular compartments. The crosstalk among cellular metabolic functions exposed 

in this work warrants future investigations to address the impact of UGT1A-protein 

interactions on detoxification functions of UGT1A enzymes and of UGT1A enzymes on 

global metabolic cellular functions.   
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Table 1: Top 10 UGT1A interaction partners1 for each tissue based on confidence score. 

1 Excluding common IP protein contaminants (structural, ribosomal and RNA-binding proteins). 
2 Proteins in bold were identified in the 3 tissues. 
3Total coverage calculated with peptides identified in all replicates (n=4, 3 and 2 for the liver, kidney and intestine, respectively). 
4Total spectral counts of all replicates.  

 

Liver   Kidney   Intestine 

Protein 
name2 

coverage 
(%)3 

Total 
spectral 
counts4 

FC_B 
score 

  
Protein 
name2 

coverage 
(%)3 

Total 
spectral 
counts4 

FC_B 
score 

  
Protein 
name2 

coverage 
(%)3 

Total 
spectral 
counts4 

FC_B 
score 

PHKB 36 193 28.55  TOP2B 16 53 5.93  ATP5A1 13 8 4.91 

PHKA2 34 180 26.62  PFKL 24 35 4.68  UGT2A3 24 61 4.63 

PHKG2 40 68 10.49  TRA2B 24 36 4.21  GBF1 12 60 4.60 

PRDX2 47 55 7.62  ATP5A1 33 32 4.10  SLC25A5 35 54 4.37 

UGT2B7 19 31 5.53  PRDX2 41 50 3.60  RALGAPB 13 51 4.26 

PRDX1 35 25 3.42  PRDX1 44 39 3.08  PRDX2 24 46 4.06 

ECH1 28 17 2.61  HSPA8 30 21 2.70  PRDX1 31 45 4.01 

SLC25A5 17 9 2.20  SLC34A2 16 17 2.66  RALGAPA2 6 29 3.28 

GBF1 4 9 2.15  ACCA2 43 21 2.30  ECH1 30 21 2.84 

UGT2B4 11 12 1.98   ASS1 42 21 2.22   PDIA3 5 3 2.82 
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Table 2: Complete names of UGT1A protein partners 

Protein names1 

Abbreviation Complete name 

ACAA2 3-ketoacyl-CoA thiolase, mitochondrial 

ACAT1/SOAT1 Sterol O-acyltransferase 1 

ACOT8 Acyl-coenzyme A thioesterase 8 

ACSL1 Long-chain-fatty-acid--CoA ligase 1 

ADH1B Alcohol dehydrogenase 1B 

ALDH2 Aldehyde dehydrogenase, mitochondrial 

ALDH6A1 Methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial 

ASS1 Argininosuccinate synthase 

ATP5A1 ATP synthase subunit alpha, mitochondrial 

CALM1 Calmodulin 

CPT1A Carnitine O-palmitoyltransferase 1, liver isoform 

CYP3A4 Cytochrome P450 3A4 

ECH1 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial 

ECHS1 Enoyl-CoA hydratase, mitochondrial 

EHHADH Peroxisomal bifunctional enzyme 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GBF1 Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 

GLYAT Glycine N-acyltransferase 

GSTA1 Glutathione S-transferase A1 

HSPA8 Heat shock cognate 71 kDa protein 

IDH2 Isocitrate dehydrogenase [NADP], mitochondrial 

ITPR2 Inositol 1,4,5-trisphosphate receptor type 2 

PC Pyruvate carboxylase, mitochondrial 

PCK2 Phosphoenolpyruvate carboxykinase [GTP], mitochondrial 

PDIA3 Protein disulfide-isomerase A3 

PFKL ATP-dependent 6-phosphofructokinase, liver type 

PHKA2 Phosphorylase b kinase regulatory subunit alpha, liver isoform 

PHKB Phosphorylase b kinase regulatory subunit beta 

PHKG2 Phosphorylase b kinase gamma catalytic chain, liver/testis isoform 

PKM Pyruvate kinase 

PRDX1 Peroxiredoxin-1 

PRDX2 Peroxiredoxin-2 

PRDX3 Peroxiredoxin-3 

RALGAPA1 Ral GTPase-activating protein subunit alpha-1 

RALGAPA2 Ral GTPase-activating protein subunit alpha-2 

RALGAPB Ral GTPase-activating protein subunit beta 

SCP2 Non-specific lipid-transfer protein 

SH3KBP1 SH3 domain-containing kinase-binding protein 1 
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SLC25A13 Calcium-binding mitochondrial carrier protein Aralar2 

SLC25A5 ADP/ATP translocase 2 

SLC34A2 Sodium-dependent phosphate transport protein 2B 

TOP2B DNA topoisomerase 2-beta 

TRA2B Transformer-2 protein homolog beta 

1Protein names are according to Uniprot (www.uniprot.org; accessed Dec.21, 2016) 
  

http://www.uniprot.org/
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Figure legends 

Figure 1.  UGT1A interaction network investigated by untargeted proteomics. (A) The 

nine UGT1A enzymes are distinguished by the amino acid sequence of their substrate 

binding domain (unique peptides) whereas they share identical C-terminal co-substrate and 

transmembrane domains (common peptides). The anti-UGT1A antibody used in this study 

was raised against a C-terminal peptide common to all nine UGT1A enzymes but does not 

recognize the main spliced alternative isoforms 2 or UGT1A_i2s. (B) Experimental approach 

to establish endogenous UGT1A protein interactomes in drug metabolizing tissues and in 

the colon cancer cell model HT-29. Immunoprecipitation of UGT1A enzymes was conducted 

with the anti-UGT1A antibody. The numbers of common and unique UGT1A protein partners 

identified by mass spectrometry and above confidence threshold are represented in the 

Venn diagrams. Datasets were established on a minimum of two biological replicates. A 

Venn diagram for the 4 matrices is presented in Supplementary Figure 2.  A list of proteins 

in each group is provided in Supplementary Table 3. 

Figure 2. Quantitative overview of UGT1A enzymes immunoprecipitated from each 

tissue. Identification of immunoprecipitated UGT1A enzymes was based on the detection 

of peptides unique to specified UGT1A enzymes. (A) The quantitative assessment of each 

immunoprecipitated UGT1A is given by the total number of spectral counts for peptides 

unique to each UGT1A identified by mass spectrometry. Total spectral counts for peptides 

common to all UGT1A enzymes (Liver: 465; Kidney: 67; Intestine: 1561) were not 

considered in the quantitative assessment of specific UGT1As. (B) For each tissue, the 

number of peptides unique to each UGT1A identified by MS/MS analysis is represented in 

ring charts. Detailed quantification and unique/common UGT1A peptides identified are 

presented in Supplementary Table 1. 

Figure 3. UGT1A interaction network in drug metabolizing tissues. UGT1A interacting 

proteins were classified according to KEGG pathways with ClueGO/CluePedia (Bindea et 

al., 2009; Bindea et al., 2013). Node size is representative of pathway enrichment 

significance. Interactome was enhanced with significant interaction partners not part of 

KEGG pathways that are functionally related based on Uniprot and literature. These proteins 

are not linked to nodes but are grouped according to global functions. Structural proteins, 

ribosomal protein subunits and other RNA-binding proteins involved in mRNA splicing are 

not shown but were significantly enriched in UGT1A IPs. Full protein names are provided in 
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Table 2. Complete lists of UGT1A interacting proteins are provided in Supplementary 

Table 2. 

Figure 4. Validation of selected protein interactions by immunoprecipitation and 

immunofluorescence in a UGT negative kidney cell model. (A) Immunoprecipitation (IP) 

of UGT1A9, with purified anti-UGT1A antibodies, was conducted in HEK293-

UGT1A9_myc/his transiently transfected with the indicated protein partner. UGT1A was 

immunodetected with anti-myc, whereas protein partners were detected with anti-tag 

antibodies as specified below immunoblots. Control IPs were conducted with normal rabbit 

immunoglobulins (IgG). Lysates (IP input) are shown as references. (B) Co-localization of 

UGT1A9 and the protein partners ACOT8 and SH3KBP1/CIN85 assessed by 

immunofluorescence in HEK293-UGT1A9_myc/his transiently transfected with specified 

partners. Confocal microscope images are representative of three independent 

experiments. Partial co-localization is detected by yellow labelling in merged images. Insets 

present enlargements of boxed regions in merged images. Bar = 20 μm. 

Figure 5. Accumulation of cellular lipid droplets in UGT1A9 expressing HEK293 cells. 

(A) Representative images of lipid droplets (green fluorescence) stained with Nile Red in 

HEK293-UGT1A9_myc-his or control HEK cells (stably transfected with the empty 

pcDNA3.1 vector – UGT negative cells). Bar = 20 μm. (B) Average number of lipid droplets 

per cell stably expressing UGT1A9 or control HEK cells. Lipid droplets per cell were counted 

in at least 140 cells per condition and averaged (n=3 independent experiments).  
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Figure 3 
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Figure 4 
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Figure 5 
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Chapitre 4 : « Cross-talk between alternatively 

spliced UGT1A isoforms and colon cancer cell 

metabolism » 

Résumé 

L’épissage alternatif du locus UGT1 humain produit des isoformes alternatives UDP-

glucuronosyltransférase i2 (UGT1A_i2), qui contrôlent l’activité de glucuronidation via des 

interactions protéine-protéine. Notre hypothèse stipulait que les protéines UGT1A_i2 sont 

impliquées dans un réseau complexe d’interactions protéiques, les connectant à de 

nombreuses autres voies métaboliques dont l’activité serait affectée. Ceci est supporté par 

une analyse d’enrichissement de voies métaboliques, basée sur des données protéomiques 

et ayant identifié plusieurs partenaires protéiques potentiels des protéines UGT1A_i2, 

notamment l’enzyme clé de la glycolyse pyruvate kinase (PKM), impliquée dans le 

métabolisme cellulaire cancéreux et la croissance tumorale. Le partenariat entre UGT1A_i2 

et PKM2 est confirmé par co-immunoprécipitation dans le modèle cellulaire de cancer du 

côlon HT115, et est supporté par la co-localisation partielle des deux protéines. Supportant 

un rôle fonctionnel à cette interaction, la déplétion des protéines UGT1A_i2 dans les cellules 

HT115 augmente l’effet Warburg, favorisant l’activité glycolytique au détriment de l’activité 

mitochondriale tout en promouvant l’accumulation du lactate extracellulaire. La 

métabolomique non-ciblée identifie aussi une altération significative de 58 métabolites 

intracellulaires, incluant des intermédiaires métaboliques dérivés de la glycolyse et du cycle 

des acides tricarboxyliques. Ces changements métaboliques sont associés à une 

augmentation du potentiel de migration. La pertinence de ces observations est supportée 

par la répression en ARN messager des UGT1A_i2 dans des tumeurs de côlon comparées 

aux tissus sains adjacents. Les protéines alternatives UGT1A feraient donc partie de 

l’ensemble des voies métaboliques impliquées dans la biologie du cancer, contribuant au 

phénotype oncogénique du cancer du côlon. Ces découvertes révèlent de nouvelles 

fonctions des UGT, en marge de leur activité transférase. 
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Abstract 

Alternative splicing at the human glucuronosyltransferase 1 gene locus (UGT1) produces 

alternate isoforms UGT1A_i2s that control glucuronidation activity through protein-protein 

interactions. Here, we hypothesized that UGT1A_i2s function into a complex protein network 

connecting other metabolic pathways with influence on cancer cell metabolism. This is 

based on a pathway enrichment analysis of proteomic data that identified several high-

confidence candidate interaction proteins of UGT1A_i2 proteins in human tissues, namely 

the rate-limiting enzyme of glycolysis pyruvate kinase (PKM), which plays a critical role in 

cancer cell metabolism and tumor growth. The partnership of UGT1A_i2 and PKM2 was 

confirmed by co-immunoprecipitation in the HT115 colon cancer cells and was supported by 

a partial co-localization of these two proteins. In support of a functional role for this 

partnership, depletion of UGT1A_i2 proteins in HT115 cells enforced the Warburg effect with 

higher glycolytic rate at the expense of mitochondrial respiration, and led to lactate 

accumulation. Untargeted metabolomics further revealed a significantly altered cellular 

content of 58 metabolites including many intermediates derived from the glycolysis and TCA 

cycle pathways. These metabolic changes were associated with a greater migration 

potential. The potential relevance of our observations is supported by the down-regulation 

of UGT1A_i2s mRNA in colon tumors compared to normal tissues. Alternate UGT1A 

variants may thus be part of the expanding compendium of metabolic pathways involved in 

cancer biology directly contributing to the oncogenic phenotype of colon cancer cells. 

Findings uncover new aspects of UGT functions diverging from their transferase activity. 
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Introduction   

The uridine diphospho-glucuronosyltransferases (UGTs) are critical enzymes involved in 

drug and carcinogen metabolism as well as in the homeostasis of a wide range of 

endogenous molecules such as bilirubin, steroids and lipids (Rouleau et al., 2014; Rowland 

et al., 2013). UGT enzymes catalyze the transfer of the sugar moiety of uridine diphospho-

glucuronic acid (UDPGlcA) to numerous lipophilic substrates, and this reaction leads to 

inactivation and favors elimination of metabolites through bile and urine. Together with other 

metabolizing enzymes and transporters, UGTs are increasingly recognized as key 

determinants of the interindividual variability in pharmacokinetic and pharmacodynamic 

outcomes of clinically important drugs (Stingl et al., 2014). Findings also reveal that 

metabolic alterations in the glucuronidation pathway may determine the degree of exposure 

of an individual to toxic or carcinogenic substances over a long period determining individual 

susceptibility to diseases such as cancer, as well as its progression (Rouleau et al., 2014). 

Alternative splicing is a powerful mean of controlling gene expression but also creates novel 

proteins with distinct structural and functional features (Biamonti et al., 2014). Extensive 

analysis of human UGT genomic sequences by our group uncovered a new class of UGT 

alternate isoforms derived from the UGT1 locus. Novel transcripts are created by the 

inclusion of an alternative terminal exon (exon 5b) that leads to the production of nine shorter 

UGT1A proteins called isoforms 2 (or i2s) (Girard et al., 2007; Levesque et al., 2007). 

Expression analyses revealed that UGT1A enzymes (referred to as isoforms 1 or i1s) and 

alternate UGT1A_i2s are co-produced in the same tissue structures of the liver, kidney, 

stomach, intestine and colon (Bellemare et al., 2011). The presence of exon 5b in the mRNA 

sequence causes a premature end of translation, and produces nine alternate UGT1A_i2s 

with different N-terminal regions (encoded by different exons 1) and lacking the 

transmembrane domain but comprising ten novel C-terminal amino acids 

(R435KKQQSGRQM444). As a consequence, these alternate proteins lack transferase 

function with UDPGlcA but gain new biologic activity by negatively modulating cellular 

glucuronidation through direct protein-protein interaction with UGT1A enzymes. This 

represents a new mode of regulation of the UGT metabolic pathway (Bellemare et al., 2010a; 

Rouleau et al., 2014).  

Alternative splicing was shown to produce isoforms with vastly different interaction profiles 

(Yang et al., 2016). Literature supports oligomerization of UGT enzymes and with other 
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proteins such as cytochrome P450 (Miyauchi et al., 2015; Rouleau et al., 2014). It raises the 

possibility of other cellular functions for alternate UGT1A proteins and perhaps, in disease 

processes like cancer. Indeed, the human protein interactome is of pivotal importance in the 

regulation of biological systems and was shown to contribute to different pathologies, 

particularly cancer (Mitsopoulos et al., 2015; Yang et al., 2016). These interactions are 

considered as promising therapeutic targets with selected protein–protein interaction 

inhibitors that have reached clinical development (Scott et al., 2016). Previous untargeted 

proteomic experiments with human liver and kidney normal tissues revealed a partnership 

between UGT1A_i2s and enzymes of the scavenging pathway such as catalase (CAT) and 

peroxiredoxin (PRDX). By these interactions, UGT1A_i2 proteins likely interfere with 

oligomeric complex formation necessary for scavenging activity of CAT and PRDX (Rouleau 

et al., 2014). Other proteins were identified as partners of UGT1A_i2s in human tissues, 

using an antibody that recognized all nine alternative UGT1A_i2 proteins but not the nine 

UGT1A enzymes, including the multifunctional protein pyruvate kinase (PKM). PKM plays a 

critical role in cancer cell metabolism and tumor growth (Gupta and Bamezai, 2010). 

However, the potential influence of this crosstalk remains unknown. Besides, it also remains 

undefined which of the nine UGT1A_i2 proteins interact with these other proteins. We thus 

postulated that UGT1A_i2s might interact with PKM and influence its activity with potential 

consequences on cancer cell phenotypes given the role the PKM enzyme in the metabolic 

remodelling of cancer cells.  

Cancer cells present a distinct metabolic phenotype also known as the Warburg effect (Li 

and Zhang, 2016; Warburg et al., 1927). In this context, the splice variant of pyruvate kinase 

M2 (PKM2) has received great attention as the major PKM isoform expressed by dividing 

cancer cells (Anastasiou et al., 2012; Israelsen and Vander Heiden, 2015; Taniguchi et al., 

2015). In contrast, PKM1 is more abundant in healthy quiescent cells (Bluemlein et al., 2011; 

Zhan et al., 2015). PKM2 is a rate limiting glycolytic enzyme and a key metabolic regulator, 

whereas a clear picture of its function in cancer is still unresolved (Israelsen and Vander 

Heiden, 2015). PKM2 favors aerobic glycolysis, in which glucose is preferentially catabolized 

to lactate, rather than fully metabolized to carbon dioxide via mitochondrial oxidative 

phosphorylation (OXPHOS) (Christofk et al., 2008a). This process provides cancer cells with 

energy and precursors for the synthesis of nucleic acids, amino acids, and lipids to support 

cell division. Recent data indicate that overexpression of PKM2 in colon tumors connote 

poor outcome, as it is associated with advanced tumor stage and lymph node metastasis, 
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and is essential for the aerobic glycolysis of colon cancer cells in vitro (Cui and Shi, 2015; 

Yang et al., 2014; Yang et al., 2015; Zhou et al., 2012). 

In this work, we sought to expose potential metabolic and phenotypic changes associated 

with UGT1A_i2 proteins in a colon cancer cell model HT115, in which PKM2 is expressed 

in addition to several different UGT1A proteins, including UGT1A enzymes and alternative 

i2 isoforms. We initially confirmed the direct interaction of UGT1A_i2s with pyruvate kinase 

by co-immunoprecipitation (co-IP) in HT115 cell lysates. Compared to normal colon tissues, 

downregulation of UGT1A_i2s mRNA expression was established in colon tumors by 

quantitative PCR and RNA sequencing. Metabolic alterations associated with depletion of 

UGT1A_i2 protein levels stably induced by shRNA (targeting the exon 5b region common 

to all UGT1A_i2s) were then investigated by complementary approaches including 

untargeted metabolomics and extracellular flux assays to monitor glycolysis and oxidative 

phosphorylation. Findings reveal for the first time a significant remodelling of energy 

metabolism and cellular content of several metabolic intermediates in UGT1A_i2s depleted 

cancer cells, likely partially explained by a direct interaction with PKM2. These metabolic 

changes are further associated with a greater migration potential, suggesting that alternate 

UGT1A proteins might contribute to the oncogenic phenotype of colon cancer cells. 

Materials and Method 

Immunofluorescence  

HT115 cells were obtained from the European Collection of Cell Cultures (Salisbury, UK) 

and grown as described (Bellemare et al., 2010b). Cells grown on coverslips to 60% 

confluence were fixed with 4% formaldehyde (Sigma, Oakville, ON, Canada) for 15 min at 

room temperature, and permeabilized with 0.5% TX-100 (Sigma) for 5 min. All solutions 

were prepared in phosphate-buffered saline (PBS). Cells were incubated for 1h30 at RT with 

primary antibodies diluted in 1% fetal bovine serum (FBS). Primary antibodies were anti-

PKM2 (1:500; #3198S, Cell Signaling, Danvers, MA, USA) and the custom mouse 

monoclonal anti-i2s (1:100; #4C5E7; GenScript, Piscataway, NJ, USA) described in 

Rouleau et al. (Rouleau et al., 2016). Detection was made with donkey anti-mouse Alexa 

Fluor 488 (Life Technologies Inc., Burlington, ON, Canada) and goat anti-rabbit Alexa Fluor 

594 (Cell Signaling) antibodies on a LSM510 META NLO laser scanning confocal 

microscope (Zeiss, Toronto, ON, Canada). Images were acquired with the Zen 2009 
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software (v.5.5 SP1; Zeiss) and were analyzed with ImageJ (v2.0.0; U.S. National Institutes 

of Health, Bethesda, MD, USA). 

Immunoprecipitation and pathway enrichment analysis  

Proteomics experiments in commercial pools of human liver and kidney tissues were 

conducted according to a previous study (Rouleau et al., 2014). Data have been deposited 

in the PRIDE database under the accession number PXD000295. Briefly, 

immunoprecipitation was carried out using 1 mg total protein lysate of human liver or kidney 

S9 fractions (cytosol and microsomes) (Xenotech, Lenexa, KS, USA) with 4 µg anti-

UGT1A_i2 #4863 antibody and Protein G–coated magnetic beads (Dynabeads; Life 

Technologies) for 15 hours at 4°C. Proteins were identified by mass spectrometry using a 

TripleTOF 5600 after on-beads trypsin digestion. Pathway enrichment analysis was 

performed with Cytoscape v3.3.0, using ClueGo v2.2.3 and CluePedia v1.2.3 apps (Bindea 

et al., 2013; Bindea et al., 2009; Shannon et al., 2003). Pathways were retrieved from the 

KEGG database (updated on January 15, 2016) and an enrichment/depletion two-sided 

hypergeometric test with the Bonferroni step down correction method was applied. All 

presented protein partners were part of a significantly enriched pathway (q-value<0.05).  

Detection of protein expression and complexes  

Co-immunoprecipitations (co-IPs) to confirm partnership with PKM2 were conducted on 

HT115 cell lysates using the anti-UGT1A_i2s (#4863) and the anti-UGT1A_i1s (#9348) as 

described (Rouleau et al., 2014). Protein complexes were subjected to SDS-PAGE and 

detected by Western blotting with UGT1A_i2s (#4863), biotinylated UGT1A_i1 (#9348), and 

PKM2 (#3198S, Cell Signaling) antibodies. Protein expression was also detected by 

Western blot. To monitor protein integrity and phosphorylation status, cells were lysed in 

Tris buffered solution (175 mM Tris pH 7.4, 150 mM NaCl, 1% Igepal, 1mM DTT) 

supplemented with Complete protease inhibitor (Roche, Laval, Qc, Canada) and phosSTOP 

(Sigma). Proteins were revealed using anti-PKM1 (#7067P, Cell Signaling), anti-PKM2 (Cell 

Signaling), anti-phospho-PKM2 Y105 (#3827; Cell Signaling) and anti-phospho-PKM2 S37 

(#11456; Signalway Antibody; College Park, MD, USA). PKM2 dimers and tetramers were 

crosslinked according to (Wang et al., 2014). Briefly, cell were lysed in PBS (pH 7.4) 

containing 0.5% Triton X-100 for 30 min, then centrifuged at 16 000 xg for 20 min to remove 

debris. Lysates were then diluted to 4 mg/mL and glutaraldehyde (final concentration 

0.0035%) was added to permanently crosslink proteins. After 2 min of incubation at RT, the 
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crosslinking reaction was stopped using Tris pH 8.0 (final concentration 50 mM). Finally, 

protein complexes were subjected to SDS-PAGE and revealed using anti-PKM2 (Cell 

Signaling). 

Metabolic profiling of HT115 colon cancer cells 

Metabolic profiles were established for two HT115 cell lines, a reference HT115 cell line 

(CTR) and a HT115 cell line in which the expression of UGT1A_i2 proteins were stably 

repressed (>90%) using a shRNA specific to the exon 5b of UGT1A (KD) (Rouleau et al., 

2014). Cell lines were grown for a maximum of 15 passages and periodically tested for 

mycoplasmas. Cells were seeded at 2 x 106 cells in a 10 cm petri dish and allowed to adhere 

and proliferate for four days, with one growth medium change after two days. Cells were 

trypsinized, centrifuged and counted, before being washed twice with ice-cold PBS and 

frozen on dry ice. Mass spectrometry analyses were performed by the West Coast 

Metabolomics Center (UC Davis, Davis, CA, USA) as reported (Fiehn et al., 2010; Fiehn et 

al., 2008). Data were normalized for cell count and log-transformed prior to testing for 

statistical differences using two-sided Student’s t-tests. 

The analysis of extracellular flux was achieved on a Seahorse XFe24 using glycolysis and 

mitochondria stress kits according to the manufacturer’s instructions (Seahorse Bioscience, 

MA, USA). For the glycolysis stress kit, 100 μL of cells at 2.0 x 106 cells/mL were seeded in 

the dedicated plates, and allowed to adhere for two hours in the incubator before adding 

150 μL of pre-warmed culture medium. Cells were grown overnight, rinsed twice with 1 mL 

Seahorse XF Base Medium (Seahorse Bioscience) supplemented with 4 mM glutamine, and 

a final volume of 450 μL of the medium was added. Cells were incubated for 1 hour at 37°C 

and 100% humidity in a non-CO2 incubator. Test compounds were reconstituted in 

glutamine-supplemented Seahorse XF Base Medium, according to instructions. A total of 

75 μL of this medium was loaded in the injection plate port ‘A’, while glucose was added in 

‘B’, oligomycin in ‘C’ and 2-deoxyglucose in ‘D’. Three measure phases were done for each 

condition, constituted of three minutes of mixing, two minutes of waiting and three minutes 

of measuring. For the mitochondria stress kit, a similar protocol was used, except that the 

Seahorse XF Base Medium was supplemented with both 4 mM glutamine and 4 g/L of 

glucose, and injection ports were loaded as follows: assay medium in ‘A’, oligomycin in ‘B’, 

trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) in ‘C’ and rotenone/antimycin A 
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in ‘D’. Data were normalized for protein content. Number of replicates and independent 

experiments are specified in the figure legend.  

Lactate was quantified with a Lactate Colorimetric/Fluorometric Assay Kit (BioVision, 

Milpitas, CA, USA). Cells were seeded at 0.6 x 106 cells per well in a 6-well plate for 

48 hours, rinsed twice with fresh medium and 3 mL of medium was added per well. Medium 

was sampled at 0, 60, 120 and 180 min and immediately frozen on dry ice. Cells were then 

trypsinized and counted. A perchloric acid deproteinization kit (BioVision) was used prior to 

sample dilution and lactate dosage. Fluorescence (Ex/Em = 535/590 nm) was measured on 

a TECAN M-1000 (Tecan US Inc., Morrisville, NC, USA). Samples were measured in 

duplicate for each time point. Results represent the mean of two independent experiments 

and differences were assessed by Student’s two-sided T-tests. 

Cellular phenotypes 

For proliferation assays, HT115 cells were monitored for 8 days and counted using a TC10 

automated cell counter (Bio-Rad, Hercules, California, USA) after addition of Trypan Blue 

(Sigma). Live cell proliferation assays were conducted on the xCELLigence DP system 

according to the manufacturer instructions (ACEA Biosciences Inc., San Diego, CA, USA). 

Cells were seeded in E-plates (6.0 x 104 cells/well) and monitored every five min for the first 

four hours, and every 15 min for five days, with the culture medium being changed every 48 

hours. In deprivation assays, cells were washed three times with the experimental culture 

medium before seeding. For glucose deprivation, cells grew in reconstituted glucose free 

DMEM medium (Sigma), supplemented with 15% FBS (Wisent Bioproducts, St-Bruno, QC, 

Canada) and 5.6 mM glucose (Sigma). For glutamine deprivation, cells grew in DMEM 

supplemented with 15% dialyzed FBS and glutamine (Wisent Bioproducts) at a 

concentration of 0.75 mM or 4 mM. Conditions for serine/glycine deprivation were adapted 

from (Maddocks et al., 2013). Briefly, MEM medium (Life Technologies) was supplemented 

with 15% dialyzed FBS, 25 mM glucose (Sigma), 4 mM glutamine and MEM vitamins (Life 

Technologies). Cells grew either in 0.4 mM serine (Sigma) and glycine (MP Biomedicals, 

Solon, OH, USA) or in absence of those. Doubling time was calculated with the RTCA 

Software 2.0 (ACEA Biosciences Inc.), using two points within the exponential proliferation 

phase. Data are derived from two independent experiments performed at least in triplicate. 

Differences were assessed with Student’s two-sided T-tests. 
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Adhesion assays were conducted with the ECM 545 adhesion array kit (Millipore Inc., 

Billerica, MA, USA), according to the manufacturer’s instructions. Each well was seeded 

with 5 X 104 cells in 100 μL of assay buffer. Cells were allowed to adhere for two hours and 

then rinsed 3 times with the assay buffer. Along with the provided lysis buffer, CyQuant GR 

DNA dye was added to each well and lysates were transferred in a black plate for 

fluorescence reading at specified wavelength, i.e. 485 nm (excitation) and 530 nm 

(emission), on a TECAN M-1000. Data are derived from three independent experiments 

performed in triplicate and differences were assessed with the two-sided Student’s T-tests.  

Wound healing assays were conducted using ibidi culture inserts (Minitube Canada, 

Ingersoll, ON, Canada). Cells were seeded at 9.8 x 104 cells/well in a 6-well plate with 

complete media, and allowed to adhere for 6-8 hours. Cells were then serum-starved 

overnight and complete media was given 24 hours prior to removal of inserts. Migration was 

monitored every 24 hours on an inverted Diaphot (Nikon) microscope equipped with a 10X 

objective and a QICAM (QImaging, Burnaby, BC, Canada) video camera. Five microscopic 

fields per wound were recorded and the wound area was determined by tracing its contours 

using ImageJ v1.48. Data are derived from three independent experiments performed in 

duplicate, and each analyzed independently by two investigators. Differences were 

assessed with the two-sided Student’s T-tests. 

mRNA quantification 

Human colon tissues (n=6) from primary tumors and paired peritumoral normal tissues were 

analyzed by reverse transcription and quantitative PCR and are expressed in Relative 

Quantities (RQ) (Margaillan et al., 2015). RT-qPCR were performed using UGT1A specific 

primers for variants 2/3 (encoding UGT1A_i2s) as described (Bellemare et al., 2010b). Each 

participant provided written consent, and the local ethic committee approved the study. RNA 

sequencing data (GSE80463) are from a previous study (Rouleau et al., submitted) and 

were collected from three pools of colon tissues, each containing total RNA from 5 

individuals (normal tissues) or 3 individuals (tumor tissues). 
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Results  

Interaction of UGT1A_i2 proteins with PKM2 in colon cancer HT115 cells  

Proteomics experiments in human liver and kidney tissues were conducted according to a 

previous study (Fig.1A). The complete list of identified partners in both tissues is provided 

(Supplemental Tables 1 and 2) based on a previous report (Rouleau et al., 2014). A 

pathway enrichment analysis of alternate UGT1A_i2 protein partners identified several 

enzymes linked to pyruvate metabolism, citrate metabolism and glycolysis pathway, 

including pyruvate kinase involved in glycolysis (Fig.1B). We validated the interaction with 

pyruvate kinase by co-IP in the HT115 cell model that expresses endogenous PKM2, 

UGT1A_i2s as well as UGT1A_i1 enzymes. These experiments confirmed that PKM2 

interacts specifically with the UGT1A_i2 proteins but not with UGT1A_i1 enzymes in HT115 

cells (Fig.1C). Since PKM2 primarily localized in the cytoplasm (Wang et al., 2014), we then 

sought to establish the cellular distribution of alternate UGT1A_i2 proteins along with PKM2 

(Fig.1D). A subset of UGT1A_i2s co-localized with PKM2 and supports the potential of 

UGT1A_i2s to interact with PKM2 in this cellular context.  

Depletion of UGT1A_i2s enhances glycolytic activity and lactate production but reduces 

mitochondrial respiration in living colon cancer HT115 cells. 

We next assessed the potential influence of UGT1A_i2s on glycolysis and compared HT115 

colon cancer cells expressing low (KD) and high (reference or control) UGT1A_i2 levels 

(Fig.2A) (Rouleau et al., 2014).  Given that PKM2 and PKM1 expression is similar in both 

cell models (Supplemental Fig. 1), we postulated that the cellular content in alternate 

UGT1A_i2s could affect PKM2 activity thereby modifying glucose metabolism to produce 

lactate, the end product of glycolysis. The accumulation of lactate by 57% (P=0.029; Fig.2B) 

in cell medium of KD cells compared to control cells supports a functional impact of 

UGT1A_i2s on PKM2 activity. We then used an extracellular flux analyzer to measure 

extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) in living HT115 

cells, which reflects glycolytic activity and mitochondrial respiration, respectively. A higher 

glycolytic activity in the UGT1A_i2s depleted cells was observed as evidenced by a 27% 

ECAR elevation after addition of glucose to the medium. The maximal glycolytic capacity 

(measured after addition of oligomycin) was also elevated by 30%, upholding greater 

utilization of the glycolysis pathway compared to control cells (Fig.2C,D). In an assay 

challenging the mitochondrial capacity and measuring OCR, we detected a lower activity in 
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KD cells supported by lower baseline (-27%) and lower maximal mitochondrial respiration 

rates (-39%; after addition of FCCP) in these cells compared to control cells (Fig.2E,F). 

Thus, repression of endogenous UGT1A_i2 levels led to higher glycolytic rate at the 

expense of mitochondrial respiration.  

Depletion of UGT1A_i2s induces broad metabolic changes in colon cancer HT115 cells and 

a greater migration potential. 

Given the changes in the energetic pathway induced by depletion of endogenous UGT1A_i2 

levels, we extended these studies to global cell metabolism using untargeted metabolomics. 

A significant effect in the cellular levels of 58 metabolites was observed including many 

intermediates derived from the glycolysis and TCA cycle pathways. These metabolites 

include unknown (n=34; data not shown) and known (n=24) metabolites (Fig.3,4). 

Specifically, higher levels of glucose, fructose and citrate were observed, as well as 

decreased serine and glutamine cellular contents (Fig.3B). Lower levels of several amino 

acids and some of their metabolites in KD cells were also noted (Fig.3,4). These metabolic 

changes were not associated with differences in cell growth assessed by cell counts, or 

doubling time determined by a live cell proliferation assay in normal culture conditions or 

after deprivation of main extracellular carbon sources, glucose and glutamine 

(Supplemental Fig.2). A modest change was noted upon deprivation of the non-essential 

amino acids serine and glycine (13% longer doubling time; P<0.05; Fig.5A,B). However, KD 

cells had a significant greater migration potential (wound closure: 72%; P<0.05) compared 

to control cells (50%) (Fig.5C-E). Using an array of extracellular matrix proteins, data further 

showed a modest but significantly reduced adhesion capacity for KD cells toward collagen I 

(13%), laminin (10%) and tenascin (11%), compared to control cells (Fig.5F). 

Downregulation of UGT1A_i2s mRNA expression in colon tumors compared to normal 

tissues 

To evaluate the potential relevance of our observations using the HT115 model in which 

endogenous UGT1A_i2 levels were depleted, we studied UGT1A_i2s expression in colon 

tumors compared to normal tissues. Quantitative PCR expression of the alternative mRNA 

variants (v2/v3) encoding UGT1A_i2 proteins assessed in primary colon tumors and paired 

peritumoral normal tissues revealed that most tumors (4/6; 67%) had a reduced UGT1A_i2s 

expression compared to normal tissues (Fig.6A). This observation was further confirmed 
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using RNA sequencing data generated from an independent set of colon samples (Fold 

change = -20.5; P<0.05; Fig.6B). 

Discussion  

It is now well established that there is a strong and multifaceted connection between cell 

metabolism and cancer (Li and Zhang, 2016; Vander Heiden et al., 2009), while alternative 

splice variants of many cancer-related genes directly contribute to the oncogenic phenotype 

(Oltean and Bates, 2014). We showed that depletion of UGT1A_i2 proteins in the colon 

cancer cell model HT115 enforces the Warburg effect, modifies levels of cellular metabolic 

intermediates and impacts migration properties. These metabolic and phenotypic changes 

may be explained, at least in part, by the interaction between UGT1A_i2s and PKM2, a key 

enzyme of the glycolysis pathway. Since glycolysis-related pathways determine cellular 

energy level, redox homeostasis and ability to proliferate (Vander Heiden et al., 2011), it is 

plausible that alternate UGT1A_i2 proteins play a role in oncogenic phenotypes. In support, 

the metabolic adaptation of cancer cells, which oxidize carbohydrates at a reduced rate even 

in the presence of oxygen, was shown to be greater in the absence of UGT1A_i2 proteins, 

suggesting a functional role of its interaction with the glycolytic enzyme PKM2. The 

production of excess amounts of lactate released from cancer cells also supports this notion. 

The in vivo relevance of our observations was further supported by a severely decreased 

UGT1A_i2s expression in colon tumors compared to normal tissues established by 

quantitative PCR and RNA sequencing, and in few specimens by IHC (Bellemare et al., 

2011), in line with a potential role of alternate UGT1A proteins in tumor cell biology.  

Previous studies have linked energy metabolism to colon cancer progression, and as a rate-

limiting enzyme of glycolysis, PKM2 has been investigated (Li et al., 2014; Lunt et al., 2015; 

Yang et al., 2014; Zhou et al., 2012). Zhou et al (Zhou et al., 2012) have reported an 

upregulation of PKM2 in colorectal cancer, and that its knockdown suppressed the 

proliferation and migration of colon cancer RKO cells. Other findings indicated that the 

activity of PKM2 is pivotal for the fate of pyruvate: the highly active PKM2 tetramer (high 

pyruvate kinase activity) leads to pyruvate oxidation in the TCA cycle, whereas the less 

active PKM2 dimer (low pyruvate kinase activity) enhances the conversion of pyruvate into 

lactate by the lactate dehydrogenase and favors synthesis of cell constituents (Anastasiou 

et al., 2012; Christofk et al., 2008a). Our analysis of extracellular flux in real-time uncovered 

an enhanced glycolytic activity and a lower OXPHOS capacity for KD cells, which is in 
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accordance with a rerouting of carbohydrates toward lactate instead of TCA cycle. We also 

observed accumulation of lactate in KD cell medium, further suggesting that the presence 

of UGT1A_i2 proteins interferes with the glycolytic pathway. Given that PKM2 and PKM1 

expression is similar in both cell models (Supplemental Fig. 1A), we investigated the status 

of PKM2 phosphorylation and oligomerization. Phosphorylation of PKM2 at position Y105, 

favoring lactate production by the less active dimeric PKM2 conformation, was slightly 

enhanced in KD relative to control cells (Supplemental Fig.1A) whereas the PKM2 

tetramer/dimer ratios were similar between the two model cell lines, unsupportive of a 

modulation of PKM2 oligomeric state by UGT1A_i2s (Supplemental Fig.1B). PKM2 may 

also be involved in other functions in tumorigenesis and metastasis, since PKM2 was shown 

to act in the nucleus by regulating gene expression (Wang et al., 2014; Yang et al., 2012). 

However, our previous analysis of global gene expression in HT115 cell lines suggest that 

the KD of UGT1A_i2s does not induce significant perturbations in gene expression of 

glycolytic enzymes or of other metabolic pathways, including genes modulated by PKM2 

and reported to modulate migration and epithelial-mesenchymal transition (Hamabe et al., 

2014; Rouleau et al., 2014; Yang et al., 2014). Consistently, levels of phospho-PKM2 

(position S37) involved in nuclear translocation and functions of PKM2, were not altered by 

a KD of UGT1A_i2s (Supplemental Fig.1).  Therefore, it may be envisioned that the 

interaction between PKM2 and alternate UGT1A_i2 proteins might influence PKM2 allosteric 

regulation. In line with this notion, similar functional interactions of PKM2 with other proteins 

such as the promyelocytic leukemia (PML) tumor suppressor protein, the prolactin receptor, 

and the phosphoprotein (pp60src)-associated protein kinase of Rous sarcoma virus led to 

reduced pyruvate kinase activity through allosteric regulation (Christofk et al., 2008b; Gao 

et al., 2013; Glossmann et al., 1981; Mazurek et al., 2001; Presek et al., 1980; Shimada et 

al., 2008; Varghese et al., 2010). Whether this could be mediated by direct interactions with 

phosphorylated UGT1A_i2s (Basu et al., 2003; Basu et al., 2005; Volak and Court, 2010) or 

by a UGT1A_i2-dependent modulation of interactions between PKM2 and other allosteric 

modulators will necessitate additional investigations. From a therapeutic perspective PKM2 

expression and activity can be regulated by inhibitors and activators that have been tested 

in vitro and in vivo (Dong et al., 2016). 

The greater migration potential provoked by UGT1A_i2s KD in HT115 cells is in line with a 

shift from oxidative metabolism to aerobic glycolysis reported in more aggressive colon 

cancer cells (Hussain et al., 2016). Consistent with our observation that lactate accumulates 
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in the medium of UGT1A_i2s KD compared to control cells; this oncometabolite was shown 

to act not only as a potent fuel (oxidative) but also function as a signalling molecule to 

stimulate tumor angiogenesis (Doherty and Cleveland, 2013). Moreover, the mitochondrial 

oxidative metabolism is viewed as a critical suppressor of metastasis and thus, lower 

OXPHOS activity may help promote metastasis (Lu et al., 2015). Cell migration is an early 

requirement for tumor metastasis (Findlay et al., 2014), but is a complex phenomenon that 

involves cycling of adhesion and cell detachment (Kurniawan et al., 2016; Pankova et al., 

2010; Tozluoglu et al., 2013). Strongly adherent cells may increase their migration capacity 

through a decrease of their adhesion to extracellular matrix. While subtle, we observed a 

differential adhesion capacity of KD cells, namely for laminin, a non-collagenous 

extracellular matrix critical in colon cancer and linked to tumor angiogenesis, epithelial-

mesenchymal transition and metastasis (Guess et al., 2009; Kitayama et al., 1999; Simon-

Assmann et al., 2011). Accordingly, this observation may partially explain the differential 

migration phenotype between low and high UGT1A_i2 expressing cell lines.  

A potential limitation is the fact that metabolomics data were derived from a single time-

point, and thus represent the sum of numerous metabolic reactions that occurred in a 48-

hour period. The cellular content of several metabolic intermediates from the glycolysis and 

TCA cycle pathways was changed in UGT1A_i2-depleted HT115 cells compared to control 

cells and are unlikely explained solely by the protein-protein interaction between UGT1A_i2s 

and PKM2. Additional partnerships observed by proteomics, such as those with enzymes of 

the gluconeogenesis and TCA cycle that require additional validation by co-IP, may also 

underlie these observations. Of note, data revealed a globally reduced pool of glucogenic 

amino acids in KD cells. This is consistent with the enhanced glycolytic potential induced by 

the KD and with the identification of additional i2 protein partners associated with 

gluconeogenesis, for instance pyruvate carboxylase (PC) and phosphoenolpyruvate 

carboxykinase (PCK1 and PCK2). Furthermore, the lower serine levels in KD cells 

compared to CTR suggested that the de novo serine synthesis pathway, critical for cancer 

cell proliferation and metabolism (Mehrmohamadi and Locasale, 2015; Yoon et al., 2015), 

might be perturbed.  We thus expected that serine and glycine deprivation would increase 

the metabolic pressure on glycolysis through a deviation of its intermediates. Although 

modest, a significantly decreased cellular proliferation for KD cells was observed in these 

conditions, compared to control cells. It remains unknown whether a specific UGT1A_i2 

protein or several of those expressed in the HT115 cell model trigger the observed effects 
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given that all UGT1A_i2s were simultaneously repressed by shRNA. Additional cell models 

need to be established to further investigate our initial findings.  

To the best of our knowledge, this is the first identification of a functional link between the 

UGT pathway and energy metabolism implying that alternate UGT1A proteins might be 

regulators of PKM2 with consequences on cancer cell metabolism and phenotype. It may 

be unexpected that a depletion of alternate UGT1A_i2s is sufficient to alter the metabolic 

program of colon cancer cells given the numerous, redundant, and efficacious mechanisms 

in place to limit pyruvate oxidation in cancer cells. In the face of these counteracting 

mechanisms, the metabolic effects of UGT1A_i2s depletion are rather impressive and may 

be explained in part by an interaction with the key glycolytic and multifunctional enzyme 

PKM2, and most likely with other metabolic enzymes. Although there was no change in 

UDPGlcA cell content between the two cell models, another possibility could involve the 

allosteric modulation by UDPGlcA and/or other UDP-sugars, as reported for other glycolytic 

enzymes (Wu et al., 2006). It also remains to be demonstrated whether UGT1A_i2s possess 

enzyme activity by utilizing other UDP-sugars for instance. Alternatively, the effects 

observed on metabolism could be mediated through an impact on endogenous levels of key 

metabolic molecules that are unknown substrates of UGT enzymes repressed by 

UGT1A_i2s. Findings thus support that alternate UGT1A proteins are potential metabolic 

regulators of cancer cell metabolism and that they may contribute to the oncogenic 

phenotype of colon cancer cells. We conclude that alternate UGT proteins may be part of 

the expanding compendium of metabolic pathways involved in cancer biology. However, 

further investigations of UGT1A alternate proteins in cancer metabolism are required, as the 

crosstalk between global cell metabolism and the UGT pathway may likely constitute a key 

vulnerability in cancer cells that could be exploited. 
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Figures legends 

Figure 1. Interaction between UGT1A_i2s and energy metabolism-related proteins. A) 

Experimental scheme of the affinity purification/mass spectrometry identification of 

UGT1A_i2 endogenous protein partners. Peptide coordinates are those of UGT1A1. B) 

Pathway enrichment analysis, according to KEGG, of proteins immunprecipitated with 

UGT1A_i2s. Main metabolic pathways are ‘Citrate Cycle (TCA cycle)’ and ‘Tryptophan 

Metabolism’. Enriched pathways related to TCA cycle (kappa>0.4) through protein sharing 

are indicated by blue circles. Circle sizes are proportional to the number of proteins identified 

within each pathway. A selection of significantly enriched pathways (q-value<0.05) and their 

proteins is shown. C) PKM2 endogenously interacts with UGT1A_i2 alternate proteins in 

HT115 cells, but not with UGT1A_i1 enzymes. Immunoprecipitation (IP) was carried out from 

a whole HT115 cell lysate (HT115) and revealed by western blotting (WB) using antibodies 

specific to indicated proteins. D) UGT1A_i2 alternate proteins co-localize with PKM2 in 

HT115 cells. Fluorescence intensity profiles are given for the cross-section (dashed line in 

the merge panel). The scale bar represents 5 µm. 

Figure 2. Remodelling of the energy metabolism in UGT1A_i2s depleted HT115 (KD) 

cells compared to control (CTR) cells. A) HT115 colon cancer cell models. UGT1A_i2s 

expression is stably depleted (KD) by a shRNA specific to exon 5b. Control cells (CTR) carry 

a non-targeting shRNA. Upper panel: Depletion of i2s does not affect i1 enzymes 

expression. Lower panel: i2s are depleted by 90% in KD cells. Multiple protein bands reflect 

expression of several of the nine UGT1A_i2 proteins in HT115 cells. First two lanes: lysates 

from HEK293 cells (UGT negative) overexpressing i1 and i2 demonstrate specificity of anti-

UGT1A_i1s (#9348) and anti-UGT1A_i2s (#4C5E7). B) Lactate formation in growth medium 

of HT115 cells over time, corrected for baseline and normalized by cell count. Data (mean 

± SD) are derived from at least two independent experiments performed in duplicate. C) 

Glycolytic profile of KD cells. Extracellular acidification rates (ECAR) were measured by 

extracellular flux using the glycolysis stress kit. Representative profiles from three 

independent experiments performed in triplicate are shown. Injection of compounds during 

the assay is highlighted. D) Relative glycolytic and maximal glycolytic capacity, extracted 

from time points with the highest response, during the glycolysis stress assay, to glucose 

and oligomycin, respectively. Data (mean ± SD) are derived from three independent 

experiments performed in triplicate and were normalized for protein concentration. E) 

Mitochondrial respiration profile of KD cells. Oxygen consumption rates (OCR) were 
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measured by extracellular flux using the mitochondria stress kit. Representative profiles from 

three independent experiments performed in triplicate. Injection of compounds during the 

assay is highlighted. F) Relative basal and maximal mitochondrial respiration, extracted from 

the last basal time point and the time point with the highest response to FCCP during the 

mitochondria stress assay, respectively. Data (mean ± SD) are derived from three 

independent experiments performed in triplicate and were normalized for protein 

concentration. * P<0.05; ** P<0.01; *** P<0.001. 

Figure 3. Untargeted metabolomics analysis of UGT1A_i2s-depleted HT115 cells (KD) 

and control (CTR) cells. A) Cellular levels of known metabolites (n=144) are shown. Dotted 

lines represent a 20% fold change (FC). B) Known metabolites (n=24) significantly altered 

in HT115 KD cells compared to control cells. 

Figure 4. Depletion of UGT1A_i2s perturbs glycolysis, TCA cycle and amino acids. 

Relative levels (arbitrary units) of selected metabolites in HT115 CTR and KD cells are given 

in the context of bioenergetic pathways. Glucose-6-Phosphate (G-6-P), Fructose-6-P (F-6-

P), Fructose1-6-Bisphosphate (F-1-6-BP), Glyceraldehyde-3-Phosphate (GA-3-P), 

Glyceraldehyde (GA), Fructose-1-Phosphate (F-1-P), Dihydroxyacetone phosphate 

(DHAP), Glycerate-3-Phosphate (G-3-P), Phosphoenolpyruvate (PEP), 2-oxoglutarate (2-

OG). The pink background highlights the TCA cycle and the blue background highlights 

amino acids. CTR: control cells; KD: UGT1A_i2s-depleted cells. Data normalized for cell 

count. * P<0.05; ** P<0.01. 

Figure 5. Proliferation, migration and adhesion of HT115 cells. A) Live-cell proliferation 

assay of HT115 cell models with or without deprivation of serine (S) and glycine (G), as 

detected by an impedance-based system. Graph of a representative experiment is shown. 

B) Doubling time ratio between growth with S/G (dark bars) and without S/G (light bars) for 

each cell line. Data represent values of 2 independent experiments. Proliferation data in 

basal conditions and with glucose or glutamine deprivation are shown in Supplemental Fig. 

2. C) HT115 UGT1A_i2s-depleted cells (KD) have an increased migration potential. 

Representative images of cells in a wound healing assay at wound induction (t0) and 24 hrs 

post-wounding (t24). Image enlargement: 10X. D) Wound area (arbitrary units) of images 

shown in C were measured using ImageJ. E) Relative wound closure was calculated from 

three wound healing assays performed in triplicate and analyzed independently by two 

investigators. F) Decreased adhesion of HT115 KD cells relative to CTR. An extracellular 
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matrix assay detected a lower adhesion profile for Collagen I (Col I), Laminin (Lam) and 

Tenascin (Ten) in KD cells. Other matrices: Collagen II (Col II); Collagen IV (Col IV); 

Fibronectin (Fibro); Vitronectin (Vitro); and Bovine Serum Albumin (BSA, as negative 

control). Mean ± SEM. n=3 independent experiments performed in triplicate. * P<0.05; ** 

P<0.01; *** P<0.001.  

Figure 6. Expression of alternative mRNA variants v2/v3, encoding UGT1A_i2 

proteins, is drastically reduced in human colon tumoral tissues. A) Relative quantity 

(RQ) of alternative mRNA variants (v2/v3) expression in colon tumors compared to paired 

peritumoral normal tissues detected by quantitative PCR in 6 clinical samples. B) 

Quantification of mRNAs encoding UGT1A_i2 proteins by RNA sequencing (GSE80463) in 

normal and tumoral colon tissues. FPKM: Fragments Per Kilobase of transcript per Million 

mapped reads. 
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Supplemental Data 

 

 

Supplemental Figure 1. Influence of UGT1A_i2 on the expression, phosphorylation and 

oligomerization of pyruvate kinase. (A) In HT115 cell models, the expression of PKM1 and 

PKM2 and the phosphorylation of PKM2 on S37 are not affected by the repression 

UGT1A_i2s (KD) compared to control HT115 cells (CTR) whereas phosphorylation on Y105 

is slightly enhanced (1.37 fold; P=0.26). Data are representative of at least three 

experiments. Whole cell lysates were probed with specified antibodies by immunoblotting. 

Calnexin was used as a loading control. (B) Oligomerization status of PKM2 in HT115 cell 

models assessed by immunoblotting after glutaraldehyde cross-linking of cell extracts. Data 

are representative of at least four experiments. Ponceau S staining of the membrane was 

used as a loading control. Tetramer/dimer ratios were 2.02 for KD and 2.00 for CTR cells. 
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Supplemental Figure 2. The proliferation of HT115 cell models is not affected by a 

knockdown of UGT1A_i2s expression. Live cell proliferation of HT115 in A. normal growth 

conditions (25 mM glucose, 4 mM glutamine) B. low glucose medium (5.6 mM) and C. low 

glutamine medium (0.75 mM). Data presented are representative of 3 experiments done in 

triplicate.  
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Supplemental Table 1. Protein partners of UGT1A_i2s identified in the liver.  

Identified Proteins  Accession  # Unique Peptide Total spectral count Coverage (%) 

UGT1A† O60656 4 7 11.9 

ACY1 Q03154 3 5 12.0 
AOX1 Q06278 2 3 1.6 
BOK Q9UMX3 2 3 11.3 
CAT P04040 9 17 24.1 
CLU P10909 2 2 15.5 
CPSF7 Q8N684 2 2 6.6 
DBT P11182 4 5 10.6 
DLST P36957 15 52 40.8 
EEF1D P29692 4 6 19.5 
FN3K Q9H479 2 3 10.0 
GNB2L1 P63244 4 8 20.5 
HDLBP Q00341 5 6 5.2 
HP1BP3 Q5SSJ5 3 3 12.3 
HRG P04196 3 4 8.6 
ITPR2 Q14571 7 12 2.8 
OGDH Q02218 21 43 27.4 
OGDHL Q9ULD0 8 24 16.8 
PCK1 P35558 2 7 5.8 
PFN1 P07737 2 2 20.0 
PHKB Q93100 2 2 2.7 
PKM P14618 4 4 13.0 
PRDX6 P30041 2 4 17.0 
PRPF8 Q6P2Q9 2 2 2.1 
REPS1 Q96D71 2 2 4.3 
SEC23A Q15436 2 3 4.6 
SEC62 Q99442 2 3 25.7 
SNX9 Q9Y5X1 3 4 4.7 
SORBS2 O94875 2 6 1.9 

SULT1B1 O43704 2 2 11.6 

TTN Q8WZ42 3 3 9.0 
UGT2B4 P06133 3 10 10.0 

†No peptide allowed specification of the isoform. Proteins related to energy metabolism are indicated 
in bold. Complete data are available in the PRIDE database, accession PXD000295. 
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Supplemental Table 2. Protein partners of UGT1A_i2s identified in the kidney.  

Identified proteins  Accession # Unique Peptide Total spectral count Coverage (%) 

UGT1A†  4 4 11.8 

ABHD14B Q96IU4 2 2 17.1 

ACSL1 P33121 2 2 2.9 

ATP5A1 P25705-2 11 11 28.0 

Beta actin variant Q53G76 16 26 56.8 

CAT P04040 2 2 5.3 

CHMP4B Q9H444 3 4 15.6 

CKAP4 Q07065 18 19 40.7 

CLU P10909 4 4 10.0 

COL6A3 P12111 9 11 5.0 

CTSB P07858 2 2 10.6 

Isoform CRA_a D3DPI2 3 3 12.6 

DBT P11182 3 3 8.7 

DDX5 P17844 3 3 8.0 

DPYSL2 Q16555 2 2 5.2 

EML3 Q32P44 5 5 7.7 

FGA P02671 20 35 27.5 

FGB P02675 6 6 18.5 

FLNA P21333 6 6 2.8 

FLOT1 O75955 2 2 4.0 

Formyltetrahydrofolate 
dehydrogenase 
isoform a variant 

Q53HP5 5 5 7.7 

GSTA2 P09210 2 2 9.0 

HIST1H2AA Q96QV6 7 10 40.5 

HIST1H4A P62805 2 3 29.1 

HP Q6NSB4 3 3 10.0 

HSP90AB1 P08238 4 4 7.5 

HSPA1A P08107 7 7 13.4 

HSPA5 P11021 2 3 5.4 

HSPA8 P11142 5 7 14.6 

HSPA9 P38646 2 2 3.0 

HSPD1 P10809 5 6 9.1 

IDH2 P48735 5 5 15.3 

ITPR2 Q14571 8 8 4.2 

KIF5B P33176 15 15 20.6 

KLC1 Q07866 4 4 8.1 

KLC4 Q9NSK0 2 2 4.8 

LMNA P02545 4 4 7.1 

MCCC2 Q9HCC0 3 3 8.2 

MGST2 Q99735 3 5 19.0 

MYH11 P35749 2 2 2.7 

MYH9 P35579 9 9 7.2 

MYL6 P60660 3 3 16.0 

MYO6 Q9UM54 2 2 3.7 

PC P11498 6 7 7.1 

PCBP1 Q15365 4 4 18.3 

PCK1 P35558 4 4 7.7 
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PCK2 Q16822 3 4 7.3 

PFKL P17858-2 11 11 18.3 

PRDX2 P32119 2 2 14.6 

RPL14 Q6IPH7 4 6 22.7 

SEC16A O15027 3 3 1.8 

SRSF10 O75494-5 2 2 9.7 

SRSF3 P84103 2 2 21.0 

TLN1 Q5TCU6 2 2 1.2 

TRA2B P62995 4 4 15.6 

UMOD P07911 4 4 7.4 

VIM P08670 3 4 9.0 

XPO5 Q9HAV4 2 2 4.7 

XRCC5 P13010 2 2 6.2 

XRCC6 P12956 6 6 10.8 

†No peptide allowed specification of the isoform. Proteins related to energy metabolism are indicated 
in bold. Complete data are available in the PRIDE database, accession PXD000295. 
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Chapitre 5 : « Posttranscriptional regulation of 

UGT2B10 hepatic expression and activity by 

alternative splicing » 

Résumé 

L’enzyme de détoxication UGT2B10 est spécialisée dans la N-glucuronidation de plusieurs 

drogues et xénobiotiques. Ses substrats incluent des amines tertiaires aliphatiques et des 

amines hétérocycliques, tels que les carcinogènes du tabac et plusieurs antidépresseurs et 

antipsychotiques. Nous avons émis l’hypothèse que l’épissage alternatif constitue un moyen 

de réguler l’expression et l’activité de l’UGT2B10. Nous avons établi le transcriptome de 

cette enzyme dans des tissus normaux et tumoraux provenant de plusieurs individus. 

L’analyse de 50 foies normaux et 44 hépatocarcinomes montre une forte expression en 

UGT avec une dizaine de transcrits représentant la moitié de tous les transcrits UGT2B10. 

Une classe abondante de transcrits alternatifs incorpore une nouvelle séquence exonique 

et mène à deux protéines alternatives possédant une nouvelle séquence de 10 et 65 acides 

aminés en C-terminal. Leur expression hépatique varie grandement entre les individus, est 

3.5 fois plus élevée dans le tissu tumoral et corrèle avec l’expression de l’enzyme 

canonique. Des preuves de leur traduction dans le foie ont été obtenues par spectrométrie 

de masse. Dans des modèles cellulaires, ces protéines co-localisent avec l’enzyme et 

influencent la conjugaison de l’amitriptyline et de la lévomédétomidine en réprimant ou en 

activant (40-70%; P < 0.01) l’activité transférase et ce, différemment selon l’UGT présente. 

De plus, nous avons démontré un remodelage de l’épissage alternatif de l’UGT2B10 induit 

par des composés pharmacologiques dans le modèle de foie HepaRG, où l’expression de 

variants alternatifs est favorisée au détriment de l’expression de la forme canonique. Nos 

découvertes supportent une contribution significative de l’épissage alternatif dans la 

régulation de l’UGT2B10 dans le foie, pouvant impacter l’activité enzymatique. 
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Abstract 

The detoxification enzyme UDP-glucuronosyltransferase UGT2B10 is specialized in the N-

linked glucuronidation of many drugs and xenobiotics. Preferred substrates possess tertiary 

aliphatic amines and heterocyclic amines such as tobacco carcinogens and several anti-

depressants and anti-psychotics. We hypothesized that alternative splicing (AS) constitutes 

a mean to regulate steady state levels of UGT2B10 and enzyme activity. We established 

the transcriptome of UGT2B10 in normal and tumoral tissues of multiple individuals. Highest 

expression was in the liver, where ten AS transcripts represented 50% of the UGT2B10 

transcriptome in 50 normal livers and 44 hepatocellular carcinomas. One abundant class of 

transcripts involves a novel exonic sequence and leads to two alternative (alt.) variants with 

novel in-frame C-termini of 10 or 65 amino acids. Their hepatic expression was highly 

variable among individuals, correlated with canonical transcript levels, and was 3.5-fold 

higher in tumors. Evidence for their translation in liver tissues was acquired by mass 

spectrometry. In cell models, they co-localized with the enzyme and influenced the 

conjugation of amitriptyline and levomedetomidine by repressing or activating the enzyme 

(40-70%; P<0.01), in a cell context-specific manner. A high turnover rate for the alt. proteins, 

regulated by the proteasome, was observed in contrast to the more stable UGT2B10 

enzyme. Moreover, a drug-induced remodelling of UGT2B10 splicing was demonstrated in 

the HepaRG hepatic cell model, which favored alt. variants expression over the canonical 

transcript. Our findings support a significant contribution of AS in the regulation of UGT2B10 

expression in the liver with an impact on enzyme activity. 
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Introduction 

N-linked glucuronidation is an important inactivation route for amine-containing drugs and 

xenobiotics (Kaivosaari et al., 2011; Kato et al., 2013). Two of the 19 UDP-

glucuronosyltransferases (UGTs), UGT2B10 and UGT1A4, are the main drivers of N-linked 

glucuronidation (Chen et al., 2008a; Kerdpin et al., 2009; Kato et al., 2013). Long described 

as an orphan UGT, the discovery that UGT2B10 is crucial for the detoxification of tobacco 

carcinogens has raised much attention and rationalized the importance to characterize this 

unique UGT (Chen et al., 2007; Kaivosaari et al., 2007; Chen et al., 2008b; Berg et al., 2010; 

Murphy et al., 2014). UGT2B10 is one of the main liver UGT enzymes, based on mRNA 

(quantitative PCR and deep RNA-sequencing data) and protein levels (quantitative mass 

spectrometry–based proteomics data) (Court et al., 2012; Fallon et al., 2013; Margaillan et 

al., 2015; Tourancheau et al., 2017). Expression has also been reported in the breast, testis, 

gallbladder, tongue and tonsils although at much lower levels than hepatic expression 

(Haakensen et al., 2010; Jones and Lazarus, 2014).  

UGT2B10 displays a preference for tertiary aliphatic amines and heterocyclic amines. These 

structures are found in several clinically used drugs such as antihistamines, anti-psychotics 

and anti-depressants including several of the tricyclic class such as imipramine and 

amitriptyline (Kaivosaari et al., 2008; Kaivosaari et al., 2011; Kato et al., 2013; Kazmi et al., 

2015; Pattanawongsa et al., 2016) whereas endogenous substrates have yet to be 

identified. Although UGT1A4 substrate preference significantly overlaps with that of 

UGT2B10, the latter presents a greater affinity and clearance for many tertiary cyclic amines 

at therapeutic concentration (Kato et al., 2013). One structural determinant of the specificity 

towards amine substrates may be the residues Pro40 of UGT1A4 and Leu34 of UGT2B10 

located in their substrate binding domain, a position that is otherwise a strictly conserved 

histidine residue (His40, coordinates of UGT1A1) in all human UGTs (Kerdpin et al., 2009).  

Genetic studies in smokers have established a direct link between single nucleotide 

polymorphisms (SNPs) at the UGT2B10 gene locus (4q13.2), UGT2B10 activity and 

metabolism of nicotine and cotinine (Chen et al., 2007; Chen et al., 2012; Murphy et al., 

2014; Patel et al., 2015; Ware et al., 2016; Murphy, 2017). Two relatively frequent 

polymorphisms are associated with significant decreased nicotine and cotinine 

glucuronidation in humans. One variant creates the missense Asp67Tyr coding variant 

(rs61750900) that abolishes UGT2B10 glucuronidation activity (Chen et al., 2007), while the 
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other variant (rs116294140/rs2942857) alters the splice acceptor site between intron 2 and 

exon 3, and is thought to create an unstable mRNA (Murphy et al., 2014; Fowler et al., 2015). 

Consistently, individuals homozygous for either of these SNPs have very low to undetected 

nicotine and cotinine glucuronides in urine, further indicating that UGT2B10 is the main UGT 

responsible for glucuronidation of nicotine and cotinine (Chen et al., 2007; Murphy et al., 

2014). It also supports the main role of this detoxification pathway in tobacco 

carcinogenesis. These genetic variations display an important ethnic bias. Whereas the 

Asp67Tyr variation is most frequent in Caucasians (nearly 10%) (Chen et al., 2007; Murphy 

et al., 2014), the splice variant rs2942857 prevails in approximately 35% of African 

Americans and in up to 50% of subjects of African origins (NCBI; Murphy et al., 2014). Of 

interest, the splice variant was also reported to affect the metabolism of the antipsychotic 

preclinical drug RO5263397 whose main clearance route is N-glucuronidation (Fowler et al., 

2015). It is thus likely that these SNPs also affect the glucuronidation of prescribed drugs 

conjugated by UGT2B10 such as amitriptyline (Kaivosaari et al., 2008; Kato et al., 2013). 

Recent studies by our group revealed that alternative splicing (AS) largely expands the UGT 

transcriptome (Tourancheau et al., 2016; Tourancheau et al., 2017). In turn, alternative (alt.) 

isoforms modulate the activity of UGT enzymes, suggesting that AS programs may 

contribute to interindividual variability in xenobiotics metabolism and cancer susceptibility 

(Bellemare et al., 2010b; Menard et al., 2013; Rouleau et al., 2014; Rouleau et al., 2016). 

Given the clinical importance of UGT2B10, by virtue of its detoxification functions towards 

tobacco by-products, anti-depressors and anti-psychotics, we hypothesized that AS 

represents a mean to regulate steady-state levels of UGT2B10 mRNA and enzyme activity. 

The goal of this study was to investigate in more details the expression of UGT2B10 and 

evaluate the influence of alternative isoforms on the metabolic functions of UGT2B10. 

Materials and Methods 

Analysis of UGT2B10 mRNA expression 

To carefully analyze UGT2B10 expression and AS patterns, raw RNA sequencing (RNA-

seq) data were downloaded from public databases and realigned to the recently established 

UGT transcriptome (Tourancheau et al., 2016; GTEx (http://www.gtexportal.org/home/) and 

TCGA (https://gdc.cancer.gov/)). RNA-seq datasets were obtained from dbGaP at 

http://www.ncbi.nlm.nih.gov/gap through dbGaP accession number phs000424.v6.p1; 

http://www.gtexportal.org/home/
https://gdc.cancer.gov/
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project ID 13346. The GTEx normal liver data (downloaded on June 7, 2017) were from 50 

healthy individuals [29 males; 18 females; 3 unknown; median age: 55 years old (range 21-

69 years old), mostly Caucasians]. The TCGA cancer liver data (downloaded on August 22, 

2017), all hepatocellular carcinoma, were from 44 individuals [29 males, 15 females; median 

age: 62 years old (range 18-82 years old), 16 Caucasians, 22 Asians, and 5 African-

Americans].  GTEx RNA-seq data of bladder (n=6), breast (n=51), colon (n=49), lung (n=48), 

kidney (n=35) prostate (n=50), and skin (n=53) were similarly obtained. HepaRG RNA-seq 

data (GSE 71446, accessed March 9, 2017; (Li et al., 2015)) were downloaded from the 

NCBI Gene expression omnibus database. For each individual RNA-seq data, quality of 

FASTQ files was assessed with FastQC before quality trimming with Trimmomatic v0.36 

(Bolger et al., 2014). UGT transcript quantification was done with trimmed reads from each 

sample and a custom UGT transcript annotation (Tourancheau et al., 2016) using Kallisto 

v0.43 (Bray et al., 2016). Data (counts) was then upper-quantile normalized and further 

adjusted using housekeeping genes as described (de Jonge et al., 2007) using the EDASeq 

and RUVSeq packages for R version 3.2.2. Differential expression of UGT isoforms was 

assessed using the edgeR package for R. Normalized counts were then converted to counts 

per million (CPM) or transcripts per million (TPM) using transcript length. Reverse 

Transcription-PCR (RT-PCR) analysis of UGT2B10 transcripts was as described 

(Tourancheau et al., 2016), using primer sequences provided in Table S1. The Basic Local 

Alignment Search Tool (BLAST) of the National Center for Biotechnology Information (NCBI, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi) served to search sequence similarity between the 

novel UGT2B10 sequences and other genes in humans and other species. The Protein 

BLAST (blastp) suite was used to search "Non-redundant protein sequences" and 

"Reference proteins" whereas Translated nucleotide (tblastn) suite was used to search the 

"Nucleotide collection" and "Reference RNA sequences" with the unique amino acid 

sequences of alt. proteins. 

Expression vectors and human cell models (HEK293 and HepG2) 

To study alt. trancripts and proteins, expression vectors were produced from the 

UGT2B10_v1 pcDNA6 construct (Beaulieu et al., 1998) using the Q5 Site-Directed 

Mutagenesis kit (New England Biolabs Ltd., Whitby, ON, Canada). Sequences of purified 

primers used for mutagenesis are provided in Supplemental Table 1. UGT2B10_v1 coding 

sequence was also cloned in the pcDNA3.1 vector to produce co-expression cell models 

(below). All constructs were verified by Sanger sequencing. For the expression of alt. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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proteins tagged with V5-his (for immunoprecipitations studies), the stop codon of each 

coding sequence cloned in the pcDNA6 vector was removed using the Q5 Site-Directed 

Mutagenesis kit to permit in-frame V5-his expression. 

HEK293 and HepG2 cell lines were obtained from the American Type Culture Collection 

(Manassas, VA, USA) and grown as described (Levesque et al., 1997; Menard et al., 2013). 

HEK293 cells (UGT negative; 2 x 106 cells in a 10 cm-plate) were transfected with 1  µg of 

each construct using Effectene (Qiagen, Toronto, ON, Canada), and HepG2 cells (UGT 

positive; 1 x 107 cells) were transfected with 20 µg of each construct by electroporation with 

the Neon Transfection System (Invitrogen, ThermoFisher Scientific, Ottawa, ON, Canada) 

as per manufacturers’ instructions. HEK293 cells stably expressing the UGT2B10 cDNAs 

were established by supplementing cell culture media with blasticidin (Wisent, St-Bruno, 

QC, Canada; 10 µg/ml). Clones were selected based on UGT2B10 expression detected by 

immunoblotting with antibodies specified below. HEK293 cells co-expressing UGT2B10_v1 

(encoding the canonical enzyme) and alt. UGT2B10 (with novel sequences in C-termini) 

were established by subsequent transfection of HEK293 clones expressing alt. sequences 

with the UGT2B10_v1-pcDNA3.1 construct and selection with G418 (Invitrogen, 1 mg/ml). 

HepG2 cells, which express UGT2B10_v1 endogenously, were transfected with the 

constructs expressing alt. variants and clone selection was with blasticidin. Control HEK293 

and HepG2 cells were produced by transfection with the parental vector pcDNA6 and 

selection as above. 

Analysis of protein expression 

Antibodies. The rabbit polyclonal anti-UGT2B10 #1845 produced in-house against GST-

UGT2B11 (aa 60-140) by Dr Alain Bélanger’s group (Chouinard et al., 2006), was used for 

the immunodetection of UGT2B10 in HepG2 (1:5000) and HEK293 (1:10 000) cell models. 

Our analysis revealed that this antibody detects UGT2B10, UGT2B11 and less efficiently 

UGT2B28 (Supplemental Figure 1). The monoclonal anti-UGT2B10 antibody (Abcam 

ab57685) was used for immunoprecipitation in human liver. Cell compartment-specific 

antibodies used for immunofluorescence (IF) were anti-58K Golgi protein (1:100; ab27043, 

Abcam Inc., Toronto, ON, Canada), anti-protein disulfide isomerase (PDI: 1:100; ab2792, 

Abcam) for the ER, and anti-lamin (1:200; sc-376248, Santa Cruz Biotechnology, Dallas, 

TX, USA). DNA was stained with DRAQ5 (1:2000; ThermoFisher Scientific). Anti-calnexin 

was from Enzo Life Sciences (Farmingdale, NY, USA; ADI-SPA-860; 1:5000). 
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Mass spectrometry – multiple reaction monitoring (MS-MRM). Detection of peptides unique 

to alt. UGT2B10 was as described (Rouleau et al., 2016) with minor modifications. Briefly, 

human liver S9 fraction (8 mg protein; Xenotech LLC, Lenexa, KS, USA) was lysed for 45 

min on ice in a total volume of 4 ml Lysis Buffer containing 0.05 M Tris-HCl pH 7.4, 0.15 M 

NaCl, 1% (w/v) Igepal CA-630 (Sigma-Aldrich), 1 mM dithiothreitol, and Complete protease 

inhibitor cocktail (Roche, Laval, QC, Canada). Lysates were centrifuged for 15 min at 13,000 

g, and UGT2B10 was immunoprecipitated with 10 µg of the monoclonal anti-UGT2B10 

(Abcam ab57685) for 1 h at 4°C on an orbital shaker. Protein complexes were captured by 

an overnight incubation at 4°C with Protein G–coated magnetic beads (200 µl Dynabeads, 

ThermoFisher Scientific). Beads were washed in lysis buffer and with 50 mM ammonium 

bicarbonate and stored at −20°C until analysis. Tryptic digests of UGT2B10 were prepared 

and analyzed by MS-coupled multiple reaction monitoring on a 6500 QTRAP hybrid triple 

quadrupole/linear ion trap mass spectrometer (Sciex, Concord, ON, Canada) as described 

(Rouleau et al., 2016). Briefly, MS analyses were conducted with an ionspray voltage of 

2500 V in positive ion mode. Peptides were desalted on a 200 µm  6 mm chip trap 

ChromXP C18 column, 3 µm (Eksigent, Sciex), at 2 µl/min solvent A (0.1% formic acid). 

Peptides were then eluted at a flow rate of 1 μl/min with a 30-min linear gradient from 5 to 

40% solvent B (acetonitrile with 0.1% formic acid) and a 10-min linear gradient from 40 to 

95% solvent B. MRM-MS analyses were performed using the four most intense transitions 

for each of the target peptides for the light and heavy forms. The UGT2B10 signature 

peptides were detected in tryptic digests of the immunoprecipitated UGT2B10 samples, and 

peptide identity was confirmed by co-injection of isotopically labeled [13C6,15N2]Lys and 

[13C6,15N4]Arg synthetic peptides (Pierce Protein Biotechnology, ThermoFisher Scientific). 

Glucuronidation assays – For enzymatic assays in intact cells (in situ assays), two cell 

models were employed (HEK293 and HepG2 cells). Cells were seeded in 24-well plates 

(HEK293: 8 x 104 cells/well, HepG2: 2.25 x 105 cells/well). Assays were initiated 72 h after 

seeding by replacing the culture medium with fresh medium (1 ml/well) containing a 

UGT2B10 substrate (amitriptyline, 7.5 µM and 150 µM; levomedetomidine, 7.5 µM and 75 

µM). All substrates were obtained from Sigma-Aldrich. Cells were incubated for 4 h, media 

were then collected and stored at −20°C until glucuronide (G) quantification by high-

performance liquid chromatography tandem mass spectrometry. Assays were replicated in 

at least two independent experiments in triplicates. Separation of amitriptyline and 

levomedetomidine was performed onto an ACE Phenyl column 3 μM packing material, 100 
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× 4.6 mm (Canadian Life Science, ON, Canada). Isocratic condition with 70% methanol/30% 

water/3 mM ammonium formate with a flow rate of 0.9 ml/min was used to elute amitriptyline-

G. A linear gradient was used to elute levomedetomidine-G, with 5% methanol/95% water/1 

mM ammonium formate as initial conditions followed by a 10 min-linear gradient to 90% 

methanol/10% water/ 1 mM ammonium formate. The glucuronides were quantified by 

tandem mass spectrometry (API 6500; Biosystems-Sciex, Concord, ON, Canada). The 

following mass ion transitions (m/z) were used: 377.1 → 201.1 for levomedetomidine-G and 

454.2 → 191.1 for amitriptyline-G. Glucuronidation activity (area/hour/mg protein/UGT level) 

was normalized for the expression of the UGT2B10 enzyme in each cell model, determined 

by densitometry scanning of band intensity on immunoblots with antibody #1845. 

Cycloheximide glucuronidation assays were conducted using microsomes isolated from 

human liver (Xenotech LLC), HepG2-pcDNA6 described above, commercial supersomes 

expressing UGT1A and UGT2B isoenzymes (Corning, Woburn, MA, USA), and microsomes 

of UGT2B11-expressing HEK293 prepared in-house as described (Lepine et al., 2004). 

Glucuronidation assays were conducted at 37°C using 20 µg membrane proteins and a final 

concentration of 200 µM cycloheximide (Sigma-Aldrich). Cycloheximide-G quantification 

was conducted as specified above for the UGT2B10 substrates, using a linear gradient with 

10% methanol/90% water/1 mM ammonium formate as the initial conditions followed by a 

linear gradient to 85% methanol/15% water/ 1 mM ammonium formate in 5 min. 

Immunofluorescence – Subcellular distribution of UGT2B10 enzyme and alternative 

isoforms was carried out in HEK293 cells stably expressing either protein and detected with 

the anti-UGT2B10 antibody #1845 (1:1000) as described (Rouleau et al., 2016). 

Immunoprecipitation - Stable HEK293 UGT2B10_v1 cells (2 x 106 cells) were seeded in 10 

cm-plates and transiently transfected with alt. UGT2B10 V5-tagged constructs (3 µg) using 

Effectene as per manufacturer’s instructions (Qiagen). 36 h post-transfection, cells were 

processed for cross-linking and immunoprecipitation with the polyclonal anti-V5 (1:600; 

NB600-380; Novus Biologicals) as described (Rouleau et al., 2016). 

Protein and mRNA stability in cell models - HEK293 cell models were seeded in 6-well plates 

(4 x 105 cells/well) and grown for 48 h. HepG2 cell models were seeded in 6-well plates (1.5 

x 106 cells/well) and grown for 24 h. Cells were rinsed and incubated for 16h with media 

containing 1 µM MG132 (Calbiochem, EMD Millipore, Etobicoke, ON, Canada) or vehicle 

(DMSO). Cells were harvested and protein extracts were prepared in Lysis Buffer. Cells 
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were lysed for 30 min on a rotation unit, homogenized by pipetting up and down through fine 

needles (18G and 20G, 10 times each) on ice and cleared by centrifugation for 15 min at 

13,000 g prior to analysis by immunoblotting using anti-UGT2B10 #1845. Duplicate cell 

samples were harvested for RNA extraction and RT-PCR analysis of UGT2B10 variants as 

described (Rouleau et al., 2016). Assays were done twice. UGT2B10 proteins half-lives 

were determined by treatment with cycloheximide (20 ug/ml) for 0-16 h as described 

(Turgeon et al., 2003). Cells were washed in PBS, collected and lysed by scraping in Lysis 

Buffer, prior to analysis by immunoblotting. 

Assessment of the glycosylation status of UGT2B10 proteins expressed in HEK293 cells - 

Microsomes (20 µg proteins) prepared from HEK293 stably expressing each UGT2B10 

isoform were treated with Endo H and O-glycosidase obtained from New England Biolabs 

Inc. (Ipswich, MA, USA) as described (Girard-Bock et al., 2016). Assays were performed in 

two independent experiments. 

Results 

UGT2B10 gene expression predominates in human liver and is regulated by 

alternative splicing  

For a quantitative assessment of UGT2B10 expression, we performed a realignment of 

public GTEX and TCGA RNA-seq data from human tissue samples to the fully annotated 

UGT variant sequence database. This database was created based on RNA-seq 

experiments previously conducted with several human tissues (Tourancheau et al., 2016). 

Data indicated that the UGT2B10 transcriptome is comprised of one canonical and 10 alt. 

transcripts arising from the single UGT2B10 gene. The UGT2B10 alt. transcripts are created 

by partial intronization of exon 1-2, exon skipping of exon 4-6 and inclusion of novel terminal 

exons 6b or 6c. UGT2B10 transcripts and encoded isoforms are depicted in Figure 1. Data 

revealed UGT2B10 as one of the highest expressed UGTs in normal liver samples whereas 

variants arising from alternative splicing represented nearly 50% of the UGT2B10 hepatic 

transcriptome (Figure 2A). Some variant classes were remarkably abundant, at levels 

comparable to those of the canonical UGT2B10_v1 transcript encoding the UGT2B10 

enzyme, namely those with N-terminal truncations and with novel C-terminal sequences 

(Figure 2A). Total UGT2B10 expression was 2.15-fold (P=0.013) higher in hepatocellular 

carcinoma (HCC; n=44) relative to normal livers (n=50), and was highly variable among 
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individuals (coefficients of variation of 93 to 117%) (Figure 2B). In contrast to the high 

hepatic levels, expression of UGT2B10 in other normal tissues surveyed was much lower, 

with values below 1 TPM in the bladder, breast, colon, kidney, lung, prostate, and skin (data 

not shown).  

Alternative splicing creates UGT2B10 variants with novel in-frame C-terminal 

sequences detected in human liver at the protein level 

Splicing events generating UGT2B10 transcripts (n9 and n10) harbouring novel C-terminal 

sequences were of particular interest for this study. These alt. variants are produced by 

intronization of parts of the canonical exon 6 and inclusion of a novel exon 6c (Figure 1). 

These AS events appeared specific to human and were not noted in other species based 

on BLAST searches in the non-redundant nucleotide collection and RNA Reference 

sequence databases. Transcripts were abundant in human livers and were 3.5 fold higher 

in hepatic tumors relative to normal tissues. They represented on average 15% of total 

UGT2B10 expression in normal liver tissues and 25% in HCC tissues (Figure 2A-B). The 

considerable interindividual variability for these alt. transcripts was higher than for the total 

and canonical UGT2B10 hepatic expression. We also noted a significant positive correlation 

between the expression of the canonical and alt. transcripts (=0.854-0.915, P≤0.001) 

(Figure 2C). 

The putative UGT2B10 proteins encoded by these alt. transcripts are referred to as 

UGT2B10 isoforms 4 and 5, named i4 and i5 respectively. They are predicted to retain both 

the substrate and the co-substrate (UDP-GlcA) binding domains coupled to a novel alt. C-

sequence (Figure 1). Isoform 4 lacks the 43 C-terminal amino acids including the 

transmembrane domain and the positively charged C-terminal tail of the UGT2B10 enzyme 

that are replaced by 10 novel amino acids encoded by exon 6c (Figure 3A). As for isoform 

5, because a smaller portion of exon 6 is intronized, the encoded protein is predicted to 

retain 18 of the 24 transmembrane domain residues and to be extended by 65 novel amino 

acids, of which half are encoded by a frame-shift in exon 6, and half by exon 6c (Figure 1, 

3A).  

Validation of endogenous protein expression was possible for UGT2B10_i5 through the 

identification of a unique peptide sequence by targeted mass spectrometry-multiple reaction 

monitoring (MRM) of liver UGT2B10 immunoprecipitated from multiple donors (Figure 
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3B,C). This result is in line with the detection of the corresponding transcripts by PCR in 

human livers (Supplemental Figure 2A). The endogenous expression of UGT2B10_i4 

could not be addressed by this approach given the short and hydrophobic nature of the C-

terminal unique sequence. 

Alternative isoforms with novel C-terminal sequences co-localized with the UGT2B10 

enzyme and modified its activity in vitro 

The alt. UGT2B10 isoforms were stably expressed in the embryonic kidney cell line HEK293, 

devoid of endogenous UGT expression, alone or with the canonical UGT2B10 enzyme. As 

well, their expression was examined in the liver cell model HepG2 that expresses 

endogenously the UGT2B10 enzyme and conjugates substrates of the enzyme such as 

amitriptyline and levomedetomidine. We initially confirmed protein expression using 

immunoblot and immunofluorescence experiments using an anti-UGT2B10 antibody 

(#1845) that targets amino acids encoded by exon 1 and therefore recognizes the three 

UGT2B10 isoforms (Figure 4A). Indeed, we detected UGT2B10_i4 and UGT2B10_i5, near 

their predicted molecular weights (MW) of 57 and 66 kDa in cell models (Figure 4A). 

The subcellular distribution of each protein was examined in the HEK293 models where the 

canonical and alt. proteins were detected and largely restricted to an endoplasmic reticulum 

(ER) localization. This was confirmed by the co-localization with the ER marker protein 

disulfide isomerase (PDI) (Figure 4B). Each isoform also displayed minor perinuclear and 

Golgi localization (Supplemental Figure 3). The glycosylation status of each protein was 

studied by subjecting microsomes from HEK293 cell models to Endo H glycosidase, which 

cleaves N-linked sugars on asparagine acquired by ER-resident enzymes, and to O-

glycosidase, which removes serine and threonine O-linked complex sugars acquired in the 

Golgi. Each UGT2B10 protein was sensitive to Endo H treatment, revealed by the shift to a 

higher mobility protein band upon treatment (Figure 4C). In contrast, their mobility was not 

affected by a treatment with O-glycosidase. 

Enzymatic assays in intact cells were subsequently conducted in the hepatic cell model 

HepG2 that expresses the endogenous UGT2B10 enzyme. Compared to the reference cell 

line (stably transfected with pcDNA6), expression of alt. UGT2B10_i4 isoform enhanced 

glucuronidation of the UGT2B10 enzyme with two drug substrates, amitriptyline and 

levomedetomidine, by 1.5 to 2 fold (Figure 5A,B). In turns, the presence of alt. UGT2B10_i5 
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significantly impaired the glucuronidation of amitriptyline and tended to reduce that of 

levomedetomidine as well, by 20-25%. Glucuronidation assays conducted with the UGT 

negative cells HEK293 stably expressing either alt. UGT2B10 isoforms revealed no 

transferase activity for amitriptyline and levomedetomidine. When co-expressed with the 

UGT2B10 enzyme, we observed a significant inhibition by 23 to 65% of glucuronidation 

activity by HEK293 cells in the presence of the alt. i4 or i5 proteins (Figure 5A,B). Since we 

observed a co-localization of alt. isoforms and the UGT2B10 enzyme in the ER, we 

addressed their potential interaction as a possible regulatory mechanism. 

Immunoprecipitations were conducted with an anti-V5 epitope antibody using cell models 

stably expressing the UGT2B10 enzyme and transiently expressing either alt. isoform 

tagged with the V5 epitope. The UGT2B10 enzyme was immunoprecipitated with each alt. 

isoform, indicating their ability to form complexes (Figure 5C). 

Alternative isoforms have shorter half-lives than the UGT2B10 enzyme and are 

targeted for degradation by the proteasome 

Protein stability was evaluated in both cell models. The UGT2B10 enzyme displayed a half-

life over 16 hours in both HEK293 (exogenous expression) and HepG2 (endogenous 

expression) cell models whereas the alt. isoforms displayed superior turnover rates. The alt. 

UGT2B10_ i5 was the least stable, with short half-lives of 1.9 and 0.7 hours in HEK293 and 

HepG2, respectively (Figure 6A). The turnover rate of isoform i4 differed between the two 

cell models, and was 11.5 hours in HEK293 but much shorter in HepG2 (1.5 hours). We 

noted in HepG2 cells a significant recovery of alt. proteins expression, even rising above 

those of non-treated cells by 16h after initiation of the cycloheximide treatment. This was not 

observed for the UGT2B10 enzyme, nor for any of the UGT2B10 proteins in HEK293 cells. 

This observation implied a possible inactivation in HepG2 cells, which was confirmed by the 

detection of two glucuronides of cycloheximide (G1 and G2) with HepG2 microsomes 

(Supplemental Figure 5). This was further validated using microsomal fractions of pooled 

human livers and UGT supersomes. In these experiments, UGT1A9 and UGT2B7 most 

efficiently glucuronidated cycloheximide (G1 and G2), whereas UGT1A3 and UGT1A4 (G1) 

as well as UGT1A1 and UGT2B4 (G1 and G2) also conjugated some cycloheximide 

(Supplemental Figure 5), with some of them detected in HepG2 cells and not in the 

HEK293 cell model. As a consequence, this may lead to an inaccurate assessment of UGT 

proteins half-lives using this approach in the HepG2 model. 
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Accordingly, the difference in protein stability between the UGT2B10 enzyme and alt. 

proteins was further addressed by proteasomal inhibition. Whereas the enzyme levels were 

nearly unperturbed by inhibition of the ubiquitin-proteasome system, alt. UGT2B10 and more 

particularly isoform i5, were stabilized, indicating that they were degraded via the ubiquitin-

proteasome system. Proteasomal inhibition for 16 h increased the ratio of alt. isoform / 

UGT2B10 enzyme in HepG2 liver cell models, whereas stabilization was more modest in 

HEK293 (Figure 6B). Increased levels of alt. isoforms were not derived from enhanced 

transcription, verified at the mRNA level (Supplemental Figure 2B).  

Differential induction of UGT2B10 alternative transcripts in liver cells by 

phenobarbital and a CAR agonist 

HepaRG cells constitute a good surrogate system to study hepatic functions and response 

to drug treatments. An analysis of public HepaRG RNA-seq data (Li et al., 2015) with the 

exhaustive UGT transcriptome revealed an expression of canonical and alt. UGT2B10 in 

comparable proportions to the human liver (not shown). In HepaRG cells treated with the 

constitutive androstane receptor (CAR) agonist CITCO, a significant and preferential 

induction of the alt. UGT2B10 transcripts (1.4 fold, P=0.003) occurred, whereas the enzyme-

coding v1 transcript was not significantly altered (Figure 7). Phenobarbital did not 

significantly induce expression of UGT2B10 in wild type HepaRG cells. In contrast, in 

HepaRG cells with a CAR knock-out, alt. transcripts were significantly upregulated by 1.8 

fold (P≤0.001) by phenobarbital, and 1.4 fold (P=0.011) by the CAR agonist, whereas v1 

was not significantly perturbed (Figure 7). 

Discussion  

The recent expansion of the pharmacogene transcriptome by AS has shed light on a novel 

mechanism regulating drug metabolism and clearance (Bellemare et al., 2010a; Bellemare 

et al., 2010b; Guillemette et al., 2010; Guillemette et al., 2014; Rouleau et al., 2014; 

Chhibber et al., 2016; Rouleau et al., 2016; Tourancheau et al., 2016; Tourancheau et al., 

2017). Our study of the UGT2B10 transcriptome, encoding a key detoxification enzyme 

specialized in N-glucuronidation of multiple harmful xenobiotics (Kaivosaari et al., 2007; 

Kaivosaari et al., 2011; Kato et al., 2013), demonstrated that AS accounts for a large 

proportion of UGT2B10 gene expression and especially in the liver. This observation held 

true in liver tumors, where UGT2B10 expression was enhanced by two-fold in hepatocellular 
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carcinoma. Indeed, our analysis of next-generation sequencing data revealed that UGT2B10 

expression prevails in the liver whereas in all other tissues surveyed, including the lung, its 

expression was low to undetected. This is consistent with the expression determined at the 

RNA level in several human tissues, including those of the aerodigestive tract (Ohno and 

Nakajin, 2011; Court et al., 2012; Jones and Lazarus, 2014). It supports that a main 

detoxification site of UGT2B10-dependent N-glucuronidation is the liver, where UGT2B10 is 

one of the most abundant UGT enzyme based on proteomics data (Fallon et al., 2013; Sato 

et al., 2014; Margaillan et al., 2015). Besides, AS also provides an explanation for the 

multiple observations reporting a lack of correlation between mRNA and protein expression, 

such as in hepatocellular carcinoma where the RNA expression remained equivalent 

between tumor tissues and adjacent normal tissues whereas glucuronidation activity was 

drastically decreased (Lu et al., 2015). 

With a focus on one abundant class of hepatic alt. UGT2B10 variants containing a novel 3' 

terminal exon that were confirmed at the protein level in human liver samples and in 

heterologous expression models, we expose their regulated expression and influence on 

UGT2B10 enzyme activity in vitro. In fact, the transcriptional regulation of UGT2B10 has 

been poorly studied. A response element for the bile acid sensing farnesoyl X receptor (FXR) 

was recently uncovered in the UGT2B10 promoter region and participated in the induction 

of UGT2B10 by the FXR agonists GW4064 and chenodeoxycholic acid (Lu et al., 2017a). 

In the cell model HepaRG, a surrogate to human primary hepatocytes in drug metabolism 

studies (Antherieu et al., 2012), RNA-seq data revealed drug-induced regulation of the 

UGT2B10 transcriptome by both the constitutive androstane receptor (CAR) and pregnane 

X receptor (PXR). The superior induction of alt. UGT2B10 by CAR and PXR agonists 

observed herein, especially in HepaRG cells devoid of CAR expression, further raises the 

possibility of a PXR-dependent remodelling of splicing events at the UGT2B10 locus that 

may significantly influence UGT2B10 detoxification activity. Whether other receptors such 

as FXR, previously reported to regulate UGT2B10 transcription (Lu et al., 2017a), also 

influence splicing remain to be addressed. When expressed in human cells, alt. UGT2B10 

acted as regulators of the glucuronidation activity of the UGT2B10 enzyme, possibly 

conveyed by heterologous complexes formed between the enzyme and alternative proteins; 

a regulatory mechanism documented for other human UGTs (Bushey and Lazarus, 2012; 

Menard et al., 2013; Rouleau et al., 2014; Rouleau et al., 2016). Our findings further suggest 

a cell-specific influence given that in HepG2 cells, an increased N-glucuronidation of the 
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UGT2B10 substrates amitriptyline and levomedetomidine by the endogenous enzyme was 

observed, in contrast with a repression of enzyme activity in HEK293 cells. The endogenous 

expression of additional UGTs other than UGT2B10 in HepG2 cells and different protein 

turnover rates could be among factors influencing their functions. Likewise, the impact of AS 

on UGT2B10 activity has been documented previously by findings of a common 

polymorphism (rs116294140) that disrupts a splice site in exon 3 and introduces a 

premature stop codon possibly triggering non-sense mRNA decay (Fowler et al., 2015). This 

polymorphism, particularly more frequent among African Americans, significantly reduced 

N-glucuronidation of drugs such as RO5263397 as well as nicotine and cotinine (Murphy et 

al., 2014; Fowler et al., 2015). In fact, occurrence of this splice site variant as well as the 

coding variant Asp67Tyr (rs61750900) were estimated to collectively explain over 24% of 

interindividual variability in cotinine glucuronidation (Patel et al., 2015). Our results support 

that alternative splicing at the UGT2B10 locus may be a major factor contributing to this 

variability in the constitutive expression of the gene, with a potential impact on responses to 

substrates of the UGT2B10 pathway. 

The alternate UGT2B10 proteins with novel in-frame C-terminal sequences are predicted to 

include the entire putative catalytic domain (Radominska-Pandya et al., 2010), although their 

enzyme activity could not be confirmed in standard in vitro assay conditions when expressed 

in HEK293 human cells. This could be due to an inadequate topology of the alt. proteins 

essential for enzyme function.  In silico analysis of the novel exonic sequence with NCBI 

BLAST tools did not reveal a match with other nucleotide or amino acid sequences of any 

organism. The splicing event at the UGT2B10 locus appears specific to humans. This is 

consistent with the low to undetectable activity towards preferred UGT2B10 substrates such 

as N-heterocyclic amines and aliphatic tertiary amines in most primates and other mammals, 

suggesting that UGT2B10 expression occurs preferentially in humans (Kaivosaari et al., 

2007; Kaivosaari et al., 2008; Zhou et al., 2010; Lu et al., 2017b). The novel appended amino 

acid sequence encoded in the alternative frame by exon 6 is however related to that of 

putative alternative variants of several other human proteins including CLCN3 (chloride 

exchange transporter 3), ALG9 (alpha-1, 2-mannosyltransferase), and CHFR (E3-ubiquitin 

ligase) supporting that the new sequence may encode a conserved domain (Supplemental 

Figure 6). 

As for subcellular localization, our immunofluorescence data indicated that the alt. isoforms, 

partially or completely lacking the transmembrane domain and devoid of the positively 
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charged lysine tail (Figure 3) are nonetheless ER-resident proteins when expressed in 

HEK293 human cells. Although studied in a limited set of UGTs, the high sequence similarity 

of ER retention elements among UGTs supports a common ER retention mechanism. ER 

residency of UGT enzymes is mediated by at least four protein regions: the N-terminal signal 

peptide, a short hydrophobic patch in the N-terminal substrate binding domain, the C-

terminal transmembrane region and the cytoplasmic dilysine motif containing the ER 

retention signal "KXKXX" (K, lysines, X, any amino acids) (Jackson et al., 1993; Ciotti et al., 

1998; Ouzzine et al., 1999; Barre et al., 2005). In line with our observations, these structural 

features may be partially redundant, as none appears strictly essential to ER retention. The 

Endo H sensitivity and lack of sensitivity towards O-glycosidase for each of the UGT2B10 

enzyme and alt. UGT2B10 also support ER residency. Consistent with their co-localization, 

the potential of alt. UGT2B10 to interact with the UGT2B10 enzyme suggests that this may 

be a mechanism underlying their regulatory function. 

The preferential stabilization of alt. isoforms by proteasomal inhibition and their shorter half-

lives relative to the UGT2B10 enzyme suggest that distinct pathways may govern the 

turnover of alt. isoforms and the enzyme. This also suggests that a small variation in RNA 

levels has the potential to affect AS protein expression level. The significant abundance of 

alt. transcripts encoding these proteins may indicate that hepatic cells are poised to adapt 

levels of regulatory isoforms in response to various endogenous or exogenous stimuli. This 

is supported by the preferential mRNA expression of alternates in HepaRG cells treated with 

nuclear receptors agonists. While the structural determinants of UGT protein stability are 

scarcely known, mechanisms modulating UGT turnover may significantly contribute to the 

regulation of their detoxifying functions, a well-documented aspect for some drug 

metabolizing CYPs (Zhukov and Ingelman-Sundberg, 1999; Kim et al., 2016 and references 

therein). When expressed in the HEK293 model, half-lives of UGTs were more than 12-16 

hours for UGT2B4, UGT2B7, UGT2B10 and UGT2B15 whereas UGT1A1 and UGT2B17 

were more labile with half-lives less than 3 hours (Turgeon et al., 2001; Rouleau et al., 2016); 

this study). However, given that cycloheximide is glucuronidated by several UGT enzymes 

as demonstrated herein, alt. UGT protein half-lives established by translational inhibition 

with this compound in cells expressing UGTs likely constitute an inaccurate estimate that 

will be influenced by the enzymes expressed. 

A limitation of our study is the lack of detection of alt. UGT2B10 by immunoblotting in pooled 

liver microsomes from 50 individuals using the polyclonal anti-UGT2B10 antibody #1845. 
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Their expression varied widely among individuals (CV of 155%), with some having no or 

barely detectable hepatic alt. UGT2B10 variants. Levels of alt. proteins in our human liver 

pool may be too low for detection by immunoblotting. In contrast, the detection of alt. 

UGT2B10 by MS-MRM was performed following an immunoprecipitation step that enriched 

UGT2B10, thus improving the sensitivity of detection. The high turnover rate of the alt. 

proteins, as observed in the two cell models, may also influence our ability to detect them in 

human livers by immunoblotting. Additional experiments are required to ascertain the 

expression of alt. UGT2B10 proteins in individual human liver samples and their expression 

ratio relative to the UGT2B10 enzyme. 

In conclusion, our study reveals that AS creates a diversified UGT2B10 transcriptome and 

represents half of the UGT2B10 expression in the human liver, with a wide interindividual 

variability. Alternate UGT2B10 proteins may significantly influence the UGT2B10-dependent 

detoxification of amine-containing drugs such as anti-psychotic and tobacco metabolites and 

are expected to modulate endogenous substrates of the UGT2B10 enzyme, which are 

currently unknown. Our study further highlights a long-term stability of the UGT2B10 enzyme 

that contrasts with the lability of alt. proteins, the latter being regulated by proteasomal 

degradation. Most interestingly, we further expose a preferential induction by PXR and CAR 

inducers of alt. UGT2B10 with novel in-frame C-terminal sequences in hepatic cells, implying 

a fine regulation of the AS process by xenosensing transcription factors. Our study highlights 

an important regulatory role of AS in UGT2B10 expression and detoxification functions that 

may explain part of the significant variability in N-glucuronidation, largely mediated by the 

UGT2B10 pathway in the liver. We thus believe that interindividual differences in the clinical 

response to UGT2B10 substrates are likely to be understood through the AS process 

affecting both the constitutive and inducible expression of UGT2B10. 
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Figure legends 

Figure 1. Schematic overview of UGT2B10 mRNA transcripts and encoded proteins. 

Top. The UGT2B10 gene is comprised of 6 canonical exons and 2 alternative exons 6b and 

6c. Bottom. The canonical UGT2B10_v1 transcript encodes the UGT2B10_i1 enzyme. 

Alternative splicing produces 3 classes of variants, with N-terminal or C-terminal truncations, 

and novel C-terminal sequence. The N-terminally truncated UGT2B10_n3 and _n4 variants 

are reported in the NCBI RefSeq UGT2B10 gene entry 

(https://www.ncbi.nlm.nih.gov/gene/7365) to encode, respectively, isoforms i3 and i2 in 

RefSeq. Consequently, the isoform encoded by the transcripts n9 and n10 were named i4 

and i5 respectively. Exons are represented by colored boxes and skipped exons by dashed 

boxes. Thinner parts of exons 1 and 6 represent untranslated regions. UGT2B10 is the 

UGT2B with the largest 3'untranslated region and only the first 279 of 1424 nucleotides of 

exon 6 are coding in the canonical mRNA. Note that the predicted molecular weight of 

mature proteins is smaller by 2.5 kDa due to the cleavage of the signal peptide. 

Figure 2. Alternative splicing diversifies the hepatic UGT2B10 transcriptome. A. 

Relative levels of canonical (v1) and alt. transcript classes in the normal human liver and in 

hepatocellular carcinoma. The ∆C-term+new sequence class is predominantly comprised of 

n9 and n10 transcripts whereas transcript n8 represented less than 2% in normal and tumor 

tissues. B. Interindividual variability in UGT2B10 expression for all transcripts (Total), 

canonical (v1) and alt. transcripts (n9/n10). Boxes represent 25-75 percentiles, whiskers 10-

90 percentiles. Median is indicated by the horizontal line and mean by a "+". CV, coefficient 

of variation; FC, fold change; N: normal tissues; T: tumor tissues; TPM: transcripts per 

million. C. Correlation between UGT2B10_v1 and n9/n10 expression in normal livers and 

hepatocellular carcinoma. All expression data were derived by a realignement of RNA-Seq 

data from GTEx (n = 50) and TCGA (n = 44) to the fully annotated UGT variant sequence 

(Tourancheau et al., 2016). 

Figure 3. Alternate UGT2B10 protein is expressed in the human liver. A. C-terminal 

amino acid sequences of the UGT2B10 enzyme (i1) and alt. isoforms i4 and i5. Sequences 

unique to each alt. proteins are italicized. TMD: transmembrane domain; K: ER retention 

signal.  B. Experimental approach for the detection of UGT2B10_i5 by immunoprecipitation 

and multiple reaction monitoring (MRM). C. The common UGT2B10 peptide NSWNFK (left) 

and the alt. specific peptide LLGSSNNPPILASQR (right) were detected in tryptic digests of 

+ 

https://www.ncbi.nlm.nih.gov/gene/7365
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UGT2B10 immunoprecipitated from human liver samples (upper chromatograms). The 

chromatograms of control peptides (lower chromatograms) labelled with stable isotopes 

mixed with the immunopurified UGT2B10 confirmed the identity of i1 and i5 peptides. 

Representative chromatograms are shown (n = 2).  

Figure 4. Interaction of UGT2B10 isoforms in the ER. A. Stable expression of UGT2B10 

alternative isoforms in HEK293 and HepG2 cell models. UGT2B10 was detected in 

microsomal fractions of each cell model (20 µg proteins) and of human liver (L) using the 

anti-UGT2B10 antibody. The expression ratio of the UGT2B10 enzyme relative to alt. 

isoforms is estimated to more than 4 fold in each model. Note that the apparent molecular 

weight of the enzyme was lower than predicted, likely explained by the influence of the 

hydrophobic amino acids in the transmembrane domains (TMD) that perturb the interactions 

with SDS and the shape of the denatured protein (Rath et al., 2009). B. UGT2B10 enzyme 

and alt. isoforms (i4 and i5) co-localized with the ER marker protein disulfide isomerase 

(PDI). Merged images of UGT2B10 proteins labelled with anti-UGT2B10 (green), PDI (red), 

and nuclei (blue) are shown. Separate images and co-localization with other subcellular 

markers are shown in Supplemental Figure 3. Bar = 10 µm. C. Glycosylation status of the 

UGT2B10 enzyme and alt. proteins. UGT2B10 proteins in microsomes from HEK293 cell 

models subjected to endoglycosidase H (Endo H) or O-glycosidase were detected by 

immunoblotting. 

Figure 5. The alternative UGT2B10 isoforms modulate the glucuronidation activity of 

the UGT2B10 enzyme. A-B. In situ cell glucuronidation assays of amitriptyline and 

levomedetomidine in HEK293 and HepG2 cell models that co-express the alt. isoforms i4 

an i5. Activity is presented relative to that in cells expressing only the UGT2B10 enzyme 

(control). Assays were conducted twice in triplicates. t, P ≤ 0.1; *, P ≤ 0.05; **, P ≤ 0.01; ***, 

P ≤ 0.001. C. Co-immunoprecipitation of the UGT2B10 enzyme with alt. isoforms i4 and i5 

expressed in HEK293. Alternative isoforms were C-terminally tagged with the epitope V5 

and immunoprecipitated (IP) with the anti-V5 antibody. 

Figure 6. Stability of UGT2B10 proteins. A. The half-life of UGT2B10 proteins was 

determined by translational inhibition with cycloheximide (CHX) in HEK293 and HepG2 cell 

models. Protein levels were measured by densitometry scanning of immunoblots from two 

independent assays and are expressed as % of untreated cells. Half-lives were averaged 

from the two independent assays. A representative experiment is shown. An independent 
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replicate assay is presented in Supplemental Figure 4. B. UGT2B10 alternative isoforms 

are stabilized by proteasomal inhibition. HEK293 and HepG2 cell models were exposed to 

vehicle only (DMSO; lane "-") or MG132 (1 µM; lanes "+") for 16 h. UGT2B10 was detected 

by immunoblotting total cell lysates (40 µg) with anti-UGT2B10.  

Figure 7. Differential induction of alt. UGT2B10 by phenobarbital and a CAR agonist 

in HepaRG cells. Expression data of UGT2B10 canonical and alt. transcripts n9 and n10 

(encoding i4 and i5) in HepaRG cells wild type (WT) or with a knock-out of the constitutive 

androstane recetor (CAR KO) were obtained from the public RNA-seq data GSE 71446. 

Cells were treated either with vehicle (DMSO), phenobarbital (PB, 1 mM) or the CAR agonist 

CITCO (1 µM) for 24 h as described (Li et al., 2015). **, P ≤ 0.01; ***, P ≤ 0.001. 
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Supplementary Material 

 

Supplemental Figure 1. Specificity of anti-UGT2B10 #1845 for human UGT enzymes. The 

microsomal fraction prepared from HEK293 cells (UGT negative) stably expressing each of 

the seven UGT2B enzymes or transfected with the empty vector pcDNA6 (-) was probed 

with the anti-UGT2B10 to demonstrate specificity. HL, human liver microsomes. Short and 

long exposures of the same immunoblot is provided to ascertain specificity.   
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Supplemental Figure 2. RT-PCR amplification of UGT2B10 transcripts. A. Validation of 

UGT2B10_n9 and UGT2B10_n10 expression in human liver. Primers (arrows; 4203F and 

4211R) were located in exon 1 and in exon 6c common to both variants. PCR products 

corresponding to n9 and n10 could not be distinguished because they differed by only 71 

base pairs (bp). The identity of PCR products as n9 and n10 was verified by Sanger 

sequencing. B. RT-PCR detection of transcripts in cell models exposed to MG132. PCR 

strategies specified on the right either amplified both v1 and n10 or only n10. GAPDH served 

as a positive and loading control. L: molecular weight ladder. 
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Supplemental Figure 3. Subcellular localization of UGT2B10 and alternative isoforms 

expressed in HEK293. UGT2B10 proteins were detected with #1845, and cellular 

compartments with specific markers as described in Materials and Methods. In merged 

images, nuclei are stained with DRAQ5. Bar represents 10 µm. Control HEK293 cells were 

transfected with the empty vector pcDNA6. 

  



 

181 

 

Supplemental Figure 4. Stability of UGT2B10 proteins - Replicate assay. The half-life of 

UGT2B10 proteins were determined by translational inhibition with cycloheximide (CHX) in 

HEK293 and HepG2 cell models. Protein levels were measured by densitometry scanning 

of immunoblots from two independent assays. Half-lives were averaged from the two 

biological replicates. Related to Fig.6A.    
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Supplemental Figure 5. Analysis of cycloheximide glucuronidation by high-performance 

liquid chromatography tandem mass spectrometry. A. Human liver microsomes produced 

two cycloheximide glucuronides (G1 and G2). Representative chromatograms of 

cycloheximide glucuronides (top) and their fragmentation pattern (bottom). Putative 

glucuronidation sites are indicated by blue arrows in the chemical structure of cycloheximide. 

B. Glucuronidation activity of microsomes from human liver, HepG2 pcDNA6, HEK-

UGT2B11 and of commercial UGT supersomes. Two independent assays were conducted 

in triplicate.  
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Supplemental Figure 6. Sequence similarity of the UGT2B10_i5 unique sequence with 

other alt. human proteins. A BLASTp search with the unique C-terminal UGT2B10_i5 amino 

acid sequence revealed a conserved region encoded by the frame shift in exon 6 (boxed). 

asterisk: conserved amino acid; colon: conservative substitution. Alignment was produced 

with the Clustal Omega tool available at www.Uniprot.org. 

UGT2B10_i5              510 lmrSHcVlhAdfKLLGSnNPPiLASQrdEITGfaqltpektqq 48

SP|P51790-5|CLCN3_i4      6 lgeSHyVvQAGLqLLGSSNPPaLASQvAEITGthytmtnggsi 47

SP|Q96EP1-3|CHFR_i3     135 emvpccVAQAGLKLLGSSdPPTLASQSIvITGsggggispkgs 57

NP_001339349|ALG9_ii    401 asrSqfVAQAGLKLLGSSNPPTsASQnIGITGlshrawpltsp 60

XP_011508885|MITD1_iX5  150 qtgfHhVAQAGLKLLGSSsPPTLASQSAGITGMshctqphyly 52

* :* ::****  **  ***   ***           
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Table S1. Primers used in this study. 

Target Primer Sequence (5' to 3') 

Cloning 

UGT2B10_ n9  

4238F TGTTCTCCATGCTGACTCGAGTCTAGAGGGCCC 

4239R CAATGAGATCTCATCATGGAACCAGGTGAGGTTG 

UGT2B10_n10  

4240F AACAATCCTCCCATTTTAGCATCCCAAAGGGATGAGATTACAGGTTTTGCTCGAGTCTAGAGGGCCC 

4241R TGAGCCCAGGAGTTTGAAATCAGCATGGAGAACACAATGAGATCTCATCAACTTTGTGATGATAAATAGCACGG 

4242F TGGACAAATTCTTCCATTTCCTACAGAGGAAAAACTTTCTTCATTATAACTCGAGTCTAGAGGGCCC 

4243R GAGCTCTGATGAGGATGGTGTTGTTGTGTTTTCTCTGGAGTCAGTTGTGCAAAACCTGTAATCTCATCCCTTTG 

Validation 

v1, n9, n10   

Exon 1 1894F AGATTTGACATCGTTTTTGCAGATGCTTA 

Exon 4 1895R CCTTCATGTGAGCAATATTATCAGGTTGATCAAA 

n9, n10   

Exon 1 4203F GTTAAGAGATTGTCAGAAATTCA 

Exon 6c 4211R TCTCTGGAGTCAGTTGTGC 

GAPDH 

1904F TGGGTGTGAACCATGAG 

1905R CCCAGCGTCAAAGGTGG 
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Chapitre 6 : « Divergent Expression and Metabolic 

Functions of Human Glucuronosyltransferases 

through Alternative Splicing » 

Résumé 

Le maintien de l’homéostasie cellulaire et la détoxication des xénobiotiques sont médiés 

par 19 enzymes UGT, encodées par 10 gènes et formant la voie de glucuronidation. Le 

séquençage en profondeur de l’ARN dans les principaux organes du métabolisme des 

médicaments a révélé une expansion substantielle du transcriptome UGT par l’épissage 

alternatif, où les variants représentent de 20% à 60% de l’expression des transcrits 

canoniques. Près d’un cinquième des variants incluent une insertion d’exon dans le cadre 

de lecture qui pourrait créer des différences structurales et fonctionnelles. Des essais 

cellulaires ont révélé des fonctions biologiques pour ces protéines alternatives des UGT. 

Certaines isoformes inhibent ou induisent l’inactivation de médicaments et d’hormones 

stéroïdiennes, en plus de perturber le métabolisme cellulaire global (voies énergétiques, 

acides aminés, nucléotides), l’adhésion et la prolifération cellulaire. Ces travaux 

soutiennent l’importance biologique de l’expression des protéines alternatives UGT et leur 

potentiel d’agir comme régulateur du métabolisme. 
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Summary 

Maintenance of cellular homeostasis and xenobiotic detoxification is mediated by 19 

human UDP-glucuronosyltransferase enzymes (UGTs) encoded by 10 genes that 

comprise the glucuronidation pathway. Deep RNA sequencing of major metabolic organs 

exposes a substantial expansion of the UGT transcriptome by alternative splicing, with 

variants representing 20 to 60% of canonical transcript expression. Nearly a fifth of 

expressed variants comprise in-frame sequences that may create distinct structural and 

functional features. Follow up cell-based assays reveal biological functions for these 

alternative UGT proteins. Some isoforms were found to inhibit or induce inactivation of 

drugs and steroids in addition to perturbing global cell metabolism (energy, amino acids, 

nucleotides), cell adhesion and proliferation. This work highlights the biological relevance 

of alternative UGT expression, which we propose increases protein diversity through 

evolution of metabolic regulators from specific enzymes.  
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Introduction 

Human glycosyltransferases utilize different sugar nucleotide donors to regulate a wide 

variety of cellular processes (Breton et al., 2012; De Bruyn et al., 2015; Guillemette et al., 

2004; Little et al., 2004; Rowland et al., 2013). One large family of membrane-associated 

uridine diphospho-glucuronosyltransferases (UGTs) employ uridine diphospho-glucuronic 

acid (UDPGA) to conjugate a variety of small-molecule acceptors and catalyze the most 

important metabolic pathway for the human body's elimination of both endogenous and 

exogenous lipophilic molecules. These endoplasmic reticulum (ER) resident type I 

membrane proteins transfer the sugar moiety of the co-substrate UDPGA to the 

nucleophilic functional group of their substrates to promote, in most cases, their 

inactivation and elimination. Glucuronidation affects bioactivity and bioavailability of 

harmful xenobiotics, chemicals, and drugs from food, the environment, or pharmacological 

treatments. In parallel, glucuronidation maintains the homoeostasis of the heme-

breakdown product bilirubin, multiple endogenous hormones, secondary metabolites, and 

other endobiotics (Bock, 2015; Guillemette, 2003; Radominska-Pandya et al., 1999; Wells 

et al., 2004). 

In humans, 10 genes encode 19 canonical UGT enzymes (isoform 1s or i1s) that display 

remarkable plasticity. For example, a single UGT1 gene on chromosome 2q37 encodes 

nine UGT1A enzymes through usage of individual alternative promoters and first exons, 

whereas 10 UGT2 enzymes (three UGT2A and seven UGT2B) are synthesized from nine 

independent genes clustered on chromosome 4q13 (Mackenzie et al., 2005). Although 

amino acid sequences among UGTs are highly similar, substrate specificity is dictated by 

the slightly more divergent first (UGT1) or first/second (UGT2) exons that encode the N-

terminal half of each enzyme. UGTs are found in nearly all human tissues and display 

tissue- and cell type–specific expression, but they are most abundant in metabolically 

highly active organs such as the liver, kidney, and intestine (Court et al., 2012; Margaillan 

et al., 2015a; Margaillan et al., 2015b; Rowland et al., 2013). 

Alternative splicing (AS) is a key mechanism in the control of gene expression, 

transcriptomes, and protein diversity, with over 90% of human multi-exon genes 

undergoing AS regulation before forming mature transcript isoforms (Wang et al., 2008). 

The important contributions of AS to an individual’s response to endogenous and 

exogenous molecules, including drugs, and the link to various human diseases are 



 

189 

emerging but remain largely unknown (Gamazon and Stranger, 2014; Garcia-Blanco et 

al., 2004; Oltean and Bates, 2014). Our recent work established that AS expands the 

coding capacity of human UGTs, allowing over 180 canonical and alternative UGT 

transcripts in various tissues involved in drug metabolism as well as hormone-dependent 

tissues (Tourancheau et al., 2016). Thus, a large genetic diversity characterizes the 

transcriptome landscape of human UGTs and implies a functional diversification of the 

UGT proteome that remains unexplored. 

In this study, we applied targeted next-generation RNA sequencing (CaptureSeq) (Clark 

et al., 2015; Mercer et al., 2012) to quantify the UGT transcriptome and expression of 

alternative transcripts in the liver, kidney, and gastrointestinal tissues, which are most 

relevant to the metabolic functions of this crucial enzymatic pathway. We further 

addressed tissue-specific protein expression as well as the function of selected UGT 

isoforms where in-frame sequences have been introduced using cell-based assays 

combined with untargeted metabolomics (Fig. 1). Our findings reveal a complex 

expression pattern of UGT alternative variants and distinct functional properties, including 

antagonizing and inducing UGT transferase function, likely through protein–protein 

interaction, while inducing substantial rewiring of cell metabolism that affects cellular 

behavior. 

Results  

AS contributes to quantitative profiles of the UGT transcriptome in human 

metabolic tissues 

A quantitative transcriptome analysis of all 10 human UGT1 and UGT2 genes was 

conducted in pooled samples of normal liver, kidney, and intestine/colon tissues as well 

as in tumors originating from the kidney and the intestine/colon. A CaptureSeq approach 

was used to achieve sufficient sequencing depth and ensure the fullest coverage of 

alternative UGT variants. Reads were mapped to the human genome sequence (hg19) 

complemented with the recently published comprehensive human UGT transcriptome 

(Tourancheau et al., 2016) (Fig. 1). The data revealed that AS contributes substantially to 

the UGT transcriptome landscape, affecting each expressed UGT1 and UGT2 gene in a 

tissue-specific manner, and the AS products are significantly altered in neoplastic tissues 

(Fig. 2A, B). Alternatively spliced species were abundant in normal tissues, representing 
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an average of 19, 24, and 34% of the total UGT expression in liver, intestine/colon, and 

kidney, respectively (Fig. 2C). In intestine/colon and kidney tumor tissues, these levels 

were strikingly elevated to an average of 33 and 61%, respectively. Changes in liver 

cancer could not be assessed owing to the lack of availability of hepatic tumors. The 

abundance and tissue-specific expression of several alternative transcripts supports a 

physiologically relevant role in the surveyed tissues. 

Diverse structural features of alternative UGT isoforms 

A common structural organization is shared by the 19 known human UGT1 and UGT2 

enzymes, each encoded by a canonical mRNA variant v1. An N-terminal signal peptide 

and a C-terminal transmembrane region direct the substrate and UDPGA co-substrate-

binding domains and catalytic site of each mature protein to the luminal side of the ER 

(Fig. 3A). Based on these structural features, 164 expressed non-v1 alternative transcripts 

were classified into five categories (Fig. 3B). Nearly half of expressed alternative UGT 

variants lacked a sequence encoding the substrate-binding domain (N-terminal), 

frequently due to truncation or skipping of exon 1, and this alteration was especially 

frequent among UGT2 transcripts. In the absence of the N-terminal substrate-binding 

domain, the encoded proteins would be expected to lack transferase activity. Another 

prominently expressed class of variants that constituted over one-third of alternative 

variants lacked part or all of the exons encoding the C-terminal co-substrate domain. 

Remarkably, over 20% of the expressed variants comprised introduction of in-frame 

sequences. The domain organization and sequences of the putative isoforms imply that 

several may have different subcellular distribution, substrate specificity, or catalytic activity 

and thus could have altered biological functions. 

Functional diversity of selected alternate UGTs containing in-frame sequences 

Shorter UGT1 isoforms with an alternative C-terminal sequence have antagonistic 

functions.  

A single UGT1 locus encodes half of the human UGT enzymes, i.e., 9 UGT1A enzymes. 

It is well established that mature transcripts encoding each UGT1A enzyme include only 

one of the different UGT1 exon-1 sequences associated with four downstream exons 

common to all UGT1A enzymes (i1s). A splicing event involving the use of an alternative 

3-terminal exon (exon 5b) generates three categories of UGT1 transcripts, namely the 
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canonical v1 (exon 5a) and alternative v2 (exon 5b) and v3 (exons 5b and 5a) (Fig. 4A). 

Our CaptureSeq data and those of an independent RNA sequencing (RNA-Seq) study 

revealed significant expression of v2/v3, with these transcripts representing between 9 

and 20% of canonical UGT1A transcripts in normal tissues and high interindividual 

variability (Fig. S1A, B). In kidney and intestine/colon tumor tissues, v2/v3 constituted 

between 19 and 23% of UGT1A_v1 expression. Because of a stop codon in exon 5b, the 

alternative v2/v3 variants both encode shorter, 45-kDa isoform 2 proteins (i2s) lacking the 

C-terminal 99 amino acid residues encoded by exon 5a that comprise the membrane-

spanning domain and the short cytosolic charged tail. In alternate UGT1A_i2 proteins, this 

sequence is replaced by a charged 10-residue C-terminal sequence not found in any other 

human proteins. The functions of i2s were studied in the HEK293 human embryonic 

kidney cell line, in which endogenous UGTs are not detected. UGT1A1_i2 had a 

remarkably long half-life compared with that of UGT1A1_i1 (11.6 h versus 1.3 h), whereas 

co-expression of the two isoforms did not alter their respective half-lives (Fig. 4B). In situ 

enzymatic assays in intact cells supported the notion that UGT1A1_i2 lacks transferase 

activity; rather, it has an antagonist role, leading to a significant reduction in UGT1A1_i1-

mediated glucuronidation of the anti-cancer agent SN-38 (the active metabolite of 

irinotecan; −73.5%; P < 0.001) and the endogenous substrate estradiol (E2; –75%; P < 

0.001) (Fig. 4C). These antagonistic effects of i2 are consistent with the co-

immunoprecipitation (IP) of UGT1A_i2 with UGT1A_i1 (Fig. 4D) as well as with the co-

localization of both isoforms in the ER as assessed by immunofluorescence (IF; Fig. 4E) 

and in cells of human tissues by immunohistochemistry (IHC: Fig. 4F). The data also 

indicated that UGT1A proteins are distributed in other subcellular compartments (Fig. S2). 

In colon tissues, i1 and i2 co-localized at surface epithelial cells and in intestinal gland 

(crypt) cells, whereas in liver tissues the two isoforms co-localized in hepatocytes.  

A UGT2B7 isoform with a spacer domain enhances drug inactivation and provokes 

remodeling of cellular metabolism and phenotypic changes. 

An alternative full-length UGT2B7_n4 transcript, confirmed by PCR analysis as containing 

an introduced sequence, exon 2b (Fig. S3A), encodes an alternate UGT2B7 protein 

termed isoform 8 (UGT2B7_i8) that has a unique 32-residue in-frame internal region 

residing at the interface between the N-terminal substrate-binding domain and the C-

terminal co-substrate–binding domain (Fig. 5A). CaptureSeq data analysis revealed that 

expression of exon 2b–containing transcripts in three pools of three liver samples was low 
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compared with the canonical transcript (Fig. S1C). However, the analysis of an 

independent RNA-Seq dataset derived from 18 different individuals indicated that the 

UGT2B7_i8-encoding transcript represents up to 75% of the canonical UGT2B7 

transcripts, with an average coefficient of variation of 350% (Fig. S1D). Similar patterns 

of expression were noted in the kidney, with a greater proportion of UGT2B7_i8-encoding 

transcript in kidney tumors relative to the canonical transcript. The encoded UGT2B7_i8 

had a significant half-life of ~6 h that is not affected when co-expressed with the i1 protein, 

which has a half-life of 12 h (Fig. S3B). Expression of the encoded i8 protein along with 

UGT2B7 in human liver was further established in hepatocytes using an i8-specific 

antibody, supporting the expression data of the alternative isoform and its partial co-

localization with UGT2B7_i1 (Fig. 5B). Staining was also observed in smooth muscle cells 

of hepatic arteries as well as in the same structures of esophageal, breast, uterine, 

testicular, and skeletal muscle tissues (data not shown), suggesting a potential unique cell 

type–specific expression of UGT2B7_i8 that deserves further investigation. Endogenous 

alternate protein expression was also corroborated by the detection of peptides specific 

to the sequence encoded by exon 2b in human liver samples using a targeted mass 

spectrometry (MS) approach (Fig. S4).  

UGT-negative (HEK293) and UGT-positive (HepG2) cell models were established to study 

cellular functions of this UGT2B7 isoform and to reproduce the expression observed in 

tissues (i8 < i1). We could not detect the formation of glucuronide from zidovudine (AZT), 

the probe substrate of the UGT2B7 enzyme, in UGT2B7_i8-expressing HEK293 cells. 

However, the co-expression of UGT2B7_i8 and UGT2B7_i1 induced 1.3- and 2.1-fold 

increases in the formation of the glucuronide in HEK293 and HepG2 cells, respectively, 

implying a UGT-activating function (Fig. 5C). The potential of UGT2B7_i8 and UGT2B7_i1 

proteins to interact was further supported by co-IP experiments and by their co-localization 

in the ER and may underlie the induction in glucuronidation activity (Fig. 5D-E). 

Untargeted metabolic profiling of the HEK293 and HepG2 cell models further revealed 

that the levels of a vast array of cellular metabolites were significantly altered in cells 

overexpressing UGT2B7_i8 compared with control cells (Fig. 5F; Table S1). Despite the 

distinctive basal metabolomes of the kidney and liver cell models, expression of 

UGT2B7_i8 induced remarkable accumulation of multiple amino acids in both cell types, 

with glutamine level being most altered. Most purines and pyrimidines were reduced upon 

i8 expression in HEK cells, whereas several glycolytic and TCA cycle intermediates were 
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significantly reduced in HepG2 cells (Fig. 5F, Table S1). These alterations in numerous 

metabolites essential for cell growth were associated with 3.5-fold enhanced adhesion but 

3.7-fold slower proliferation in HEK293 cells overexpressing UGT2B7_i8 compared with 

control cells (Fig. 5G). In support of a specific effect of the UGT2B7_i8 protein, adhesion 

and proliferation of HEK293 cells overexpressing UGT2B7_i1 were similar to the control 

cells despite higher expression of i1 than i8. 

Discussion 

Our findings reveal large differences in the levels of naturally occurring alternative mRNAs 

transcribed from UGT loci in major metabolic tissues and demonstrate that these alternate 

transcripts are expressed in a tissue-specific manner, with remodeling of the UGT 

transcriptome in cancer tissues. Among this large collection of alternative UGT variants, 

expression of selected alternately spliced isoforms with in-frame sequences was 

confirmed at the protein level in human tissues such as the liver and colon. In cell-based 

assays, alternate UGT proteins were shown to differentially regulate the glucuronidation 

pathway by inhibiting or promoting the inactivation of drugs and hormones, likely through 

protein–protein interactions. We also uncovered that the alternate UGT isoforms have 

functions distinct from the canonical glucuronidation function, and these appear to broadly 

affect global metabolism, which results in changes in cell behavior. These findings imply 

that this transcriptome diversity expands the proteome and biological functions of human 

UGTs, likely playing crucial roles in multiple cellular processes. 

Our targeted CaptureSeq approach allowed high-resolution, quantitative evaluation of 

UGT expression in the liver, kidney, and intestine/colon. A strength of our study is the 

mapping of RNA sequencing short reads on the exhaustive human UGT transcriptome 

recently established (Tourancheau et al., 2016), leading to precise assignment of reads 

to the appropriate UGT loci and transcript reconstruction than previously possible. This 

work revealed that alternative UGT mRNAs constitute an appreciable proportion of the 

total UGT transcriptome in the surveyed tissues, representing 19 to 60% of all UGT 

mRNAs. In line with this, there are many examples in the literature of protein functional 

expansion created by AS, among which the human tRNA synthetases and brain neurexins 

are remarkable recent examples (Lo et al., 2014; Treutlein et al., 2014). Our data further 

indicate that UGT AS programs are constitutive in normal tissues, implying that these 

events are associated with normal biological processes. This observation was also 
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validated in an independent RNA-Seq dataset not captured for UGT sequences (Chhibber 

et al., 2016). These findings support a role for AS in controlling coordinated cellular 

responses induced by small molecules and exposure to xenobiotics, including drugs of 

various classes. Given the key role played by UGTs in cellular homeostasis by inactivation 

of a variety of endogenous lipophilic cellular constituents, one can envision that expression 

of alternative UGTs may be triggered by the cellular environment and/or stimuli such as 

hormones and lipids (Dates et al., 2015; Hu et al., 2014). Expression of alternative UGTs 

is also highly likely to be triggered by exogenous stimuli and toxic xenobiotics that are 

common substrates of UGTs (Hu et al., 2014). It remains unknown if other enzymes 

involved in parallel cellular and drug-metabolism functions diversify their expression 

profiles and functional complexity through splice variants. A recent study indicated that 

this might be the case for a vast majority (>70%) of factors in drug-related pathways, such 

as cytochromes P450 and other transferases (Chhibber et al., 2016). However, the 

regulation and functional consequences of AS events for these clinically important 

pharmacogenes remain undefined. 

We estimate that only a small fraction of the UGT variants we quantified may undergo 

nonsense-mediated mRNA decay according to the 50-bp rule (Popp and Maquat, 2013), 

and therefore most observed UGT transcripts likely have the potential to be translated. 

Multiple distinct features characterize putative UGT isoforms, including truncated 

substrate or co-substrate-binding domains and distinctive in-frame sequences. We 

provide evidence that AS may represent a potential mechanism to modify canonical UGT 

function and to produce alternative UGT isoforms with introduced domains and divergent 

functions. Our findings with the UGT1A and UGT2B7 transcripts, which encode, 

respectively, a shorter protein with an in-frame C-terminal sequence and a longer protein 

with an internal peptide sequence introduced, clearly support this notion. At the transcript 

level, UGT1A and UGT2B7 expression shows high interindividual variability in the liver 

and kidney. Specific antibodies raised against the peptide sequences not found in 

canonical UGTs or any other known proteins labeled several human tissues (IHC). Co-

localization of alternate isoforms with canonical UGTs in the same cell types, such as 

hepatocytes, was evident, even though relative abundance could not be deduced. 

According to functional assays in intact proliferating cells, both UGT1A1_i2 and 

UGT2B7_i8 lack the ability to transfer a glucuronic acid moiety to the typical substrates of 

the canonical enzymes and therefore would be enzymatically null. Alternate UGT1A_i2s 
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contain complete binding sites for both the substrate and co-substrate and a C-terminal 

dilysine motif encoded by the new terminal exon, but they lack the transmembrane-binding 

domain, which likely affects membrane topology and conformation and thus UGT activity. 

In contrast, UGT2B7_i8 contains all UGT domains but also an internal 32-residue 

sequence that potentially disrupts the coordination of co-substrate-to-substrate SN2 

transfer of the glucuronic acid for typical UGT2B7 substrates, such as AZT, as observed 

in this study. Alternatively, this region may also potentially adapt to a different set of 

substrates, changing substrate specificity compared with the canonical UGT2B7 enzyme 

that conjugates a wide variety of lipophilic metabolites and is involved in the clearance of 

~25% of common medications (Guillemette et al., 2014; Stingl et al., 2014). A larger set 

of substrates, as well as co-substrates such as UDP-glucose, that are metabolized by 

UGT2B7 in addition to UDPGA (Chau et al., 2014), needs to be tested to determine 

whether the alternative UGT isoforms are truly enzymatically null. 

When co-expressed with UGTs in human tissues and cells, alternate UGTs either inhibited 

or activated cellular glucuronide formation, significantly affecting inactivation of drugs and 

hormones. To our knowledge, a UGT acting as an inducer/activator of the glucuronidation 

pathway has not been reported before. Previous investigations by our group and others 

indicate that UGTs form oligomeric complexes (Ishii et al., 2010; Operana and Tukey, 

2007; Rouleau et al., 2013). The immunofluorescence evidence of close proximity in the 

ER membrane and co-IP data strongly suggest that the modulatory effects of the UGT1A 

and UGT2B7 alternative isoforms are caused by direct protein-protein interactions with 

their cognate UGT enzymes, and perhaps other UGTs, leading to a mixture of active and 

inactive complexes (Ishii et al., 2010; Operana and Tukey, 2007; Rouleau et al., 2013). 

Given the enhanced stability of at least some alternative isoforms relative to the canonical 

UGTs, as shown for UGT1A1_i2, the impact of alternative isoforms on cellular 

glucuronidation activity is likely greater than anticipated from mRNA expression levels. 

We suggest that AS hampers or potentiates canonical UGT functions. This likely helps 

coordinate and fine-tune cellular responses to numerous endogenous and exogenous 

stimuli, with the potential to affect drug responses and disease development and 

progression, especially tumorigenesis, given the altered ratio of alternative/canonical 

variant expression and the large interindividual variability in their expression.  

Our functional investigations of the UGT2B7_i8 variant provide further evidence that 

alternative isoforms have extended metabolic functions that affect global cell metabolism, 
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suggesting that they may be part of multi-enzyme complexes of a core metabolic network. 

The biological relevance of a metabolic shift induced by expression of UGT2B7_i8 alone 

warrants further characterization, but our data also suggest that the glucuronidation 

pathway and primary cell metabolism (e.g., amino acids and nucleotides) are interrelated 

enzymatic processes. Whether dimerization/oligomerization and/or glucuronidation of 

alternative endogenous substrates link the biological activity of these isoforms with cell 

metabolism remains to be addressed. Furthermore, UGT2B7_i8 expression is functionally 

linked to modulation of cell adhesion and proliferation, supporting the conclusion that 

UGTs substantially impact multiple cellular processes. 

Conclusions 

This study provides a comprehensive quantitative portrait of hepatic, renal, and 

gastrointestinal UGT transcriptomes and reveals the abundance of alternate UGT 

variants, which clearly expand the UGT proteome. A first biological consequence of 

altering the UGT transcriptome was emphasized by the functional characterization of 

alternative isoforms with in-frame sequences introduced, which were found to antagonize 

or induce cellular glucuronidation, thus affecting inactivation of drugs and sex hormones. 

This study also raises the exciting possibility that different UGTs may exhibit biological 

functions independent of glucuronic acid transferase activity. Alternate isoform expression 

induced drastic shifts in multiple metabolic pathways and modified cellular phenotypes, 

suggesting crosstalk between various enzymatic pathways and UGTs that could serve to 

maintain cellular homeostasis and increase cell fitness. The broader regulatory and 

functional relevance of such an extensive splicing program remains to be fully 

characterized. We expect that this work will enable the exploration of human UGT-

mediated metabolism and its potentially extended role in health and disease. 
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Experimental Procedures 

RNA samples, sequencing, and mRNA expression 

UGT expression was characterized in normal tissue samples from 9 liver, 9 kidney, and 

15 intestine and colon samples as well as in samples from 9 kidney, and 9 intestine and 

colon tumor tissues of mixed-gender origin. For each tissue, equivalent amounts of total 

RNA from at least three samples were pooled, and three pools per tissue type were 

prepared and used for production of sequencing libraries. UGT sequences were enriched 

from paired-end bar-coded cDNA libraries with UGT capture (Tourancheau et al., 2016). 

Libraries were sequenced on an Illumina HiSeq 2500 system (McGill University and 

Génome Québec Innovation Center, Montreal, QC, Canada). Trimmed reads were aligned 

with the splice-aware software TopHat2 on the UCSC hg19 reference genome with 

annotation provided by Illumina iGenome combined with the complete annotated human 

UGT loci described recently by our group (Tourancheau et al., 2016). The average 

normalized expression of replicates is provided throughout the text. Detailed library 

construction, sequence analysis, and validation of UGT2B7_n4 expression by reverse 

transcription-PCR and Sanger sequencing are described in Supplemental Experimental 

Procedures.  

Expression of UGT1A and UGT2B7 variants was examined in 18 normal liver and 18 

normal kidney samples in the RNA-Seq dataset from the Pharmacogenomics Research 

Network (Chhibber et al., 2016) accessed from the GEO accession number GSE70503. 

Alignment of reads on the complete human UGT transcriptome and quantification using 

Cufflinks are described in Supplemental Experimental Procedures. 

Cell models 

HT115 cells expressing endogenous UGT1A isoforms and HEK293 cell models 

expressing myc- or V5-tagged UGT1A1 isoforms have been described previously 

(Bellemare et al., 2010a; Rouleau et al., 2014). The pool of HEK293 cells stably 

expressing UGT2B7_v1 was established by supplementing cell culture media with G418 

(Invitrogen, 1 mg/ml). The pool of HEK293 cells co-expressing UGT2B7_v1 and 

UGT2B7_n4 (corresponding to the exon 2b encoding transcript) was established by 

subsequent transfection of HEK-2B7_v1 with the UGT2B7_n4 construct (with or without a 

V5 tag) and selection with blasticidin (Wisent, 10 µg/ml). The HEK293 cell model 
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expressing UGT2B7_i1 and UGT2B7_i8-V5 was used only to demonstrate protein-protein 

interactions by IP. HepG2 cells, which express UGT2B7_v1 endogenously but not 

UGT2B7_n4, were transfected with the UGT2B7_n4 construct (without tag), and the pool 

was established with blasticidin selection. Control HEK293 and HepG2 cells were 

produced by transfection with the parental vectors and selection as above.  

Analysis of protein expression 

Antibodies. UGT2B7 polyclonal antibody was from ProteinTech Group (16661-1-AP; 

western blotting (WB): 1:5000; IHC: 1:800; IF: 1:500) and monoclonal antibody was from 

Abcam (ab57685; IP: 1:100; Abcam, Toronto, ON, Canada; note that ab57685 is sold as 

an anti-UGT2B10 antibody but it also recognizes UGT2B7 (Fig. S5)). The purified pan-

UGT1A polyclonal antibody (RC-71; WB: 1:1000), purified UGT1A_i1 polyclonal antibody 

(#9348; IHC and IF: 1:1000; IP: 1:200), and purified UGT1A_i2 antibody (#4863; IHC: 

1:1000) have been described (Albert et al., 1999; Bellemare et al., 2011). UGT1A_i2 

(#4C5E7; IF: 1:100) and UGT2B7_i8 (IF and IHC: 1:1000) antibodies were custom made 

(Genscript, Piscataway, NJ, USA). Anti-V5 (WB: 1:5000) and anti-myc (clone 4A6, WB: 

1:5000) were from Invitrogen (Life Technologies, Burlington, Canada) and EMD Millipore 

(Etobicoke, ON, Canada), respectively. Cell compartment–specific antibodies used in IF 

were: anti-58K Golgi protein (1:100; ab27043; Abcam), anti-protein disulfide isomerase 

(PDI: 1:100; ab2792; Abcam) for the ER, anti-cytochrome c (1:300; cat #12963S; Cell 

Signaling Technology) for the mitochondria; DNA was stained with Hoechst 33342 

(1:1500; Sigma) or DRAQ5 (1:2000; Life Technologies Inc.). Production of antibodies 

against variants is detailed in Supplemental Experimental Procedures. 

mRNA and protein stability of UGT1A and UGT2B7. Cells were treated with 20 µg/ml 

cycloheximide for 0–16 h and collected at various time points as described (Turgeon et 

al., 2001). Cell homogenates (20 µg protein) prepared in phosphate-buffered saline 

containing 0.5 mM dithiothreitol were analyzed by WB with RC-71 (UGT1A) or anti-

UGT2B7 from ProteinTech. 

IF. Detection of endogenous UGT1A_i1 and _i2 in HT115 cells was as described 

(Bellemare et al., 2010b). Stably expressed UGT2B7_i1 and UGT2B7_i8 in the HEK cell 

models were detected with anti-2B7 16661-1-AP. 



 

199 

IHC. Paraffin-embedded tissue blocks were available for individual patients. The 

institutional board approved the study, and written consent was given by all patients 

concerning the use of their tissues for research purposes. Serial sections (5 µm) were 

deparaffinized, rehydrated, and processed using the IDetect SuperStain HRP polymer kit 

(Empire Genomics, Buffalo, NY, USA) with an overnight incubation of tissues at 4°C with 

primary antibodies. Control sections were incubated with the anti-UGT2B7_i8 

preadsorbed for 3 h at room temperature with an excess of the immunogenic peptide (2 

µM) to ascertain labeling specificity.  

IP. HEK293 UGT1A-tagged cell models were grown to confluency in 10-cm culture dishes, 

washed, scraped into 800 µl lysis buffer/dish, and immunoprecipitated as described in 

Supplemental Experimental Procedures using anti-UGT1A_i1 or control rabbit IgG. For 

UGT2B7_i8 IP, HEK293 cells grown in two 15-cm dishes were scraped and cross-linked 

with 0.125% formaldehyde for 10 min at 37°C then quenched with 0.125 M glycine. Cells 

were collected by centrifugation prior to lysis in 1 ml lysis buffer and IP as described in 

Supplemental Experimental Procedures.   

MS-coupled multiple reaction monitoring. Tryptic digests of UGT2B7 immunoprecipitated 

from human liver S9 fractions were analyzed by MS-coupled multiple reaction monitoring 

on a 6500QTRAP hybrid triple quadrupole/linear ion trap mass spectrometer (Sciex, 

Concord, ON, Canada). The UGT2B7 signature peptide ADVWLIR and the UGT2B7_i8-

specific peptide LDSFNTGWINK were detected in tryptic digests of the 

immunoprecipitated UGT2B7 samples, and peptide identity was confirmed by co-injection 

of isotopically labeled [13C6,15N2]Lys and [13C6,15N4]Arg synthetic peptides. 

Cell adhesion and proliferation. HEK293 and HepG2 cells (pool of control cells or cells 

stably expressing UGT2B7_n4) plated in E-view PET 16-well plates (10,000 cells/well, 

four replicates/experiment, n = 3) were monitored in real time on an Xcelligence DP 

system (ACEA Biosciences Inc., San Diego, CA, USA). Doubling time was determined 

with the RTCA software 2.0 (ACEA Biosciences Inc.) using normalized cell index values 

between the 20 and 45 h time points. Alternatively, HEK293 and HepG2 cells were plated 

in 6-well plates (125,000 HEK cells/well; 100,000 HepG2 cells/well), incubated for 

specified times, and counted with a TC-10 automated cell counter (Bio-Rad) at 48, 72 and 

96 h after plating. Cell media were replaced after the 48 h time point. 
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Metabolic functions  

In situ glucuronidation assays. HEK293 and HepG2 cells (control cells or cells stably 

expressing UGT2B7_v1, UGT2B7_n4 or both, as stated in the figure legends) were 

seeded in 24-well plates (HEK293: 80,000 cells/well, HepG2: 125,000 cells/well). Assays 

were initiated 72 h after seeding by replacing the culture medium with fresh medium (1 

ml/well) containing a labeled UGT substrate probe (for UGT1A1: 5 µM SN-38 prepared by 

hydrolysis of irinotecan-HCl (McKesson, ON, Canada) and/or 25 µM estradiol (Steraloids, 

Newport, RI, USA); for UGT2B7: AZT (Sigma-Aldrich, St. Louis, MO, USA)). Cells were 

incubated for 4 h, and the media were collected and stored at −20°C until glucuronide 

assessment by MS-based analysis as described (Belanger et al., 2009; Lepine et al., 

2004). Briefly, for AZT-G, the culture media were diluted 1:3 with 25% aqueous methanol 

solution containing AZT-d3-G standard (Toronto Research Chemicals, Toronto, ON, 

Canada) prior to analysis as described (Belanger et al., 2009).  

Untargeted metabolomics analysis. HEK293 and HepG2 cells (stable pool of control cells 

or cells expressing UGT2B7_n4) were plated in 10-cm culture dishes (1.5 million HEK 

cells/dish; 3.5 million HepG2 cells/dish) and grown for 96 h, with a change to fresh medium 

after the first 48 h. Cells were harvested by trypsinization, counted, rinsed twice in ice-cold 

phosphate-buffered saline, snap-frozen on dry ice, and stored at −80°C until extraction for 

metabolomics analysis. Untargeted global metabolite profiling was conducted on triplicate 

samples at the West Coast Metabolomics Center (University of California at Davis) as 

described (Fiehn et al., 2008). Relative quantification data provided as normalized peak 

heights were further normalized for cell counts in each sample and expressed as fold 

change ratios of mean metabolite levels in the cells expressing variant UGT2B7 versus 

control cells. Details about the data analysis are provided in Supplemental Experimental 

Procedures. 
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Figure Legends  

Figure 1: Profiling the UGT transcriptome and characterization of UGT isoforms: an 

overview of the experimental design. The UGT transcriptome in the main drug 

metabolizing organs (≥9 samples per tissue) was quantified by RNA-Seq after a targeted 

capture step. The complete human UGT sequence annotation (Tourancheau et al., 2016) 

enabled precise mapping of reads to canonical and alternative transcripts. Expression and 

functional analysis of mRNA variants and predicted protein isoforms were conducted by 

multiple approaches. MS: mass spectrometry; IF: immunofluorescence; IHC: 

immunohistochemistry. 

Figure 2: Tissue-specific expression of canonical and alternative UGT transcripts. 

Venn diagrams showing the large diversity in expression patterns between tissues (A) and 

between healthy and tumor tissues (B). Total number of canonical (v1) UGTs and 

alternative variants (alt) are given for each tissue. Values in the Venn diagrams represent 

number of alternative transcripts (alt) expressed above 600 fragments per kilobase of 

transcript per million mapped reads in CaptureSeq. C. Average quantitative expression of 

alternative transcripts in healthy and tumor tissues. Proportion of alternative transcripts 

represents total expression of alternative transcripts relative to total v1 expression in each 

tissue. See also Fig. S1. 

Figure 3: Structural organization of UGT enzymes and alternative isoforms. A. 

Schematic of functional domains and structural organization of UGT enzymes in the 

endoplasmic reticulum (ER). The bulk of the substrate-binding (red) and co-substrate-

binding (blue) domains lie on the luminal side of the ER. The transmembrane domain (grey 

segment) positions the positively charged tail (orange, ++) on the cytoplasmic side of the 

ER. B. Quantification of alternative UGT levels classified on the basis of truncated regions 

and inclusion of sequences predicted from alternative transcript expression levels. N-term: 

N-terminal; C-term: C-terminal. 

Figure 4. Functional characterization of alternate UGT1A_i2. A. The nine well-

characterized UGT1A_v1 transcripts are produced from splicing of alternative exon 1s to 

the common exons 2–5a (blue lines) at the single UGT1 locus and encode the nine 

UGT1A_i1 enzymes. The UGT1A_v2 and UGT1A_v3 transcripts (nine of each type) arise 

from the use of alternative exon 5b, without or with exon 5a, respectively (green lines). 



 

206 

UGT1A_v2 and _v3 transcripts encode the same nine UGT1A_i2 proteins, because exon 

5b includes a stop codon. UGT1A_i2 and UGT1A_i1 are distinguishable by their divergent 

C-termini. The UGT1A_i2-specific antibody is directed towards the unique i2 amino acid 

sequence (green box). Domains are organized as in Fig. 3A. B. UGT1A_i2s have a longer 

protein half-life compared with UGT1A_i1. Top panel: Protein levels of UGT1A1_i1, 

UGT1A1_i2 or both in the HEK293 cell models were measured at different times after 

treatment with cycloheximide using a pan-UGT1A antibody recognizing both isoforms. 

Lower panel: Densitometric quantification of UGT1A protein level is expressed as a 

function of time after cycloheximide treatment. Data are presented as means + SD. C. The 

HEK293 cell models (UGT negative) were developed to express UGT1A1_i1, UGT1A1_i2, 

or both isoforms. In situ cell assays demonstrate that glucuronidation of SN-38 and 

estradiol (E2) by UGT1A1_i1 is impaired by the co-expression of UGT1A1_i2 (n = 2 

independent assays in triplicate). UGT1A1_i2 did not catalyze glucuronidation of these 

substrates. Activity was normalized to UGT1A1_i1 level. Data are presented as means + 

SD, ***P<0.001, Student’s t-test. D. Interactions between UGT1A_i1 and i2. IP of i1 from 

HEK cell lysates with the specific anti-i1 co-purifies UGT1A_i2. Lanes “ctr” served as 

markers for i1 and i2 protein mobility and detection. E. Endogenous UGT1A_i1 and i2 co-

localize in the endoplasmic reticulum (ER) of colorectal cancer HT115 cells. Protein 

disulfide isomerase (PDI) is an ER marker, whereas Hoechst (H) labels nuclei. 

Fluorescence intensity profiles are given for cross-sections (dashed lines). See also Fig. 

S2 for a comparison of co-localization with multiple specific subcellular markers including 

the ER. Scale bars: 10 µm. F. Immunohistochemical investigation of UGT1A_i1 and I2 in 

consecutive sections of normal human liver and colon tissues. H: hepatocytes; PV: portal 

vein; IG: intestinal gland; L: lumen; LP: lamina propria; SE: surface epithelium. Scale bars: 

200 µm. 

Figure 5. Functional characterization of UGT2B7_i8. A. Alternative splicing at the 

UGT2B7 locus. The canonical UGT2B7_v1 transcript excludes the exon 2b (blue lines) 

and encodes the UGT2B7_i1 enzyme, whereas UGT2B7_n4 includes exon 2b (green 

region, line and boxed sequence) that extends the coding sequence to produce 

UGT2B7_i8. Anti-2B7_i8 was raised against the underlined immunogenic peptide. B. 

Immunohistochemical investigation of i8 expression in normal liver tissues. Left: 

UGT2B7_i1, labeled by the commercial antibody against UGT2B7, is expressed 

predominantly in hepatocytes but not in hepatic arteries or bile ducts. Center: The purified 
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anti-i8 specifically and strongly labels smooth muscle cells of hepatic arteries whereas 

hepatocytes are weakly labeled and bile ducts are unlabeled. Right: Labeling is impaired 

by preadsorption of anti-2B7_i8 with the immunogenic peptide prior to tissue labeling, 

demonstrating specificity of staining with anti-2B7_i8. Representative images from 

consecutive sections of two liver tissues are shown. BD: bile ducts; H: hepatocytes; HA: 

hepatic arteries; PV: portal vein. Scale bars: 200 µm. C. Metabolic alterations associated 

with the expression of UGT2B7_i8. HEK293 kidney and HepG2 liver cell models 

(expressing endogenous UGTs, including UGT2B7) were developed. UGT2B7_i8 has an 

apparent molecular mass of 62 kDa, slightly larger than that the UGT2B7_i1 enzyme (55 

kDa), as expected, upon analysis of the microsomal fractions (20 µg) from each cell model. 

L: Human liver microsomes, as a positive control. In situ glucuronidation activity towards 

the UGT2B7-specific substrate zidovudine (AZT) was enhanced by co-expression of 

UGT2B7_i1 and the i8 isoform in both cell models (HEK293, n = 4 assays; HepG2, n = 3 

assays, in triplicate). UGT2B7_i8 did not have glucuronidation activity with AZT as a 

substrate. Activity was normalized to UGT2B7_i1 level. Data are presented as means + 

SD, ***P<0.001, Student’s t-test. D. Interactions between UGT2B7_i8 and i1. IP of i8 from 

cell lysates of HEK293 cells co-expressing UGT2B7_i1 and tagged UGT2B7_i8-V5 with 

anti-V5 co-purifies UGT2B7_i1. E. UGT2B7_i1 and i8 co-localize in the endoplasmic 

reticulum (ER). Each UGT2B7 variant protein stably expressed in HEK293 cells co-

localizes with the ER marker protein disulfide isomerase (PDI). Fluorescence intensity 

profiles are given for cross-sections (dashed lines). Scale bars: 10 µm. F. Cellular 

metabolic profiles reveal an important modulation of levels of amino acids and nucleotides 

induced by UGT2B7_i8 expression in HEK293 and HepG2 cell models. Data points for 

which the coefficient of variation exceeded 50% were omitted for clarity. Detailed 

metabolomics data are given in Table S1. G. UGT2B7_i8 enhanced adhesion but reduced 

the proliferation rate of HEK293 cells. Left Real-time cell adhesion was measured by 

electrical impedance (cell index) (n=2 independent assays in quadruplicate; significantly 

different for all time points). Right Proliferation was assessed by cell counts (n=2 

independent assays in triplicate) and doubling time was determined from real time cell 

index data. Data are presented as means + SD, **P<0.01, ***P<0.001, Student’s t-test. 

See also Fig. S3 and S4. 
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Supplementary Material 

 

Figure S1: RNA-Seq expression data for canonical and alternative UGT variants, Related 

to Figure 2. 
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Figure S2: Subcellular distribution of UGT1A_i1 and UGT1A_i2 isoforms, Related to 

Figure 4E. 
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Figure S3: Validation of UGT2B7_i8 encoding transcript and protein stability, Related to 

Figure 5. 
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Figure S4: Detection of UGT2B7_i8 in human liver tissues by mass spectrometry, Related 

to Figure 5.  
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Figure S5: Specificity of the antibody ab57685 for human UGT2B proteins, Related to 

Experimental Procedures and Figure S4. 
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Discussion 

En lien avec les objectifs de recherche, les travaux présentés dans cette thèse identifient 

de nombreux changements dans les concentrations intracellulaires de métabolites à la 

suite de changements dans la voie UGT. Ces métabolites sont impliqués dans plusieurs 

voies métaboliques et incluent des molécules qui ne sont pas des substrats documentés 

des enzymes UGT. Puisque les UGT sont connues pour interagir avec d’autres protéines, 

nous avons également caractérisé l’interactome endogène de ces enzymes ainsi que de 

certains de leurs variants alternatifs, révélant plusieurs similitudes, mais également des 

divergences dans l’identité des partenaires protéiques. Nous avons mis en évidence 

certains changements de phénotype, comme la migration et l’adhésion cellulaire des 

cellules cancéreuses, étant associés à une modification de l’expression des protéines 

UGT. Ces résultats supportent les hypothèses initiales de recherche et suggèrent 

l’existence d’une interconnexion plus étendue et complexe entre le métabolisme cellulaire 

et la voie de glucuronidation. 

Des changements dans la voie des UGT entrainent des 

perturbations métaboliques étendues 

Le premier objectif de cette thèse visait à étudier les changements métaboliques associés 

à une modification de la voie des UGT, incluant des enzymes parmi les plus caractérisées 

et abondantes, ainsi que de nouvelles protéines alternatives, dont le rôle est moins bien 

connu. À cette fin, nous avons exprimé des protéines UGT dans un modèle cellulaire 

n’exprimant pas ces enzymes de façon endogène (environnement UGT négatif; cellules 

HEK293), en plus de réprimer ou de surexprimer les protéines UGT dans des modèles 

exprimant ces protéines de façon endogène (environnement UGT positif; cellules HT115 

et HepG2). Nous avons ensuite quantifié les métabolites intracellulaires dans ces modèles 

par une approche métabolomique non-dirigée; des analyses réalisées dans deux centres 

reconnus (Metabolon® et West Coast Metabolomics Center).  

Les travaux présentés dans le premier article montrent l’étendue des modifications de 

nombreux métabolites cellulaires associées à l’expression de protéines UGT. Pour cette 

étude, les enzymes UGT1A1 et UGT2B7, ainsi que leurs variants alternatifs UGT1A1_i2 

et UGT2B7_i8, ont été exprimés dans le modèle HEK293, révélant une modification des 

niveaux intracellulaires d’intermédiaires métaboliques variés appartenant à toutes classes 
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de biomolécules. Ces résultats sont en phase avec ceux présentés aux chapitres 4 et 6, 

dans lesquels l’expression des variants alternatifs UGT1A_i2 et UGT2B7_i8 a été 

modifiée dans les modèles HT115 et HepG2, respectivement. Dans l’ensemble, l’étude 

des changements métaboliques associés à une modification de l’expression des UGT 

supporte qu’une modification de l’expression de ces protéines entraine un remodelage 

des intermédiaires métaboliques des voies énergétiques, des acides nucléiques, des 

acides aminés et des lipides bioactifs. Au niveau fonctionnel, ces modifications dans les 

concentrations de métabolites intracellulaires pourraient contribuer à contrôler l’activité de 

nombreuses voies métaboliques, incluant la voie de glucuronidation. Cette régulation de 

l’activité pourrait se produire via plusieurs mécanismes, discutés plus bas, incluant 1) une 

modulation des niveaux de co-substrats des enzymes UGT (UDP-GlcA et UDP-Glc), 2) 

une régulation allostérique des enzymes par les endobiotiques, 3) une modification des 

conditions physico-chimiques membranaires ou 4) d’autres mécanismes de régulation 

indirects, telles les boucles de rétroaction.  

Puisque l’activité UGT nécessite un co-substrat pour l’activité de conjugaison, il est 

attendu qu’une modulation des niveaux de co-substrat puisse influencer l’activité de 

glucuronidation si les concentrations de ce co-substrat deviennent limitantes. En ce sens, 

la littérature soutient que les niveaux d’UDP-GlcA sont limitants lors d’une exposition 

accrue à certains substrats des UGT, causant ainsi des toxicités néfastes (Gregus et coll., 

1988; Braun et coll., 1997; Kultti et coll., 2009). Par exemple, Bray et Rosengren (2001) 

rapporte que les niveaux hépatiques d’UDP-GlcA diminuent de plus de trois fois, passant 

de ~250 µM à ~80 µM, chez des souris traitées avec une forte dose d’acétaminophène. 

Ces concentrations d’UDP-GlcA sont similaires à celles observées chez l’humain 

(Cappiello et coll., 1991) et correspondent environ à la constante d’affinité (Km) moyenne 

du co-substrat pour les enzymes UGT1A humaines exprimées dans le foie (50-500 µM) 

(Luukkanen et coll., 2005). Or, nos travaux supportent que les niveaux des précurseurs 

du co-substrat UDP-GlcA appartenant à la voie glycolytique (glucose-6-phosphate, 

mannose-6-phosphate, fructose-6-phosphate) sont jusqu’à 20 fois inférieurs dans les 

cellules exprimant les UGT et ce, même en absence de supplémentation en substrat 

(condition de culture cellulaire normale, sans ajout de substrat exogène). Nos données 

supposent donc que ces intermédiaires représenteraient possiblement une étape limitante 

pour la synthèse d’UDP-GlcA. Afin de tester cette hypothèse, il serait possible de 

quantifier les glucuronides formés par des cellules supplémentées avec ces 
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intermédiaires glycolytiques, et de comparer cette quantité avec celle formée par des 

cellules non-supplémentées. Si ces intermédiaires glycolytiques représentent 

véritablement une étape limitante, nous devrions détecter moins de composés 

glucuronidés dans les cellules non supplémentées, reflétant la pénurie de co-substrat. 

Ces expériences permettraient de mieux comprendre les mécanismes régulant les 

niveaux intracellulaires d’UDP-GlcA et ultimement, de contrôler la disponibilité de ce co-

substrat pour la réaction de glucuronidation.  

En dehors de réguler les niveaux d’UDP-GlcA, les modifications métaboliques observées 

dans nos échantillons pourraient également refléter des mécanismes de contrôle 

allostérique de l’activité UGT. En effet, plusieurs métabolites endogènes sont identifiés 

dans la littérature comme étant de tels modulateurs de la voie de glucuronidation (Ishii et 

coll., 2010a). Par exemple, certains intermédiaires puriques et pyrimidiques sont associés 

à une répression allostérique de l’activité UGT, tel que l’UDP et le CTP (Koster et 

Noordhoek, 1983; Yokota et coll., 1998; Fujiwara et coll., 2008). Bien que les niveaux de 

ces deux métabolites ne soient pas altérés dans nos modèles cellulaires, nos travaux 

indiquent que les niveaux de plusieurs intermédiaires pyrimidiques en amont de ceux-ci 

sont augmentés dans les cellules exprimant les enzymes UGT, supportant un potentiel 

rôle de régulation via cette voie. D’autres molécules régulatrices, telles que l’ATP, le 

NADP+, des acyl-CoA, etc., pourraient être impliquées dans la régulation allostérique des 

UGT. Cependant, les niveaux intracellulaires de ces autres molécules régulatrices sont 

inconnus, nous empêchant de faire une analyse systématique de ces régulateurs 

endogènes. Afin de déterminer leur importance dans le contrôle de la voie de 

glucuronidation, il serait donc pertinent de développer une méthode analytique précise et 

reproductible, c’est-à-dire avec une courbe-étalon et des standards internes, afin de 

quantifier l’entièreté de ces molécules. Les niveaux de ces dernières pourraient alors être 

mis en corrélation avec l’activité de glucuronidation, ce qui nous permettrait de 

caractériser de façon systématique la contribution de ces molécules dans la régulation 

endogène de l’activité de la voie de glucuronidation. 

La littérature soutient que la voie de glucuronidation pourrait aussi être affectée par les 

propriétés physico-chimiques des membranes entourant les enzymes; une modification 

des concentrations de certains lipides dans les essais enzymatiques in vitro étant 

associée à une modulation de l’activité de glucuronidation (Winsnes, 1972; Erickson et 

coll., 1978; Hochman et Zakim, 1983; 1984; Ishii et coll., 2010a; Liu et Coughtrie, 2017). 
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Parmi les diverses catégories de lipides, les acides gras polyinsaturés sont parmi ceux 

affectant le plus l’activité de la voie de glucuronidation (Shibuya et coll., 2013). Ces effets 

pourraient se produire via les propriétés physiques et biochimiques nombreuses de ces 

molécules, dont une modulation des niveaux cause une altération dans le transport d’ions 

et de substrats, ainsi que dans les interactions protéiques à la membrane (Zhang et coll., 

2012; Schaefer et coll., 2016; Jeromson et coll., 2018; Sullivan et coll., 2018). Or, nous 

avons observé qu’une modification de l’expression des protéines UGT a pour 

conséquence de fortement augmenter les niveaux de plusieurs acides gras polyinsaturés 

dans nos modèles. L’accumulation de ces lipides pourrait ainsi refléter des processus 

métaboliques visant à moduler l’activité de glucuronidation. Supportant la capacité des 

UGT à modifier la composition lipidique des cellules, l’équipe de Dates et coll. (2015) a 

d’ailleurs observé une accumulation de lipides suite à une surexpression d’enzymes UGT 

dans des modèles de cancer du sein et du pancréas. En effet, l’expression des UGT2B4, 

UGT2B7 et UGT2B15 a pour conséquence d’augmenter la quantité de lipides 

intracellulaires contenus sous forme de gouttelettes lipidiques, une forme de stockage 

riche en lipides bioactifs (Bozza et coll., 2011; Dates et coll., 2015). Cependant, l’identité 

exacte des lipides accumulés était inconnue dans leurs échantillons, ainsi que l’influence 

de l’accumulation de ces lipides sur l’activité de glucuronidation. Dans l’ensemble, ces 

observations supportent la nécessité d’étudier davantage la relation entre les lipides 

intracellulaires et les UGT, puisque celle-ci pourrait être impliquée dans certaines 

maladies, incluant des cancers (Dates et coll., 2015) et la stéatose hépatique, caractérisée 

par une accumulation de lipides au foie en conséquence d’une exposition à certains 

médicaments, dont des substrats des UGT (Amacher et Chalasani, 2014). 

Il est également possible que les modifications dans les concentrations de métabolites 

intracellulaires reflètent la participation de ces molécules à des boucles de rétroaction 

potentiellement impliquées dans le contrôle de leurs niveaux et de l’expression des UGT. 

Par exemple, nos données ont identifié l’acide arachidonique (AA) comme étant l’un des 

métabolites les plus fortement accumulés suite à l’expression des UGT1A1 et UGT2B7. 

Or, ces enzymes sont connues pour conjuguer cet acide gras (Little et coll., 2004). Par 

ailleurs, Caputo et coll. (2011) ont montré que supplémenter des cellules HepG2 en AA 

menait à une répression de l’expression en ARN messager de l’UGT1A1. Il appert donc 

qu’une forte expression d’UGT1A1 cause une augmentation des niveaux d’AA, et que de 

fortes concentrations d’AA entraînent une diminution de l’expression de l’UGT1A1 dans 
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des modèles exprimant cette enzyme de façon endogène. Il serait cependant nécessaire 

de mieux caractériser cette boucle de rétroaction. Quels sont les mécanismes impliqués 

dans cette boucle de régulation? Comment celle-ci affecte l’activité de la voie de 

glucuronidation, incluant l’expression des autres isoenzymes et isoformes UGT? 

Comment l’activité de la voie de glucuronidation affecte les niveaux d’AA? Pour répondre 

à ces questions, il serait pertinent de caractériser l’activité enzymatique et l’expression 

des UGT et de leurs variants alternatifs à la suite d’une supplémentation en AA, dans des 

modèles exprimant ces protéines de façon endogène, telles les cellules HepG2 ou 

HepaRG®. Complémentairement, il serait aussi approprié 1) de modifier l’expression des 

UGT et de leurs isoformes dans ces modèles et de quantifier les lipides polyinsaturés; et 

2) de moduler l’activité de PLA2, essentiel au relargage de l’acide arachidonique à partir 

des phospholipides, afin de valider les effets de l’AA endogène sur l’expression et l’activité 

UGT. Ces expériences permettraient de caractériser de façon approfondie la boucle de 

rétroaction impliquant l’AA et les UGT, ainsi que le rôle de la voie de glucuronidation sur 

le contrôle des niveaux d’AA. Une meilleure connaissance de cette interconnexion 

permettrait éventuellement un meilleur contrôle de cette boucle de rétroaction, qui semble 

notamment impliquée dans les cas d’hyperbilirubinémie néonatale (Shibuya et coll., 

2013). 

L’approche métabolomique non-dirigée que nous avons retenue a permis d’observer des 

modifications dans les niveaux de métabolites impliqués dans de nombreuses voies 

métaboliques et ce, suite à une modification de l’expression des UGT. Ceci a été rendu 

possible grâce à la grande diversité de molécules quantifiées par cette approche. Cette 

grande diversité d’analytes apporte cependant un certain désavantage : elle rend difficile 

l’utilisation d’une courbe étalon pour l’entièreté des molécules, rendant la quantification 

relative, plutôt qu’absolue. Bien que la validité des expériences demeure, il est cependant 

difficile de comparer certains résultats obtenus entre deux séries d’expériences et entre 

les deux plateformes reconnues que nous avons utilisées, c’est-à-dire Metabolon® et 

West Coast Metabolomics Center. La disparité dans l’identité de certains métabolites 

identifiés par les deux plateformes complique également la comparaison de certains 

résultats entre deux séries d’expériences. Notons aussi l’absence de quantification pour 

certaines molécules clés du métabolisme cellulaire, telles les hormones stéroïdiennes et 

thyroïdiennes, reconnues comme étant des substrats des UGT. Ces facteurs combinés 

limitent quelque peu notre capacité à caractériser certains effets plus spécifiques des 
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divers UGT étudiés dans plusieurs modèles. Malgré tout, nos études identifient clairement 

des modifications similaires pour de nombreuses voies métaboliques, supportant la 

validité de nos observations.  

Il importe de souligner les forces et les limitations associées à notre étude du métabolome 

dans des modèles in vitro de lignées cellulaires. Représentant une force de nos études, 

nous avons utilisé des modèles cellulaires avec différents environnements protéiques. Le 

modèle HEK293, UGT négatif, a permis d’observer les changements métaboliques 

associés à une enzyme ou une isoforme alternative UGT pour les nombreuses voies 

métaboliques présentes dans ce modèle, sans interférence des autres protéines UGT 

endogènes. D’un autre côté, les modèles HT115 et HepG2, exprimant de façon endogène 

certaines isoformes UGT, ont permis de caractériser les interactions entre les différentes 

isoformes alternatives et enzymes UGT, ainsi qu’avec les nombreuses voies 

métaboliques présentes dans ces modèles. Les protéines UGT ont été exprimées de 

façon stable dans ces modèles cultivés dans des conditions de culture standards, afin de 

mieux caractériser l’interrelation entre les UGT et le métabolisme cellulaire de base à 

l’équilibre; en opposition avec l’étude dynamique des flux métaboliques en réponse à des 

stimuli externes ou du microenvironnement. La méthode sélectionnée semblait une 

première étape adéquate afin de répondre aux objectifs, quoique la seconde approche 

constituerait certainement l’objet de recherches futures. 

Une limite des études métabolomiques à l’aide de modèles cellulaires repose sur le choix 

de la méthode de récolte et de normalisation des échantillons, deux facteurs pouvant 

influencer les résultats d’études métabolomiques selon une étude récente (Muschet et 

coll., 2016). Afin de minimiser ces effets, notre laboratoire a utilisé une seule méthode 

pour récolter les échantillons pour le métabolomique, c’est-à-dire par trypsinisation des 

cellules. Cependant, la normalisation des résultats métabolomiques a varié selon les 

standards des plateformes utilisées, s’appuyant sur le nombre de cellules (West Coast 

Metabolomics Center; Chapitres 4 et 6), ou sur la concentration protéique (Metabolon®; 

Chapitre 2). Bien que le compte cellulaire montre le plus faible coefficient de variation 

entre les réplicats, la normalisation par la concentration protéique est généralement bien 

corrélée au nombre de cellules lorsque ce dernier est élevé (plus d’un million de cellules), 

tel que dans nos échantillons (Silva et coll., 2013; Muschet et coll., 2016). Néanmoins, 

une seule méthode de normalisation devrait être utilisée dans les prochaines études afin 
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d’éviter un biais potentiel relié à la normalisation des métabolites issus d’échantillons 

cellulaires. 

Finalement, il est important de souligner le caractère novateur de nos travaux. En effet, 

ceux-ci sont les premiers à rapporter une perturbation significative du métabolisme global 

de la cellule suite à une modification de l’expression des enzymes et protéines alternatives 

UGT humaines. Nous avons ainsi observé des modifications dans les niveaux de 

métabolites impliqués dans de nombreux sentiers métaboliques, exposant non seulement 

l’ampleur des mécanismes de régulation pouvant contrôler l’activité de glucuronidation, 

mais révélant également l’étendue des transformations métaboliques pouvant résulter 

d’une modification de l’activité de la voie glucuronidation. Nos travaux supportent qu’une 

meilleure connaissance de l’interconnexion entre le métabolisme cellulaire et la voie de 

glucuronidation permettrait de mieux comprendre les déterminants de l’activité de cette 

voie et du métabolisme cellulaire, et potentiellement de pouvoir les influencer. Est-ce que 

certains métabolites identifiés dans nos travaux pourraient représenter des biomarqueurs 

de l’activité de glucuronidation chez l’individu? Est-ce que certains intermédiaires 

métaboliques pourraient être modulés chez l’humain pour adapter la réponse aux 

médicaments? Ces questions restent en suspens, mais y répondre représenterait de 

grandes avancées dans le domaine. 

Les protéines UGT font partie de réseaux d’interactions 

protéiques complexes et affectent l’activité de certains 

partenaires 

Tel que mentionné en introduction, certaines des répercussions métaboliques associées 

à une modification de l’expression des UGT pourraient en fait découler de la capacité de 

ces protéines à interagir avec des protéines impliquées dans d’autres voies métaboliques. 

Notre second objectif visait ainsi à établir le réseau d’interaction protéique, ou 

l’interactome, des protéines UGT. Utilisant la purification d’affinité couplée à la 

spectrométrie de masse, nous avons identifé un nombre important d’interacteurs 

protéiques potentiels des enzymes de la famille UGT1A, ainsi que de leurs variants 

alternatifs UGT1A_i2, tel que présenté aux chapitres 3 et 4, respectivement. Nos résultats 

supportent que l’interactome endogène des enzymes UGT1A inclut non seulement des 

partenaires du métabolisme des xénobiotiques, mais également de la glycolyse et la 

gluconéogenèse, de l’oxydation des acides gras, de la signalisation du glucagon, ainsi 
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que du trafic vésiculaire. De façon similaire, nos résultats supportent que les UGT1A_i2 

peuvent interagir avec plusieurs protéines de la glycolyse, du cycle des acides 

tricarboxyliques, de la signalisation du glucagon et du métabolisme du tryptophane. Avant 

ces travaux, seulement quelques interacteurs des enzymes UGT1A avaient été identifiés, 

notamment des protéines UGT et des CYP (abordé en introduction), alors que certaines 

enzymes du métabolisme des ROS avaient été identifiées comme partenaires des 

UGT1A_i2, telles que la catalase et la peroxiredoxine (Rouleau et coll., 2014). Nos travaux 

exposent donc un interactome étendu pour les enzymes et protéines UGT1A, dont les 

implications sur le métabolisme cellulaire et sur la voie de glucuronidation demeurent 

inconnues, malgré la contribution des travaux de cette thèse. 

Dans un premier temps, il importe de souligner la similitude des voies métaboliques 

auxquelles appartiennent les partenaires des enzymes et des protéines alternatives 

UGT1A. Cette observation est cohérente avec la grande homologie que partage ces deux 

types de protéines, se différenciant seulement par leur portion C-terminale (Girard et coll., 

2007). Parmi les interacteurs communs des enzymes et des protéines UGT1A, nous 

retrouvons plusieurs enzymes impliquées dans les voies énergétiques. Or, nous avons 

également observé des changements métaboliques similaires associés à l’expression de 

l’enzyme UGT1A1 et de sa protéine alternative dans les voies glycolytiques. Ainsi, le 

partenariat des UGT avec les différentes protéines impliquées dans les voies 

énergétiques pourrait supporter le remodelage des intermédiaires métaboliques impliqués 

dans la synthèse du co-substrat UDP-GlcA, ou encore la synthèse d’autres régulateurs 

allostériques endogènes (Ishii et coll., 2010a). D’autres expériences sont cependant 

nécessaires pour mieux comprendre ces phénomènes. À cette fin, des régulateurs 

allostériques endogènes pourraient être supplémentés aux cellules dans le but d’altérer 

l’activité des partenaires des UGT. Par exemple, le fructose-1,6-bisphosphate est connu 

pour activer l’enzyme phosphofructokinase, un partenaire potentiel des UGT1A qui est 

situé à une étape charnière de la glycolyse (Yi et coll., 2012). On pourrait ainsi 

supplémenter ce métabolite aux cellules afin d’activer la glycolyse au détriment de la 

synthèse d’UDP-GlcA. Il serait attendu qu’un tel traitement diminuerait les concentrations 

d’UDP-GlcA intracellulaires, et du coup de l’activité de glucuronidation, confirmant ainsi le 

rôle clé de ce partenaire dans le contrôle de la voie de glucuronidation. 

La confirmation des partenariats constitue une étape cruciale dans l’étude d’un 

l’interactome. En ce sens, nous avons validé plusieurs partenaires des enzymes UGT1A 
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par co-immunprécipitation en utilisant des protéines arborant des peptides étiquettes, tels 

que ACOT8, SH3KBP1 et PHKA2. Cette approche a pour avantage de confirmer la 

spécificité des partenariats, puisqu’elle repose sur l’utilisation d’anticorps différents de 

ceux utilisés lors des purifications d’affinité pour la protéomique, en plus d’être réalisée 

dans un modèle cellulaire différent. De plus, une co-localisation partielle entre les UGT et 

les partenaires ACOT8 et SH3KPB1 a été observée par microscopie confocale, appuyant 

davantage le potentiel d’interaction entre les partenaires.  

Au niveau fonctionnel, plusieurs de nos observations supportent l’existence de 

répercussions métaboliques découlant de ces interactions protéiques entre les UGT et 

leurs partenaires. Par exemple, l’accumulation de gouttelettes lipidiques a été observée 

dans un modèle exprimant l’enzyme UGT1A9, indiquant un remodelage du métabolisme 

des lipides (Chapitre 3). Or, plusieurs partenaires protéiques des enzymes UGT1A sont 

impliqués dans l’oxydation des acides gras, incluant ACOT8, un partenaire validé de 

l’enzymes UGT1A9_i1. De plus, notre étude du métabolome suite à une expression des 

enzyme UGT1A a identifié une modification des niveaux de plusieurs dérivés lipidiques 

pouvant contribuer à l’accumulation des gouttelettes lipidiques (Chapitre 2), tels les 

phospholipides et les acylglycérols incorporant l’AA (Bozza et coll., 2011). Ainsi, nos 

données issues de l’étude du métabolome et de l’interactome des UGT1A coïncident, et 

sont supportées par des observations phénotypiques, renforçant la justesse de nos 

observations. 

Nos résultats supportent également que les interactions entre les protéines alternatives 

UGT1A_i2 et leurs partenaires entraînent des changements dans le métabolome. Ainsi, 

une interaction entre OGDHL et UGT1A1_i2 a été validée dans le modèle HEK293 

(Chapitre 2). Cette observation fait écho aux données métabolomiques montrant que les 

intermédiaires situés en aval du complexe OGDC, dont OGDHL fait partie, s’accumulent 

dans les cellules exprimant ce variant alternatif. De plus, une interaction spécifique entre 

les UGT1A_i2 et PKM2 est validée dans le modèle de cancer du côlon HT115, où aucune 

interaction entre les UGT1A_i1 et PKM2 n’est détectée. Bien que les deux types 

d’isoformes UGT1A soient exprimés dans ce modèle, nos données supportent que le 

métabolisme énergétique puisse être affecté par la répression des UGT1A_i2, 

potentiellement via une modification de l’activité PKM2. Ces deux partenaires des 

UGT1A_i2 sont des protéines clés du métabolisme énergétique (Mazurek, 2011; Sen et 

coll., 2012). Ces observations soutiennent ainsi que les protéines alternatives UGT1A_i2 
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joueraient un rôle de régulateur métabolique, dont l’action serait médiée par les 

interactions protéine-protéine; puisque aucune activité transférase avec le co-substrat 

UDP-GlcA n’a été détectée à ce jour pour ces variants alternatifs. De plus, le fait que 

PKM2 soit un partenaire spécifique aux UGT1A_i2 démontre la capacité de ces protéines 

à induire des effets métaboliques distincts de ceux des enzymes. L’existence de tels 

partenaires spécifiques peut notamment découler de la différence de séquence peptidique 

de ces protéines alternatives en comparaison avec les enzymes canoniques. 

Effectivement, la séquence et/ou la structure tridimensionnelle des UGT1A_i2 pourraient 

leur permettre d’interagir avec d’autres protéines, puisque celles-ci pourraient 

présenter/omettre des régions promouvant les interactions protéine-protéine. Toutefois, 

très peu d’informations sont connues sur la topologie des UGT, en dehors d’une partie du 

domaine catalytique de l’UGT2B7 (Miley et coll., 2007). Soutenant l’existence 

d’interactions différentielles pour les protéines alternatives UGT1A_i2, des travaux 

précédents du laboratoire avaient révélé que certains domaines peptidiques étaient 

nécessaires à l’homo-oligomérisation des enzymes, alors qu’ils ne l’étaient pas pour 

l’oligomérisation des protéines alternatives (Rouleau et coll., 2013a). Par ailleurs, la 

localisation subcellulaire des protéines alternatives UGT1A_i2 semble diverger de celle 

des enzymes UGT1A_i1 (Chapitre 6). Ainsi, nos travaux soutiennent que ces protéines 

sont partiellement localisées en dehors du RE, une localisation différentielle qui leur 

permettrait d’interagir avec des partenaires protéiques autres que ceux des enzymes 

canoniques, incluant des partenaires clés du métabolisme énergétique. 

Dans l’ensemble, nos travaux expandent considérablement l’interactome endogène des 

protéines UGT1A, les situant au cœur d’un réseau d’interaction complexe entraînant 

possiblement plusieurs changements métaboliques. Cependant, d’autres études sont 

nécessaires pour mieux caractériser le rôle de ces interactions dans le contrôle du 

métabolisme cellulaire et ce, dans plusieurs contextes. En outre, la plupart des partenaires 

n’ont été validés que dans un seul modèle cellulaire, et puisque l’environnement protéique 

fluctue grandement d’un type cellulaire à l’autre, il est fort possible que les changements 

causés par ces interactions soient différents (Buljan et coll., 2012). Par ailleurs, certains 

interacteurs communs pourraient être le fruit d’interactions indirectes avec la cible des 

immunoprécipitations. En effet, les UGT1A_i1 sont connus pour interagir avec les 

protéines alternatives UGT1A_i2. Or, les extraits tissulaires utilisés pour faire les analyses 

protéomiques présentent une expression des deux types d’isoforme UGT1A. Ainsi, il est 
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possible que les partenaires identifiés lors des immunoprécipitations des enzymes soient 

en fait des partenaires des protéines alternatives, et vice versa. C’est pourquoi la 

validation des partenaires par l’utilisation de techniques complémentaires, comme nous 

l’avons fait, est essentielle. De plus, d’autres systèmes expérimentaux pourraient être 

considérés pour la validation des partenariats. Par exemple, les essais de ligation 

dépendants de la proximité (voir le Tableau 4 pour une description de la technique) 

constitueraient une approche adéquate pour valider les interactions protéiques. En effet, 

cette approche n’émet du signal que lorsque les protéines sont en très forte proximité1 

l’une de l’autre, permettant donc d’éviter une partie du bruit de fond inhérent à la détection 

des protéines via des anticorps couplés à des fluorophores. Le laboratoire établit 

actuellement cette approche, qui permettra une meilleure évaluation du potentiel 

d’interaction des partenaires avec les UGT. 

Les travaux présentés dans cette thèse supportent par ailleurs une interaction entre 

l’enzyme UGT2B7 et son variant alternatif UGT2B7_i8 (Chapitre 6). À l’instar de de la co-

expression des UGT1A_i1 et UGT1A_i2, la co-expression de l’enzyme et de la protéine 

alternative UGT2B7 induit des changements dans l’activité de glucuronidation. La co-

expression de ces deux isoformes apporte une augmentation de l’activité UGT, telle que 

détectée par des essais enzymatiques en cellules intactes. La séquence unique de 

l’UGT2B7_i8 semble ainsi lui conférer cette fonction, qui se produirait vraisemblablement 

par des interactions protéiques. Toutefois, l’influence de cette séquence sur l’interactome 

de l’UGT2B7_i8 est inconnue, car les interactomes endogènes de ce variant alternatif et 

de son enzyme n’ont pas encore été investigués et ce, malgré la contribution majeure de 

l’UGT2B7 dans la voie de glucuronidation et l’expression importante de ce variant 

alternatif dans certains tissus (Guillemette et coll., 2014; Margaillan et coll., 2015b; 

Tourancheau et coll., 2018).  

Dans le même ordre d’idée, nos travaux supportent également l’existence d’interactions 

protéiques entre l’UGT2B10 et ses variants alternatifs UGT2B10_i4 et UGT2B10_i5 

(Chapitre 5). Ces variants alternatifs, possédant chacun une séquence additionnelle dans 

leur portion C-terminale, semblent également en mesure de moduler l’activité 

                                                           

1 La distance maximale entre les protéines doit être inférieure à 40 nm selon les notes d’application du Duolink® 
Proximity Ligation Assay de Sigma-Aldrich®. https://www.sigmaaldrich.com/technical-
documents/protocols/biology/duolink-troubleshooting-guide.html; consulté le 16 juin 2018. 

https://www.sigmaaldrich.com/technical-documents/protocols/biology/duolink-troubleshooting-guide.html
https://www.sigmaaldrich.com/technical-documents/protocols/biology/duolink-troubleshooting-guide.html
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enzymatique de l’UGT2B10. Cependant, les effets de ces protéines alternatives semblent 

dépendants du contexte cellulaire, puisque nous avons observé une diminution de 

l’activité pour certains substrats dans la lignée HEK293 (UGT négatif), et une 

augmentation de l’activité pour ces mêmes substrats dans le modèle HepG2 (UGT positif). 

Ces observations apportent ainsi une complexité supplémentaire aux modulations 

entraînées par les interactions hétéro-oligomériques des UGT. En effet, celles-ci 

supportent que l’environnement cellulaire puisse impacter la façon dont de ces 

interactions module l’activité UGT. Est-ce seulement la présence des enzymes UGT 

endogènes qui influencent cette modulation, ou est-elle médiée par des interactions avec 

d’autres protéines ou des métabolites? D’autres études sont nécessaires pour répondre 

à ces questions et caractériser l’influence de l’environnement protéique et métabolique 

cellulaire sur la régulation de l’activité de la voie de glucuronidation. Répondre à ces 

questions est d’autant plus important lorsqu’on considère que l’environnement cellulaire 

(Li et coll., 2018), de même que l’épissage alternatif des protéines, sont fortement modifiés 

lors de néoplasies (Chen et Weiss, 2015; Yang et coll., 2016), ce qui pourrait non-

seulement affecter l’activité de glucuronidation, mais également toutes les voies y étant 

associées. 

Changements phénotypiques associés aux protéines UGT 

En lien avec les observations précédentes, nous avons cherché à déterminer si ces 

changements dans le métabolisme cellulaire ont un effet sur le phénotype cellulaire, au-

delà de la perturbation de l’activité de glucuronidation. Nos travaux sont les premiers à 

rapporter de telles conséquences phénotypiques suite à une modulation de l’expression 

de protéines alternatives des UGT. En effet, nos travaux indiquent que la répression stable 

des protéines UGT1A_i2 dans les cellules de cancer du côlon HT115 mène à une 

augmentation du potentiel migratoire de ces cellules. Ce phénotype est relié à une plus 

faible adhésion de ces cellules pour diverses matrices extracellulaires, incluant le 

collagène de type I, la laminine et la ténascine (Chapitre 4). De plus, la répression des 

UGT1A_i2 est associée à une augmentation de l’activité glycolytique au détriment de 

l’activité mitochondriale dans le même modèle cellulaire. Ces résultats supportent que les 

cellules tumorales de côlon voient leur potentiel d’agressivité augmenté par une 

répression des protéines alternatives UGT1A_i2. Ces résultats font suite à la 

démonstration que la répression des UGT1A_i2 peut mener à une augmentation de la 

résistance des cellules HT115 à l’agent thérapeutique SN-38 (Rouleau et coll., 2014). 
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Dans l’ensemble, ces travaux soutiennent qu’une répression des niveaux de ces protéines 

serait favorable à la progression tumorale. 

Nos données supportent également qu’une répression des protéines alternatives 

UGT1A_i2 dans la lignée HT115 sensibilise les cellules à une déprivation en sérine et 

glycine. Quoiqu’ils ne soient pas considérés comme des oncométabolites à proprement 

parler, la littérature supporte que certains acides aminés seraient cependant essentiels 

au métabolisme tumoral (Labuschagne et coll., 2014; Ananieva et Wilkinson, 2018). Cette 

observation soulève la question suivante : est-ce que les traitements antinéoplasiques 

reposant sur des cibles associées à ces acides aminés verraient leurs effets potentialisés 

par une répression des UGT1A_i2? Pour répondre à cette question, il serait pertinent 

d’étudier la sensibilité de nos cellules aux agents thérapeutiques ciblant ces voies, comme 

le 5-fluorouracile et le méthotrexate, déjà utilisés dans le traitement du cancer colorectal 

(Myte et coll., 2017). Par ailleurs, les données métabolomiques soutiennent que les 

concentrations de plusieurs autres acides aminés sont également perturbées dans ce 

modèle. Considérant que ceux-ci peuvent représenter des réservoirs de groupements 

chimiques actifs (Labuschagne et coll., 2014; Yang et coll., 2014a; Baggott et Tamura, 

2015; Knott et coll., 2018), le traçage métabolique de ces groupements pourrait 

assurément nous renseigner sur le devenir de ceux-ci. De tels résultats permettraient 

potentiellement la découverte de nouvelles cibles thérapeutiques, qui pourraient être 

exploitées par la suite. Une approche similaire a été utilisée pour les voies utilisant la 

glutamine, démontrant le fort potentiel de cette approche (Zhang et coll., 2014). 

Ces observations doivent cependant être répliquées dans d’autres contextes. La 

validation de ces observations nécessite toutefois la création de modèles expérimentaux 

supplémentaires. Or, le laboratoire s’est heurté à plusieurs obstacles lors de la création 

de tels modèles. En effet, la région disponible pour le design d’un court ARN en forme 

d’épingle à cheveux spécifique aux isoformes UGT1A_i2 est réduite, limitant le nombre 

de candidats disponibles (Rouleau et coll., 2014). Bien que nous ayons obtenu une 

efficacité de répression aux alentours de 90% au niveau protéique dans le modèle HT115, 

cette efficacité était souvent moindre dans les autres modèles testés. De plus, l’expression 

initiale des enzymes et de protéines alternatives UGT1A dans les modèles cellulaires doit 

être représentative des niveaux d’expression relatifs de ces isoformes dans le côlon, c’est-

à-dire environ deux fois plus d’enzymes que de protéines alternatives (Girard et coll., 

2007). Finalement, la répression des protéines alternatives UGT1A_i2 dans le modèle 
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cellulaire ne doit pas altérer l’expression des enzymes, puisque cela rendrait impossible 

la différentiation des effets causés spécifiquement par les protéines alternatives. Au vu 

des résultats obtenus dans le modèle HT115, les efforts pour établir d’autres modèles 

réprimés en UGT1A_i2 devraient cependant être poursuivis. 

La pertinence de nos observations est néanmoins supportée par le fait que les protéines 

alternatives UGT1A_i2 sont réprimées dans les tumeurs de côlon, à l’instar de notre 

modèle cellulaire. Puisque la répression des protéines UGT1A_i2 est associée à un 

phénotype plus agressif dans notre modèle, il est donc possible que celles-ci soient 

impliquées dans la progression de cette maladie. Afin de valider cette hypothèse, il 

faudrait corréler l’expression de ces protéines avec la progression tumorale. 

Malheureusement, en raison du génome de référence omettant les protéines alternatives 

UGT, leur expression n’est pas disponible a priori dans les bases de données publiques, 

telle celle du consortium The Cancer Genome Atlas (TCGA). Afin d’évaluer l’expression 

de ces protéines alternatives, les lectures issues de séquençage à haut débit doivent être 

réalignées sur un génome de référence bonifié par nos travaux pour ces loci UGT 

(Tourancheau et coll., 2016). Afin d’avoir un meilleur portrait de l’expression des protéines 

alternatives dans les tissus tumoraux, un tel réalignement a récemment été entrepris par 

le laboratoire, notamment pour des échantillons dérivés de tumeurs colorectales. À terme, 

il sera donc possible d’investiguer l’expression des protéines alternatives en lien avec la 

progression tumorale et ce, pour plusieurs types de cancer. 

La contribution potentielle des protéines alternatives dans le métabolisme cellulaire est 

mise en relief par les travaux présentés au Chapitre 5. En effet, des données de 

séquençage à haut débit supportent une induction différentielle des enzymes et des 

protéines alternatives dérivées du gène UGT2B10 à la suite d’une activation 

pharmacologique du récepteur CAR. Ces résultats impliquent que les protéines 

alternatives UGT sont sous le contrôle d’éléments de régulation différents de ceux des 

enzymes et donc, que leur expression puisse être finement régulée. Cette découverte est 

d’autant plus importante lorsqu’on considère la grande diversité des protéines alternatives 

rapportées au Chapitre 6. Ces travaux soutiennent par ailleurs que d’autres isoformes 

alternatives peuvent induire des modifications phénotypiques, au-delà des UGT1A_i2. 

Ceci a été observé pour la protéine UGT2B7_i8, dont l’expression dans les cellules 

HEK293 entraîne une forte augmentation de l’adhésion cellulaire, tout en diminuant la 

prolifération. Ces résultats supportent ainsi la nécessité d’investiguer les enzymes et les 
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protéines alternatives faiblement exprimées, puisque ces effets ont été observés malgré 

une expression relativement faible de cette protéine alternative dans le modèle cellulaire.  
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Conclusion 

Les travaux présentés dans cette thèse soutiennent l’existence d’une interconnexion entre 

le métabolisme cellulaire et la voie de glucuronidation. Ceci est supporté par l’observation 

de nombreuses modifications dans les concentrations de métabolites intracellulaires 

associées à une modification de l’expression des UGT, mais également par l’étendue de 

l’interactome de ces protéines. Les voies métaboliques identifiées par nos travaux comme 

étant associées à la voie de glucuronidation pourraient en fait être des mécanismes de 

régulation de cette voie agissant via divers processus directs ou indirects, incluant la 

régulation allostérique et des boucles de rétroaction. Ces hypothèses demeurent toutefois 

à être testées, ainsi que la capacité de ces processus à être altérés. Néanmoins, nos 

données supportent que par cette interrelation avec le métabolisme cellulaire, les 

protéines UGT pourraient être impliquées dans la progression de certaines maladies, 

notamment des néoplasies. 

Une meilleure connaissance des répercussions métaboliques associées à la voie de 

glucuronidation, et réciproquement, les modifications métaboliques affectant l’activité de 

cette voie, permettra ainsi de comprendre l’implication de la voie de glucuronidation dans 

la progression tumorale. L’expression de ces protéines pourrait constituer un 

biomarqueur, autant pour la réponse aux traitements impliquant la voie de glucuronidation, 

que pour le pronostic du patient. La poursuite de ces travaux pourrait notamment mener 

à la découverte de nouvelles cibles thérapeutiques visant à réguler l’activité de la voie de 

glucuronidation, ou encore à une meilleure modélisation de l’activité de cette voie en 

fonction de l’environnement cellulaire, le tout dans l’optique de développer une médecine 

personnalisée.  
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Annexe 1 : « Estradiol metabolites as biomarkers 
of endometrial cancer prognosis after surgery » 

Résumé 

Le cancer de l’endomètre (CE) est le cancer gynécologique le plus prévalent après la 
ménopause. Définir les profils stéroïdiens pourrait aider à la prédiction du risque de 
récidive après hystérectomie, qui demeure limitée en raison d’un manque de 
biomarqueurs fiables. Nous avons mesuré les niveaux des précurseurs surrénaliens, 
d’androgènes, d’estrogènes parents et de catéchols estrogènes chez 246 femmes 
postménopausées nouvellement diagnostiquées, et dont le sérum a été récolté avant le 
chirurgie et un mois après celle-ci. Nous avons examiné les associations entre les 
hormones stéroïdiennes et le statut de CE en incluant 100 femmes post-ménopausées en 
santé. Les niveaux stéroïdiens ont été analysés en relation avec les caractéristiques 
clinico-pathologiques, la récidive et la survie globale. La durée de suivi moyenne est de 
65.5 mois, et 26 patientes ont récidivé après la chirurgie, pour un taux d’incidence de la 
récidive à 10.6% (6.4% pour le type I et 29.5% pour le type II). La récidive et la survie 
globale sont reliées à une maladie plus agressive, mais pas à l’indice de masse corporelle. 
Les niveaux préopératoires d’estriol (E3) et d’estrone-sulfate (E1-S) sont inversement 
associés à la récidive dans des modèles de régression logistique multivariée (Risque 
relatif [RR] de 0.31, P = 0.039, et de 3.01, P = 0.024; respectivement). Les niveaux de 
tous les stéroïdes diminuent considérablement après la chirurgie, s’approchant de ceux 
des femmes en santé, à l’exception du 4-méthoxy-E2 (4-MeO-E2), dont les niveaux 
postopératoires augmentaient de 35% et étaient associés à une diminution de 68% du 
risque de récidive (RR = 0.32, P = 0.015). Les concentrations d’hormones stéroïdiennes 
sont plus élevées dans les cas de cancer des deux types histologiques, supportant leurs 
effets mitogènes. Le précurseur ostrogénique E1-S, le métabolite anticancéreux 4-MeO-
E2 et le E3, qui présente une activité ostrogénique agoniste et antagoniste et des effets 
immunologiques, sont de potentiels facteurs pronostiques indépendants. 
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Abstract   

Endometrial cancer (EC) is the most common gynecologic malignancy prevailing after 
menopause. Defining steroid profiles may help predict the risk of recurrence after 
hysterectomy, which remains limited due to the lack of reliable markers. Adrenal 
precursors, androgens, parent estrogens and catechol estrogen metabolites were 
measured by mass spectrometry (MS) in preoperative serums and those collected one 
month after hysterectomy from 246 newly diagnosed postmenopausal EC cases. We also 
examined the associations between steroid hormones and EC status by including 110 
healthy postmenopausal women. Steroid concentrations were analyzed in relation to 
clinicopathological features, recurrence and overall survival (OS). The mean follow-up 
time was 65.5 months and 26 patients experienced relapse after surgery for a recurrence 
incidence of 10.6% (6.4% Type I and 29.5% Type II). Recurrence and OS were related to 
a more aggressive disease but not linked to body mass index. Preoperative levels of estriol 
(E3) and estrone-sulfate (E1-S) were inversely associated with recurrence in a multivariate 
logistic regression analysis (Hazard ratios (HRs) of 0.31, P=0.039 and 3.01, P=0.024; 
respectively). All circulating steroids declined considerably after surgery almost reaching 
those of healthy women, except 4-methoxy-E2 (4MeO-E2) for which postoperative levels 
increased by 35% and were associated to a 68% decreased risk of recurrence (HR=0.32, 
P=0.015). Women diagnosed with both histological types of EC present significantly 
higher levels of steroids, in support of their mitogenic effects. The estrogen precursor E1-
S, the anticancer metabolite 4MeO-E2, and E3 that exert mixed antagonist and agonist 
estrogenic activities and immunological effects, are potential independent prognostic 
factors. 

 

Keywords: Catechol estrogens, Mass spectrometry, Endometrial cancer, Recurrence. 
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1. Introduction  

Endometrial cancer (EC) is the most common gynecologic cancer and the fourth most 
frequent neoplasm in women in North America, predominantly occurring in 
postmenopausal women. Furthermore, EC is the only gynecologic cancer with a rising 
incidence and mortality [1]. Curative surgery, alone or combined with adjuvant radiation 
therapy, is performed when cancer is limited to the uterus. However, a subset of EC 
patients experience recurrence, shorter survival and display inadequate response rates to 
cytotoxic chemotherapy [2]. The prognosis of EC is determined primarily by disease stage, 
grade and histologic subtype, reinforcing the need to explore novel prognostic markers. 

EC is a heterogeneous disease comprising two types based on histology. The most 
common type, which accounts for nearly 80% of cases, is the endometrioid or Type I 
adenocarcinoma, associated with unopposed estrogen stimulation and generally has 
good prognosis. Type II is nonendometrioid that includes serous, clear cell, mixed 
carcinoma, with higher-grade histology and carries an adverse prognosis. Studies 
originally described Type I EC as estrogen-dependent whereas Type II was not. However, 
recent studies indicate that steroid hormones may play a significant etiological role in both 
types [3]. EC prevails after menopause when ovaries have ceased to secrete potent 
estrogens. Obesity is a known risk factor of EC [4] and this may be partly related to the 
fact that adipose tissue represents a major source of estrogen synthesis in 
postmenopausal women, actively converting adrenal and androgen precursors to 
estrogens resulting in increased serum bioavailable estradiol (E2) [5,6]. Previous work by 
our group and others has revealed that the potent estrogen E2 primarily derive from 
conversion of estrone-sulfate (E1-S) in EC tumors rather than aromatization of androgens 
by the aromatase (CYP19), which has barely detectable expression levels in EC cells [7-
10]. Besides, E2 and E1 may be converted into numerous biologically active derivatives 
with varying mitogenic and genotoxic properties by the action of various cytochrome P450 
and catechol-O-methyl transferase enzymes [11]. This metabolism involves the 
irreversible hydroxylation (OH) at the C-2, C-4, or C-16 positions of the steroid ring and 
the methylation of C-2 or C-4 hydroxyl group. The latter prevents formation of mutagenic 
catechol quinones derived from hydroxyl estrogens that form stable and depurinating DNA 
adducts. In vitro and in vivo studies further support that 2-methoxyestradiol (2-MeOE2) has 
strong anticancer activity [12,13]. In addition, these metabolites can be converted to their 
inactive sulfate and glucuronide conjugates. Recent studies have assessed the risk of EC 
in relation to steroid hormones, yet none have explored their association with prognosis 
[4,14]. 

In a cohort of 246 postmenopausal women undergoing hysterectomy for a newly 
diagnosed endometrial cancer, we analyzed the levels of 27 steroids in serums collected 
the morning of surgery and one month after surgery. Steroid measures included the 
assessment of endogenous concentrations of adrenal precursors, androgens, potent 
estrogens and catechol estrogens using sensitive and specific mass spectrometry (MS) 
validated assays. Our primary goal was to evaluate the association between circulating 
steroid levels, clinicopathological features and the risk of recurrence after surgery. A group 
of 110 healthy postmenopausal women was also included to examine the association 
between steroid hormones and EC status.  
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2.Materials and Methods  

2.1. Study populations 

All participants provided a written informed consent for their participation to the study and 
the use of their specimens. The current study was reviewed and approved by our 
institutional review boards. Recruitment of healthy postmenopausal women, as well as 
specimen collection and treatments, have been described elsewhere [15]. Briefly, women 
were recruited in a mammography clinic in Quebec City (QC, Canada) between July 2003 
and March 2004. To be eligible, women had to: 1) be of postmenopausal status, 2) have 
no history of health problems related to steroid hormone metabolism, 3) have no history 
of hepatic, thyroid, or adrenal diseases, and 4) have not taken hormone replacement 
therapy (HRT) during the three months preceding enrolment. Recruitment methods and 
specimen collection of EC cases have been described [16]. Participants were all recruited 
at the Hôtel-Dieu de Québec Hospital (Québec City), between 2002 and 2013. All women 
were of postmenopausal status, undergoing surgery for EC (hysterectomy and bilateral 
salpingo-oophorectomy) and had not taken HRT in the three weeks prior to surgery. Blood 
samples were collected the morning of surgery and one month after surgery as part of a 
follow-up appointment. Samples were immediately processed, separated in aliquots and 
stored at -80°C until analysis. EC recurrence was ascertained by computerized 
tomography scan. For both cohorts, demographic and anthropometric data were collected 
through nurse-administered questionnaires, whereas information regarding drug use 
(including oral contraceptive and HRT) and obstetric history were collected at the same 
time. A pathologist assessed the histopathological characteristics of the hysterectomy 
specimen. Systematic assembling and review of medical records was performed by one 
of the treating gynecologic oncologist (J.G.). 

2.2. Reagents and material 

Parent estrogens standards were purchased from USP reference standard (Rockville, MD, 
USA), while other steroids were purchased from Steraloids (Newport, RI, USA). 
Deuterated standards were from C/D/N Isotopes (Montréal, QC, Canada), except d3-
DHEA, which was synthesized by the Organic Synthesis Service of the CHU de Québec 
Research Center (Québec, QC, Canada). All chemicals and solvents used in this study 
were HPLC or reagent grade. Methanol, chlorobutane, dichloromethane, ethyl acetate and 
acetone were purchased from VWR (Montréal, QC, Canada). Ascorbic acid, sodium 

bicarbonate,  -glucuronidase/sulfatase (Helix Pomentia Type HP-2) and dansyl chloride 
were purchased from Sigma (Oakville, ON, Canada). 

2.3. Steroids and SHBG quantification 

Steroids and SHBG were quantified using validated methods [16,17]. Internal standards 
(deuterated steroids) were added to samples and quality controls were included in each 
run. The measured steroids and their limits of quantification were as follows: 
dehydroepiandrosterone (DHEA; 100 pg/mL); androstenediol (5-diol; 50 pg/mL); 
testosterone (30 pg/mL); dihydrotestosterone (DHT; 10 pg/mL); androsterone (ADT; 
50 pg/mL); estrone (E1; 5 pg/mL); estradiol (E2; 1 pg/mL); androstenedione (4-dione; 50 
pg/mL); ADT-glucuronide (ADT-G; 1 ng/mL); androstane-3 , 17 -diol 3-glucuronide (3 -
diol-3G; 0.25 ng/mL); 3 -diol-17-G (0.25 ng/mL); DHEA-sulfate (DHEA-S; 0.075 mg/mL); 
estrone-sulfate (E1-S; 0.075 ng/mL). Briefly, gas-chromatography (GC) coupled to mass 
spectrometry (MS) were used to quantify levels of DHEA, ADT, 5-diol, 4-dione, 
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testosterone, DHT, E1 and E2 using 250 µL of serum, while liquid-chromatography (LC) 
tandem MS was used for conjugated steroids using 20 µL for sulfates and 100 µL for 
glucuronides in two independent assays. All metabolite coefficients of variation (CV) were 
<10% and no samples had undetectable hormone levels.  

We also measured 14 catechol estrogens with another MS-based assays, namely i) 
catechol 2OH: 2-hydroxyestrone (2-OHE1), 2-hydroxyestradiol (2-OHE2), ii) catechol 4OH: 
4-hydroxyestrone (4-OHE1), 4-hydroxyestradiol (4-OHE2), iii) catechol 16OH: estriol (E3), 
16α-hydroxyestrone (16α-OHE1), 16-ketoestradiol (16-ketoE2), 16-epiestriol (16-epiE3), 
and 17-epiestriol (17-epiE3), and iv) catechol MeO: 2-methoxyestrone (2-MeOE1), 2-
methoxyestradiol (2-MeOE2), 2-hydroxyestrone-3-methyl ether (3-MeOE1), 4-
methoxyestrone (4-MeOE1) and 4-methoxyestradiol (4-MeOE2). The quantification 
method was performed after some adjustments (described below) by stable isotope 
dilution LC/MS-MS based on method published by Xu et al [18] , which detected 13 
catechol estrogens in addition to E1 and E2 and used 500 µL for a reported lower limit of 
quantification (LLOQ) of 8 pg/mL. In our study, we used 250 uL of serum for extraction to 
measure 14 catechol estrogens with a LLOQ of 5 pg/mL (corresponding to 16.56-
18.52 pmol/L depending on the estrogen metabolite). LLOQ was defined as the minimum 
value at which the ratio of signal-to-noise was ≥5:1. Also, values of catechol estrogens 
observed below LLOQ (even if detected above the limit of detection) were considered as 
undetected. To measure total catechol estrogens corresponding to the sum of conjugated 

plus unconjugated forms, -glucuronidase/sulfatase was included in sample preparation. 
Briefly, catechol estrogens were extracted from 250 µL of serum with ethyl 
acetate:chlorobutane (25:75, v/v) and evaporated to dryness. Derivatization was 
conducted with dansyl chloride (0.5 mg/mL final in 50% acetone and 50 mM sodium 
bicarbonate, pH 9.0). Samples were heated for 5 minutes at 60°C, mixed with 15 volumes 
of water:methanol (80:20, v/v) and loaded on pre-conditioned Strata X 60 mg SPE 
columns (Phenomenex, Torrance, CA, USA). After being washed with water and 
water:methanol (10:90, v/v), catechol estrogens were eluted with 
dichloromethane:methanol (50:50, v/v). Eluates were evaporated to dryness at 45°C 
under nitrogen gas, reconstituted in 100 µL of acetone:water (75:25, v/v) and injected into 
a high performance liquid chromatograph (HPLC) Waters (Milford, MA, USA). The 
chromatographic separation was achieved with an Synergie RP Hydro column containing 
2.5 µm packing material, 100 X 3 mm (Phenomenex, Torrance, USA). The mobile phases 
consisted of water with 0.0375% formic acid (solvent A) and MeOH with 0.0375% formic 
acid (solvent B). The flow rate was 0.5 ml/min. The analytes were eluted with the following 
program: 0-8 min, isocratic 22.5% B; 8-18 min, linear gradient 22.5-35% B; 18-23 min, 
isocratic 35% B; 23-23.1 min, linear gradient 35-95% B; 23.1-28 min, isocratic 95% B; 
28.0-28.1 min, linear gradient 95-22.5% B and 28.1-33 min, isocratic 22.5% B. Catechol 
estrogens were detected with an API5500 QTRAP MS (Concord, ON, Canada) equipped 
with a turbo ion-spray source set in positive ion mode, and operated in multiple reaction 
monitoring mode (MRM). Electrospray ionization was performed with an ionization voltage 
of 5500 V, declustering potential voltage of 180 V, collision energy of 42 V, and a heater 
probe temperature of 650°C. The catechol estrogens were detected using the following 
mass transitions: E3, 16-epi-E3 and 17-epi-E3: 522.3 to 171.0; 16-keto-E2 and 16OH-E1: 
520.3 to 171.0; 2MeO-E2 and 4MeO-E2: 536.1 to 171.0; 2MeO-E1, 3MeO-E1 and 4MeO-
E1: 534.1 to 171.0; 2OH-E1 and 4OH-E1: 753.3 to 170.0; 2OH-E2 and 4OH-E2: 755.3 to 
170.0. Quality controls were prepared in non-adsorbed serum samples to obtain low, 
medium or high analyte concentrations and were included in each run, along with a seven-
point calibration curve prepared by spiking, as well as blanks. All catechol estrogen 
metabolites coefficients of variation were below 10%. 
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2.4. Statistical analyses 

Statistics were conducted using SAS Statistical Software v.9.2 (SAS Institute, Cary, NC, 
USA) and SPSS Statistics v.23 (IBM Corporation, Armonk, NY, USA). Age and body mass 
index (BMI) between cases and controls were compared with Student’s t-test. For analysis 

of nominal data, chi-square (2) tests were conducted, and the Fisher’s exact test was 
applied when required. Odds of EC were assessed using binary logistic regressions to 
calculate odds ratios (ORs) and 95% confidence intervals (95% CIs). Backward stepwise 
(likelihood ratio) was used for the selection of covariates included in the final model, in 
which hormone concentrations (categorized upon tertiles or the median when specified) 
were added. For assessment of risk of recurrence, a similar method was used, with the 
median level of EC cases as the category threshold. For survival and recurrence analyses, 
patients were also categorized as low or high risk of poor prognosis, based on histological 
types (T) and grade (G): TI-G1 or TI-G2 were considered at low risk, whereas TII and TI-
G3 were considered at high risk [19]. Differences in steroid concentrations between 
groups were assessed using the analysis of covariance (ANCOVA) on log-transformed 
data, and untransformed data are presented to facilitate understanding. Fold changes 
were calculated upon the median of each group. For pairwise comparison of more than 
two groups, the Tukey-Kramer post hoc test was used. The hormone variation between 
paired blood samples (preoperative and postoperative samples were available for 187 
cases) was analyzed using Wilcoxon signed rank test, whereas variation between groups 
was compared by ANCOVA on the difference of paired preoperative and postoperative 
levels (log-transformed). The overall survival (OS) (all-cause mortality) was estimated with 
the Kaplan-Meier method and tested using log-rank test, while Cox regressions were used 
for further adjustments using backward stepwise (likelihood ratio) for the selection of 
covariates. Cancer-specific survival could not be not analyzed. Because of the exploratory 
nature of the study and the significant interrelations between circulating steroids, two-
sided P-values were considered statistically significant at P<0.05, without adjustment for 
multiplicity. Covariates adjustments are specified in figure and table legends.  

3. Results 

3.1. A cohort of 246 postmenopausal EC cases treated by hysterectomy 

We studied a cohort of 246 postmenopausal EC cases prospectively recruited at a single 
center and all treated by hysterectomy performed for curative intent. Most cases (82%) 
presented with a Type I adenocarcinoma and 18% were histologically characterized by 
serous, clear cell, mucinous, or mixed carcinoma; combined as Type II (Table 1). The 
mean follow-up time after recruitment was 65.5 months and 26 patients experienced 
recurrence after surgery for a recurrence incidence of 10.6%. (6.4% Type I and 29.5% 
Type II). The estimated 5-year recurrence incidence was of nearly 10% (n=24 cases). Of 
note, the majority of Type I cases who experienced relapse (12 out of the 13) were of low-
grade and particularly of grade 2 (67%), whereas for Type II, 82% recurrent cases were 
of grade 3. EC relapse and OS were related to a more aggressive disease (myoinvasive 
tumors, presence of metastatic nodes) but not BMI (Table 2). Only OS was associated 
with age (HR=1.08, 95% CI=1.04-1.12; P<0.001 for OS). 

3.2. Estradiol metabolites are associated with recurrence and survival 

In serum samples collected on the morning of surgery and one month later, we initially 
profiled 13 unconjugated (using gas chromatography-mass spectrometry (GC-MS)) and 
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conjugated (using liquid chromatography-mass spectrometry (LC-MS/MS)) steroids 
including adrenal precursors (DHEA, DHEA-S, 4-dione, 5-diol), androgens (testosterone, 

DHT, ADT, ADT-G, 3-diol-3G, 3-diol-17G) and parent estrogens (E1-S, E1, E2) (Fig.1). 
Steroid hormones were detected above the LLOQ for all cases. None of these steroids 
measured prior or after surgery were associated with clinicopathological characteristics, 
i.e. histological type, grade, stage, lymph-vascular space invasion and metastases. 
Consistent with the notion that adipose tissue is a major source of estrogens in 
postmenopausal women; E2 levels were 3.3-fold higher in obese EC cases (P<0.001) 
compared to those of normal weight (Fig.2a). A similar trend was observed for the other 
parent estrogens E1-S and E1. This observation is in line with the significant association 

between BMI and low-grade (1 and 2) endometrial tumors (2
df=4=28.9, P<0.001), mainly 

characterizing Type I adenocarcinomas. In contrast, for both Type I and Type II cases, 
circulating levels of adrenal precursors and androgens were not significantly associated 
with obesity, except for levels of 3 -diol glucuronide metabolites derived from the potent 
androgen dihydrotestosterone (DHT) (Supplemental Table 3). 

LC-MS/MS–based analysis was also used to profile 14 catechol estrogen derivatives in 
preoperative and postoperative serums of EC cases. Note that only steroid concentrations 
accurately measured above the LLOQ of 5 pg/mL were considered as detectable. 
Detection rates are presented in Table 3 and were similar in preoperative and 
postoperative serums. In particular, four metabolites were most abundant and detected in 
more than 60% of EC cases, namely E3, 2OH-E1, 2MeO-E1 and 4MeO-E2. As observed 
for the parent estrogens E1 and E2, levels of these catechol estrogens were significantly 
affected by BMI, except 4MeO-E2, which remained constant across BMI categories 
(Fig.2b). In relation to clinicopathological characteristics, a significant association was 
only observed for E3, which levels were 1.6-fold lower in myoinvasive tumors (≥50%) 
compared to less myoinvasive tumors (<50%) (21.0 vs 33.2 pg/mL, P=0.011; adjusted for 
age and BMI). Compared to cases with preoperative E3 levels below median (≤30.5 
pg/mL), those with higher levels (>30.5 pg/mL) were less likely to experience recurrence 
after surgery (Log-rank P=0.001) during the 5 years following diagnostic; an association 
that remained significant in the fully adjusted model for all available follow-up (HR=0.27, 
95% CI=0.09-0.80; P=0.018; Fig.3a; Supplemental Table 4). Preoperative levels of E3 
were also linked to an improved OS, as shown by the Kaplan-Meier curves for OS within 
5 years post surgery (Log-rank P=0.002; Fig.3b) and for all available follow-up (Log-rank 
P=0.021; Supplemental Table 5), but was not significant upon further adjustment 
(HR=1.15, 95% CI=0.45-2.92; P=0.766; Supplemental Table 5). Furthermore, levels of 
the abundant estrogen precursor E1-S were associated with a higher risk of recurrence 
(HR=2.67, 95% CI=1.02-6.99; P=0.045; Fig.3a). Of note, circulating levels of E1-S and E3 
were not significantly correlated (not shown).  

One month after surgery, nearly all hormone levels were considerably reduced compared 
to preoperative levels (Fig.3d; Table 4). Hence, postoperative E1-S and E3 levels were not 
associated with recurrence in the fully adjusted model (Fig.3a; Supplemental Table 4). 
In contrast, postoperative serum levels of the anticancer metabolite 4MeO-E2 were 
significantly increased compared to preoperative levels, with a mean variation of 35% and 
a median elevation of 6.3 pg/mL (paired data of 187 EC cases). Moreover, EC cases with 
higher postoperative levels of 4MeO-E2 were less likely to experience recurrence upon 
adjustment for prognostic factors in multivariate analysis (HR=0.34, 95% CI=0.14-0.86; 
P=0.022; Fig.3a). Lastly, postoperative levels of the androgen inactive metabolite 3 -diol-
17G were linked to an improved OS (HR=0.26, 95% CI=0.07-0.89; P=0.031), whereas 
preoperative levels were not (Supplemental Table 5). 
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3.3. EC cases have higher levels of circulating steroid hormones compared to 
healthy women 

In a last series of analyses, preoperative levels of steroids in EC cases were compared to 
those of 110 healthy postmenopausal women (Supplemental Tables 1-2) [15]. After 
adjustment for parity, use of oral contraceptives (OC), use of hormone replacement 
therapy (HRT), as well as age and BMI, levels of endogenous steroids were significantly 
associated with increased odds of EC, for both histological types, with ORs ranging from 
2.19 to 17.07 (Fig.4). In turns, SHBG had a protective effect for Type II (OR=0.18, 95% 
CI=0.04-0.80; P=0.024) but did not reach significance for Type I (OR=0.50, 95% CI=0.24-
1.05; P=0.067). Obese women (BMI>30 kg/m2) had increased odds of EC (OR=2.45, 95% 
CI=1.33-4.48; P=0.004) and particularly for Type I adenocarcinomas (OR=2.99, 95% 
CI=1.60-5.57; P<0.001) but not for Type II (OR=0.88, 95% CI=0.36-2.18; P=0.783) 
(Fig.2c).  

4. Discussion 

In this study, we profiled by MS a total of 27 steroid derivatives including adrenal 
precursors, androgens, parent estrogens and catechol estrogens in circulation of 
postmenopausal women newly diagnosed with EC undergoing hysterectomy for curative 
intent. Despite the exploratory nature of our study, to the best of our knowledge, this report 
provides one of the most comprehensive analysis of circulating steroid hormones by MS 
in the context of EC, and is the first to report steroid levels prior and after surgery in relation 
to clinicopathological characteristics, recurrence and survival.  

None of the steroids measured were associated with known prognostic factors, except E3, 
for which higher levels (>30.5 pg/mL) were linked to non-myoinvasive tumors, lower risk 
of recurrence and improved OS. This contrasts with higher levels of the most abundant 
estrogen precursor E1-S (>0.31 ng/mL), which were associated with an increased risk of 
relapse, in line with the role of E1-S as a predominant source of E2 for endometrial tumor 
cells, and the proliferative effect of estrogens. Similar to the parent estrogens E1 and E2, 
levels of catechol estrogens varied according to BMI, except for 4MeO-E2. In fact, this 
anticancer metabolite was the only steroid increased in circulation of EC cases after 
surgery with postoperative 4MeO-E2 levels significantly associated with a lower risk of 
recurrence. Our observations require further investigations but imply that circulating levels 
of specific E2 metabolites, namely E1-S, E3 and 4MeO-E2, may represent independent 
prognostic markers of cancer recurrence after curative therapy. 

Other groups reported similar levels of E2 derivatives in circulation of endometrial, ovarian 
and breast cancer cases, as well as for healthy postmenopausal women [14,20-23]. In our 
study, preoperative levels of E1-S and E3 were inversely associated with recurrence, in 
line with their opposing biological roles and the stimulatory action of E2 on EC cells. High 
levels of the most abundant circulating estrogen E1-S were associated with poor outcome. 
An increased exposure to this estrogen precursor may favour E2 synthesis and enhance 
stimulatory effect on tumor cells. In contrast, cases with higher levels of the E2 metabolite, 
E3, were less likely to experience recurrence. The protective role of E3 is reinforced by its 
inverse relationship with myometrium invasion whereas higher E3 level persisted as an 
independent marker after adjusting for well-known prognostic factors. E3 displays modest 
and mixed antagonist and agonist estrogenic activities in addition to immunological effects 
[24-26]. Recent studies support that EC cancer, and particularly the most aggressive 
forms of the disease, are sufficiently immunogenic to be candidate for immunomodulation 
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[27]. It is thus possible that fluctuations of E3 in this particular microenvironment might 
affect angiogenic profile and/or antitumor immunity.  

In the analysis of E2 derivatives in serums collected one month after surgery, we observed 
that postoperative levels of 4MeO-E2 predicted risk of relapse independently of prognostic 
factors. In contrast to quantities of all other steroids, including levels of E1-S and E3 that 
considerably declined after surgery, those of 4MeO-E2 increased, and EC cases with 
higher levels were less likely to experience recurrence. This observation could be 
explained by the fact that an increased methylation activity would reduce the genotoxic 
effects of 4-hydroxylation pathway catechols such as 4OH-E2 through a decrease of their 
levels [11]. In line, less extensive methylation is associated with a higher risk of 
postmenopausal breast cancer whereas enhanced 2-hydroxylation is associated with a 
lower risk [28,29]. Furthermore, concentrations of 4MeO-E2 were not influenced by 
obesity by opposition to other estrogens, suggesting that its synthesis would not 
predominantly originate from adipose tissue.  

Compared to healthy postmenopausal women, EC cases of both histological types 
presented significantly higher levels of circulating steroid hormones, with concentrations 
similar to those reported in previous studies [21,30-33]. The increased exposure to adrenal 
precursors, androgens and estrogens is thus consistent with an enhanced production of 
steroids directly or indirectly driven by the tumor, regardless of the histological type. The 
role of estrogens is well delineated in EC, and most particularly in endometrioid Type I 
carcinomas recognized as hormonally driven [34]. One month after hysterectomy, 
circulating steroid levels were considerably reduced, almost reaching those of healthy 
postmenopausal women, supporting that a significant portion of the steroidogenic activity 
is driven by the presence of the primary tumor. Besides, local estrogen synthesis in EC 
tumors has been established to occur predominantly through conversion of E1-S to E2 
compared to androgen aromatization by the aromatase (CYP19), which expression is 
barely detectable in EC tumors [7]. Adipose tissue is a primary site of aromatization after 
menopause, consistent with a greater concentration of potent estrogens and several of 
their metabolites in obese women, whom had higher odds of Type I endometrioid 
adenocarcinomas, in line with previous studies [35-39]. In turns, reduced SHBG levels in 
cancer cases may also contribute to the increased bioavailability of potent steroids [40]. 
EC cases diagnosed with non-endometrioid type II lesions also presented with significantly 
higher levels of adrenal precursors and androgens but not estrogens, suggesting an 
influence of the tumor on the adrenal secretion and on peripheral conversion of adrenal 
precursors to androgens with no subsequent impact on aromatization. This is in 
agreement with recent studies sustaining that androgens may play an etiological role in 
Type II EC, independent of their conversion to estrogens [41-43]. Furthermore, certain risk 
factors such as cigarette smoking and alcohol intake might influence cancer risk by 
altering adrenal precursors and androgen levels [44]. 

Our study has several strengths including long follow-up period and detailed 
clinicopathological parameters, and to the best of our knowledge, is the only prospective 
study of estrogen metabolism in the context of EC outcome. We further used fully 
validated sensitive and specific bioanalytical methods based on mass spectrometry to 
yield reliable results and portrait a vast array of steroids including precursors, potent 
androgens and estrogens, and their biologically active and inactive metabolites. Our study 
excluded cases that have taken HRT prior to surgery to avoid potential confounding effects 
on hormonal assays. The analytical assay for catechol estrogens was based on a method 
published by Xu et al. [18] that reported a LLOQ for each estrogen metabolite in serum of 
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8 pg/mL (~29 pmol/L) using 500 uL of serum for extraction. Here, we used 250 uL with a 
LLOQ of 5 pg/mL (~18 pmol/L). In our study, only levels of catechol estrogens 
quantitatively determined with suitable precision and accuracy were reported (i.e. above 
LLOQ). Likewise, our statistical analyses were limited to metabolites detected in most EC 
cases in order to avoid biases caused by potentially unreliable steroid concentrations 
measured above detection limit but below LLOQ, potentially corresponding to semi-
quantitative or qualitative data [45]. Finally, we are not aware of other studies reporting 
changes in circulating steroids after curative surgery for EC cases. Limitations of our study 
need to be considered and include a limited number of relapse events (10%), which 
prevented us to apply multiple testing adjustments. Also, because of a small number of 
events, cancer-specific survival could not be assessed and we were unable to determine 
the association of hormone levels with outcomes by histologic subtypes that may vary. 
Furthermore, assessment of hormone levels was performed after disease onset and 
compared to a limited number of healthy postmenopausal women. A single hormone 
measurement at two different time points was performed with samples from EC cases 
collected the morning of the surgery and one month after. In addition, BMI has not been 
assessed at follow-up visit one month after surgery, preventing us from correcting for this 
potential confounding factor. 

In conclusion, despite the exploratory nature of our study, it may help establish a non-
invasive stratification of patients as high-risk and low-risk categories using preoperative 
and postoperative measures of circulating steroids, which could be repeated during follow-
up. In addition, a better understanding of estrogen metabolism may provide insights into 
the mechanisms underlying EC progression. Additional larger studies are warranted to 
elucidate the relationships between estrogen levels, recurrence and survival of EC cases 
undergoing hysterectomy for curative intent.  
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Figure 1. Schematic representation of steroid biotransformation pathways from adrenal 

precursors to estrogen metabolites. CYP: Cytochrome P450, SRD5A: Steroid 5-

reductase, 17-HSD: 17-hydroxysteroid dehydrogenase, 3-HSD: 3-hydroxysteroid 
dehydrogenase, SULT: Sulfotransferase, CYP19: aromatase; UGT: uridine diphospho-
glucuronosyltransferase; G: glucuronide; S: sulfate, E: parent estrogens E1 and E2. E3 may 
also be produced through 16-hydroxylation of E2.  

Figure 2. Estrogen levels in relation to BMI categories in postmenopausal women with 
endometrial cancer. Median concentrations of parent estrogens (a) and catechol 
estrogens (b) are presented by BMI categories for EC cases. For statistics, data were log-
transformed and adjusted for age. Detection rates for all tested catechol estrogens in EC 
cases are available in Table 3. (c) Odds of endometrial cancer for BMI categories and 
histological types. Odds ratios (ORs) were calculated using multinomial logistic regression 
with adjustment for age. 95% CI: 95% confidence interval. * P<0.05, ** P<0.01, 
*** P<0.001. 

Figure 3. The risk of recurrence of EC cases is associated with preoperative and 
postoperative steroid levels (a). Hazard ratios (HR) were calculated using Cox regression 
for all available follow-up and comparing hormone categories separated upon median, 
with adjustment for age, BMI, histological type and myometrial invasion and SHBG levels. 
Overall survival (OS) within five years after surgery for preoperative (b) and postoperative 
(c) circulating E3 levels. Similar results were obtained when analyses were performed with 
all available follow-ups. (d) Mean variation in levels of circulating steroids after surgery 
depicted by comparing the difference in serum levels of each woman, collected on the 
morning of surgery (preoperative) and one month after surgery (postoperative). * P<0.05, 
** P<0.01, *** P<0.001. Analyses of recurrence for all hormones are presented in 
Supplemental Table 4 and those for OS in Supplemental Table 5. 

Figure 4. Higher circulating steroid levels are associated with endometrial cancer in 
postmenopausal women. Odds ratios (OR) were calculated using logistic regression 

comparing hormone tertiles (Q1 (reference) and Q3) or according to median (5-Diol, 3-

Diol-3G, 3-Diol-17G), adjusted for age, BMI, parity, use of oral contraceptives and use 
of hormone replacement therapy. Supplemental Table 2 displays steroid levels.  
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Table 1. Clinicopathological features of endometrial cancer cases treated by radical 

hysterectomy. 

Features Endometrial cancer cases (n = 246) 

 Mean ± SD 

Age (yr) 65.1 ± 8.9 

Weight (kg) 75.0 ± 19.0 

Height (cm) 158.4 ± 6.4 

Follow-up (months)  65.5 ± 36.7 

5-year survival (%) 90.2 

5-year recurrence rate (%) 9.8 

 n (%) 

Body mass index (BMI)1   

    Normal Weight 70 (28) 

    Overweight 66 (27) 

    Obese 108 (44) 

    Missing 2 (1) 

Histological Type2   
    Type I  202 (82) 

    Type II  44 (18) 

Grade   
    1  90 (37) 

    2  94 (38) 

    3  61 (25) 

    Missing 1 (0) 

Stage   
    1  197 (80) 

    2  12 (5) 

    3  28 (11) 

    4  9 (4) 

Myometrial invasion   
    < 50 %  187 (76) 

    ≥ 50 %  59 (24) 

Lymph-vascular space invasion   
    Absence  183 (74) 

    Presence  58 (24) 

    Undetermined 5 (2) 

Presence of metastatic nodes   
    No   220 (89) 

    Yes  26 (11) 

Relapse after surgery3   
    No  220 (89) 

    Yes  26 (11) 
1Categories of BMI according to WHO Guidelines: normal weight: BMI<25 kg/m2, overweight: BMI between 
25 and 30 kg/m2, and obese: BMI≥30 kg/m2  
2Type I only comprises endometrioid carcinomas. Included in Type II are papillary serous carcinoma, mixed 
carcinoma, clear cells carcinoma, undifferentiated carcinoma, and malignant mixed Müllerian tumor. 
3Clinicopathological features of endometrial cancer cases in relation to recurrence post-surgery are presented 
in Table 2. 
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Table 2. Clinicopathological features of endometrial cancer cases in relation to recurrence after surgery for curative intent and overall 

survival (all-cause mortality).  

  Recurrence after surgery  Overall survival 

  No recurrence Recurrence   Alive  Deceased  
Characteristics N=220 (%)  N=26 (%) Log-rank P  N=204 (%)  N=42 (%) Log-rank P 

BMI              
    <25 60 (27)  10 (38) 0.752  57 (28)  13 (31) 0.932 
    25 to 30 59 (27)  7 (27)   54 (26)  12 (29)  
    >30 99 (45)  9 (35)   91 (45)  17 (40)  
    Missing 2 (1)  0 (0)   2 (1)  0 (0)  

Histological type               
    Type I  189 (86)  13 (50) <0.001  176 (86)  26 (62) <0.001 
    Type II  31 (14)  13 (50)   28 (14)  16 (38)  
Grade              
    1  87 (40)  3 (12) 0.015  81 (40)  9 (21) 0.016 
    2  83 (38)  11 (42)   80 (39)  14 (33)  
    3  49 (22)  12 (46)   42 (21)  19 (45)  
    Missing 1 (0)  0 (0)   1 (0)  0 (0)  
FIGO stage               
    1  184 (84)  13 (50) <0.001  177 (87)  20 (48) <0.001 
    2  12 (5)  0 (0)   10 (7)  2 (5)  
    3  19 (9)  9 (35)   14 (5)  14 (33)  
    4  5 (2)  4 (15)   3 (2)  6 (14)  
Invasion of myometrium              
    < 50 %  174 (79)  13 (50) <0.001  165 (81)  22 (52) <0.001 
    ≥ 50 %  46 (21)  13 (50)   39 (19)  20 (48)  
Lymph-vascular space invasion (LVSI)              
    Absence  170 (77)  13 (50) <0.001  162 (79)  21 (50) 0.001 
    Presence  46 (21)  12 (46)   38 (19)  20 (48)  
    Undetermined 4 (2)  1 (4)   4 (2)  1 (2)  
Metastatic nodes              
    No   203 (92)  17 (65) <0.001  191 (94)  29 (69) <0.001 
    Yes  17 (8)  9 (35)   13 (6)  13 (31)  

Poor prognosis1              
   Low 167 (76)  12 (46) 0.001  158 (77)  21 (50) 0.001 
   High 53 (24)  14 (54)   46 (23)  21 (50)  

Overall survival2               
    Alive  198 (90)  6 (23) <0.001        
    Deceased  22 (10)  20 (77)         

1Risk of poor prognosis is categorized as low-risk corresponding to type I (TI) with low-grade G1 and G2 whereas TI-G3 and TII are considered as high risk. 2 P-value is derived from a 

chi-square test. Significant differences are indicated in bold.   
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Table 3. MS-based measures of 14 catechol estrogens in preoperative and postoperative serums of endometrial cancer cases. 

 

Percent of detection (%) 
(LLOQ = 5 pg/ml) 

 

Pre-hysterectomy 
(n=233) 

Post-hysterectomy 
(n=198) 

Catechols 2OH   

  2OH-E1 78.1 79.3 

  2OH-E2 3.0 1.5 

Catechols 4OH   

  4OH-E1 3.0 1.5 

  4OH-E2 0.4 0.5 

Catechols 16OH   

  E3 90.6 88.4 

  16OH-E1 48.1 32.3 

  16-epi-E3 24.1 13.6 

  16-keto-E2 22.7 16.7 

  17-epi-E3 5.2 4.6 

Catechols MeO   

  2MeO-E1 61.8 53.0 

  2MeO-E2 11.2 21.2 

  3MeO-E1 7.7 7.6 

  4MeO-E1 0.9 0.0 

  4MeO-E2 85.8 93.9 

Detection is defined as levels of estrogens above the lower limit of quantification of 5 pg/mL (LLOQ). Catechol estrogens above LLOQ in the majority of cases 

(shaded grey) were the focus of subsequent analyses.   
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Table 4. Comparison of median (10th and 90th percentile) paired pre- and post-operative serum levels of 187 endometrial cancer cases, 

and those of healthy postmenopausal women. 

Hormones 

 
Paired serum samples from EC cases (n=187) Serum levels  

      Fold 
change1 

Pre-operative  Post-operative  
Median variation2 

(Post vs Pre)  
of healthy women 

(n = 110) 
 (Post-operative 

vs. Healthy) 

Adrenal Precursors      

  DHEA-S (mg/mL) 0.64 (0.24-1.42) 0.61 (0.24-1.42) -0.05a 0.60 (0.23-1.27) 1.00b 

  DHEA (ng/mL) 2.62 (0.98-7.38) 1.84 (0.82-4.97) -0.68a 1.91 (0.85-4.24) 0.97b 

  5-diol (pg/mL) 336.5 (139.4-700.7) 276.4 (50.0-529.0) -94.0a 230.0 (100.0-495.0) 1.20c 

  4-dione (ng/mL) 0.63 (0.36-1.36) 0.46 (0.26-0.92) -0.20a 0.44 (0.24-0.80) 1.05 

Androgens      

  Testosterone 
(ng/mL) 

0.24 (0.13-0.54) 0.13 (0.05-0.28) -0.11a 0.14 (0.06-0.24) 0.96 

  DHT (pg/mL) 37.30 (17.78-80.15) 26.18 (5.00-61.63) -10.60a 30.00 (10.00-70.00) 0.87 

  ADT (pg/mL) 132.3 (62.6-347.4) 97.3 (25.0-240.3) -34.4a n/a --- 

  ADT-G (ng/mL) 20.45 (6.78-44.45) 18.54 (4.98-42.59) -1.30a 14.16 (5.45-28.17) 1.31c 

  3-diol-3G (ng/mL) 0.80 (0.27-1.77) 0.70 (0.13-1.78) -0.02c 0.57 (0.25-1.18) 1.23b 

  3-diol-17G (ng/mL) 0.58 (0.13-1.65) 0.50 (0.13-1.42) -0.14a 0.25 (0.25-1.41) 2.00 

Estrogens      

  E1-S (ng/mL) 0.31 (0.04-0.99) 0.20 (0.04-0.59) -0.10a 0.17 (0.04-0.49) 1.21 

  E1 (pg/mL) 31.56 (12.84-77.11) 20.56 (5.00-49.32) -9.05a 18.36 (10.17-35.07) 1.12 

  E2 (pg/mL) 6.46 (2.25-19.90) 3.96 (1.00-11.56) -2.35a 3.35 (1.00-9.49) 1.18 

Catechol estrogens      

  E3 (pg/mL) 30.4 (5.0-114.0) 31.1 (2.5-143.6) 0.00 n/a n/a 

  2OH-E1 (pg/mL) 23.1 (2.5-77.1) 29.6 (2.5-73.1) 0.00 n/a n/a 

  2MeO-E1 (pg/mL) 7.6 (2.5-22.8) 5.7 (2.5-16.0) 0.00a n/a n/a 

  4MeO-E2 (pg/mL) 13.6 (2.5-51.5) 21.7 (6.9-82.6) 6.30a n/a n/a 

SHBG (nmol/L) 64.2 (30.5-123.1) 65.2 (29.6-113.9) -1.60c 83.0 (25.9-135.1) 0.79 
1For statistical analysis, data were log-transformed and adjusted for age and BMI. Untransformed values are shown. 

2Variation in hormone levels between pre- and post- operative levels were established using Wilcoxon signed rank test for paired data.  

n/a: not available. ADT and catechol estrogens could not be measured in healthy postmenopausal women. Significant differences are indicated in bold. 

a P < 0.001; b P < 0.01; c P < 0.05.  
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Supplemental Tables 

Supplemental Table 1. Characteristics of endometrial cancer cases and healthy women. 

  Postmenopausal women 

  

Endometrial cancer 
(n = 246) 

 Healthy   
(n = 110)   

 Mean ± SD  Mean ± SD    
Age (year) 65.1 ± 8.9  58.3 ± 5.6** 
Weight (kg) 75.0 ± 19.0  68.8 ± 14.0* 
Height (cm) 158.4 ± 6.4  159.6 ± 5.2    
BMI (kg/m2) 29.9 ± 7.3  27.0 ± 5.4** 
 
  

 
n 

 
(%) 

 
 

n 
 

(%) 

Full term pregnancy      
    Never  68 (28)  27 (25) 
    Ever  167 (68)  83 (75) 
    Missing  11 (5)  0 (0) 
OC use       
    No  145 (59)  19 (17) 
    Yes  91 (37)  91 (83) 
    Missing  10 (4)  0 (0) 
HRT       
    Never  157 (64)  40 (36) 
    Ever  80 (33)  70 (64) 
    Missing  9 (4)  0 (0) 

OC: Oral Contraceptive, HRT: Hormone Replacement Therapy. **P< 0.001; *P=0.002 
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Supplemental Table 2. Median hormone levels (10th and 90th percentile) for healthy postmenopausal women and Type I and Type II 

EC cases. 

Hormones 
Healthy women 

(n = 110) 
Type I EC cases 

(n = 202) 
Fold change 

(TI vs Healthy) 
Type II EC cases 

(n = 43) 
Fold change 

(TII vs Healthy) 

Adrenal Precursors      

  DHEA-S (µg/mL) 0.60 (0.23-1.27) 0.63 (0.24-1.39) 1.04b 0.56 (0.28-1.17) 0.93 

  DHEA (ng/mL) 1.91 (0.85-4.24) 2.58 (1.02-7.13) 1.35c 2.28 (1.24-5.37) 1.20b 

  5-diol (pg/mL) 230.0 (100.0-495.0) 345.1 (144.6-734.9) 1.50c 322.6 (134.7-652.4) 1.40c 

  4-dione (ng/mL) 0.44 (0.24-0.80) 0.64 (0.34-1.28) 1.45c 0.55 (0.37-1.31) 1.25c 

Androgens      

  Testosterone (ng/mL) 0.14 (0.06-0.24) 0.24 (0.13-0.55) 1.78c 0.24 (0.11-0.38) 1.78c 

  DHT (pg/mL) 30.00 (10.00-70.00) 38.32 (17.90-82.18) 1.28c 33.19 (17.28-66.19) 1.11 

  ADT (pg/mL)2 n/a 132.3 (62.5-324.4) n/a 99.4 (65.3-310.5) n/a 

  ADT-G (ng/mL) 14.16 (5.45-28.17) 19.60 (7.36-47.90) 1.38c 20.50 (5.97-35.40) 1.45a 

  3-diol-3G (ng/mL) 0.57 (0.25-1.18) 0.71 (0.27-1.68) 1.26b 0.83 (0.13-1.79) 1.46 

  3-diol-17G (ng/mL) 0.25 (0.25-1.41) 0.60 (0.13-1.65) 2.38 0.45 (0.13-1.13) 1.81 

Estrogens      

  E1-S (ng/mL) 0.17 (0.04-0.49) 0.34 (0.08-1.06) 2.03c 0.25 (0.04-0.51) 1.51 

  E1 (pg/mL) 18.36 (10.17-35.07) 33.97 (15.02-72.78) 1.85c 25.89 (14.50-50.34) 1.41 

  E2 (pg/mL) 3.35 (1.00-9.49) 7.16 (2.62-19.91) 2.14c 4.67 (1.00-9.88) 1.39 

Catechol estrogens      

  E3 (pg/mL) n/a 33.3 (5.7-114.0) n/a 20.6 (2.5-129.1) n/a 

  2OH-E1 (pg/mL) n/a 24.5 (2.5-78.3) n/a 19.4 (2.5-80.6) n/a 

  2MeO-E1 (pg/mL) n/a 8.1 (2.5-2.0) n/a 5.9 (2.5-25.5) n/a 

  4MeO-E2 (pg/mL) n/a 14.0 (2.5-51.7) n/a 8.4 (2.5-53.2) n/a 

SHBG (nmol/L) 83.0 (25.9-135.1) 63.8 (31.1-123.1) 0.77 74.7 (30.8-155.0) 0.90 

Fold change is calculated upon median of each group.  

For statistical analysis, data were log-transformed and adjusted for age and BMI. Untransformed values are showed. No significant differences in hormone levels between histological 

types were detected and thus, fold changes are not shown. n/a: not available. a P < 0.001; b P < 0.01; c P < 0.05. 
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Supplemental Table 3. Median hormone levels (10th and 90th percentile) for endometrial cancer cases by BMI categories. 

 Endometrial cancer cases Fold Change 

Hormones 

Normal Weight 
BMI = 25 kg/m2 

(n=66) 

Overweight 
BMI = 25-30 kg/m2 

(n=62) 

Obese 
BMI > 30 kg/m2 

 (n=103) 

Overweight 
vs Normal 

Obese vs 
Normal 

Obese vs 
Overweight 

Adrenal Precursors       

  DHEA-S (µg/mL) 0.74 (0.20-1.41) 0.60 (0.26-1.40) 0.61 (0.27-1.27) 0.81 0.82 1.02 

  DHEA (ng/mL) 2.65 (1.05-6.77) 2.37 (1.02-5.85) 2.45 (1.12-6.81) 0.89 0.92 1.03 

  5-diol (pg/mL) 347.0 (118.2-677.2) 328.5 (152.0-754.7) 325.8 (139.3-641.8) 0.95 0.94 0.99 

  4-dione (ng/mL) 0.57 (0.35-1.37) 0.65 (0.34-1.49) 0.63 (0.39-1.27) 1.14 1.11 0.97 

Androgens       

  Testosterone (ng/mL) 0.22 (0.10-0.51) 0.25 (0.15-0.59) 0.23 (0.13-0.48) 1.14 1.05 0.92 

  DHT (pg/mL) 43.98 (18.43-92.92) 38.22 (16.04-71.97) 32.88 (17.90-65.92) 0.87 0.75 0.86 

  ADT (pg/mL) 121.5 (63.8-348.5) 116.7 (68.4-310.5) 128.9 (57.2-268.9) 0.96 1.06 1.10 

  ADT-G (ng/mL) 19.55 (7.02-53.44) 18.50 (4.70-42.10) 20.60 (7.90-44.50) 0.95 1.05 1.11 

  3-diol-3G (ng/mL) 0.67 (0.13-1.57) 0.56 (0.13-1.48) 0.91 (0.32-2.01) 0.84 1.36c 1.63c 

  3-diol-17G (ng/mL) 0.46 (0.13-1.13) 0.46 (0.13-1.61) 0.71 (0.32-1.65) 1.00 1.54a 1.54c 

Estrogens      

  E1-S (ng/mL) 0.17 (0.04-0.51) 0.33 (0.08-0.92) 0.44 (0.17-1.31) 1.94a 2.59a 1.33c 

  E1 (pg/mL) 22.37 (5.00-41.02) 27.80 (14.50-56.43) 45.25 (20.46-83.36) 1.24c 2.02a 1.63a 

  E2 (pg/mL) 3.94 (1.00-7.62) 5.56 (3.29-12.22) 12.79 (4.65-22.93) 1.41a 3.25a 2.30a 

Catechol estrogens       

  E3 (pg/mL) 21.5 (2.5-84.5) 24.0 (5.2-75.9) 52.2 (10.1-131.0) 1.12 2.43a 2.18b 

  2OH-E1 (pg/mL) 16.2 (2.5-51.9) 18.7 (2.5-72.8) 34.2 (2.5-93.9) 1.15 2.11b 1.83c 

  2MeO-E1 (pg/mL) 2.5 (2.5-12.1) 6.5 (2.5-21.5) 11.9 (2.5-25.5) 2.60 4.76a 1.83b 

  4MeO-E2 (pg/mL) 12.1 (2.5-45.1) 13.2 (5.9-51.9) 15.6 (2.5-52.3) 1.09 1.29 1.18 

SHBG (nmol/L) 92.7 (45.0-155.0) 69.5 (37.0-132.1) 46.9 (28.3-105.2) 0.75 0.51a 0.68b 

Fold change is calculated upon median of each group.  

For statistical analysis, data were log-transformed and adjusted for age. Untransformed values are displayed. BMI: Body mass index. a P < 0.001; b P < 0.01; c P < 0.05. 
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Supplemental Table 4. Risk of EC recurrence estimated in relation to steroid levels. 

 Preoperative serum levels  Postoperative serum levels 

Hormones LR P HRadj P HRFadj P 
 

LR P HRadj P HRFadj P 

Adrenal precursors            

  DHEA-S 0.838 1.00 (0.44-2.28) 0.997 1.01 (0.45-2.30) 0.976  0.706 1.19 (0.46-3.05) 0.720 1.29 (0.51-3.28) 0.594 
  DHEA 0.527 1.54 (0.66-3.59) 0.321 1.42 (0.60-3.33) 0.425  0.502 0.72 (0.27-1.96) 0.526 0.82 (0.30-2.25) 0.700 

  5-diol 0.830 1.17 (0.51-2.67) 0.715 1.07 (0.46-2.54) 0.869  0.544 1.05 (0.39-2.80) 0.920 1.06 (0.38-2.94) 0.915 

  4-dione 0.888 1.10 (0.49-2.49) 0.821 1.22 (0.53-2.77) 0.639  0.117 0.46 (0.13-1.61) 0.223 0.53 (0.15-1.83) 0.316 

Androgens                  

  Testosterone 0.492 0.54 (0.23-1.30) 0.169 0.41 (0.16-1.05) 0.063  0.383 0.82 (0.18-3.69) 0.796 0.83 (0.18-3.74) 0.805 

  DHT 0.637 0.87 (0.38-1.99) 0.733 0.72 (0.31-1.71) 0.458  0.143 0.68 (0.18-2.60) 0.573 0.68 (0.18-2.60) 0.572 

  ADT 0.537 1.22 (0.74-2.02) 0.427 1.27 (0.77-2.09) 0.355  0.297 1.03 (0.61-1.73) 0.918 1.00 (0.59-1.71) 0.992 

  ADT-G 0.932 1.00 (0.43-2.30) 0.996 1.08 (0.46-2.49) 0.863  0.482 0.98 (0.37-2.55) 0.959 1.04 (0.40-2.67) 0.938 

  3-diol-3G 0.816 1.14 (0.51-2.56) 0.756 1.08 (0.47-2.46) 0.861  0.055 0.46 (0.17-1.26) 0.129 0.50 (0.18-1.38) 0.184 

  3-diol-17G 0.822 1.58 (0.67-3.75) 0.295 1.59 (0.68-3.74) 0.284  0.775 1.99 (0.68-5.80) 0.206 2.09 (0.73-60) 0.169 

Estrogens                  
  E1-S 0.260 2.37 (0.97-5.78) 0.058 2.67 (1.02-6.99) 0.045  0.286 1.00 (0.33-3.05) 0.994 0.88 (0.28-2.76) 0.832 

  E1 0.163 0.91 (0.37-2.27) 0.847 0.81 (0.32-2.09) 0.669  0.856 1.44 (0.48-4.35) 0.517 1.24 (0.40-3.88) 0.708 

  E2 0.308 1.29 (0.46-3.64) 0.635 1.26 (0.45-3.52) 0.654  0.241 0.98 (0.30-3.25) 0.974 0.81 (0.24-2.76) 0.735 

Catechol estrogens                  

  E3 0.001 0.29 (0.10-0.86) 0.026 0.27 (0.09-0.80) 0.018  0.044 0.63 (0.23-1.69) 0.357 0.57 (0.21-1.54) 0.265 

  2OH-E1 0.798 1.05 (0.45-2.44) 0.912 0.98 (0.41-2.36) 0.971  0.625 1.69 (0.66-4.28) 0.272 1.62 (0.64-4.13) 0.312 

  2MeO-E1 0.873 1.33 (0.57-3.13) 0.512 1.19 (0.49-2.87) 0.704  0.040 0.47 (0.13-1.67) 0.243 0.43 (0.12-1.55) 0.195 

  4MeO-E2 0.490 0.78 (0.33-1.84) 0.574 0.85 (0.36-2.02) 0.711  0.008 0.32 (0.13-0.80) 0.015 0.34 (0.14-0.86) 0.022 

SHBG 0.086 1.56 (0.64-3.83) 0.330 ---    0.276 1.50 (0.55-4.08) 0.423 ---   

LR P: Log-rank P from Kaplan-Meier analysis for all available diagnostic; HRadj: Hazard ratio and 95% confidence interval (95% CI), calculated with Cox regression for all available follow-

up and adjusted for age, BMI, histological type and myometrial invasion. HRFadj: Cox regression was calculated as above, and was further adjusted for SHBG levels. Results that are 

significant in either adjusted models are shaded in grey. When hazard ratio and 95% CI were calculated with a 5-year follow-up after surgery, results were similar.  
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Supplemental Table 5. Overall survival (OS) of EC cases in relation to steroid levels. 

 Preoperative serum levels  Postoperative serum levels 

Hormones LR P HRadj P HRFadj P   LR P HRadj P HRFadj P 

Adrenal 
precursors             

  DHEA-S 0.793 1.64 (0.73-3.68) 0.233 1.77 (0.79-3.94) 0.165  0.773 1.07 (0.42-2.75) 0.886 1.08 (0.41-2.82) 0.876 

  DHEA 0.400 0.84 (0.37-1.93) 0.688 0.77 (0.34-1.74) 0.530  0.272 0.56 (0.18-1.76) 0.323 0.61 (0.19-1.98) 0.408 

  5-diol 0.898 0.76 (0.36-1.59) 0.463 0.72 (0.33-1.58) 0.407  0.298 0.76 (0.27-2.10) 0.595 0.69 (0.24-2.00) 0.497 

  4-dione 0.578 0.89 (0.41-1.95) 0.772 0.77 (0.36-1.66) 0.508  0.735 1.14 (0.36-3.62) 0.821 1.06 (0.32-3.54) 0.929 

Androgens            

  Testosterone 0.394 0.72 (0.35-1.52) 0.393 0.72 (0.34-1.52) 0.388  0.642 0.65 (0.17-2.46) 0.523 0.47 (0.11-1.93) 0.293 

  DHT 0.759 0.97 (0.44-2.14) 0.946 0.95 (0.43-2.07) 0.893  0.118 0.54 (0.15-1.92) 0.339 0.43 (0.11-1.61) 0.209 

  ADT 0.532 1.47 (0.69-3.11) 0.316 1.08 (0.68-1.72) 0.746  0.695 0.72 (0.39-1.30) 0.273 0.73 (0.40-1.34) 0.311 

  ADT-G 0.744 1.30 (0.59-2.86) 0.513 1.36 (0.62-2.99) 0.447  0.302 0.66 (0.23-1.86) 0.429 0.71 (0.25-1.99) 0.511 

  3-diol-3G 0.325 1.53 (0.73-3.19) 0.259 1.56 (0.75-3.24) 0.231  0.019 0.39 (0.14-1.11) 0.079 0.37 (0.13-1.06) 0.065 

  3-diol-17G 0.583 1.03 (0.43-2.45) 0.949 1.09 (0.46-2.56) 0.845  0.147 0.25 (0.08-0.84) 0.025 0.26 (0.07-0.89) 0.031 

Estrogens            

  E1-S 0.516 1.04 (0.45-2.38) 0.929 1.01 (0.43-2.36) 0.980  0.601 1.33 (0.48-3.66) 0.587 1.39 (0.51-3.78) 0.514 

  E1 0.098 1.34 (0.56-3.24) 0.512 1.27 (0.53-3.03) 0.586  0.621 1.15 (0.38-3.49) 0.803 1.02 (0.33-3.21) 0.968 

  E2 0.345 1.55 (0.59-4.05) 0.371 1.49 (0.57-3.91) 0.414  0.637 1.91 (0.53-6.91) 0.321 1.60 (0.43-5.93) 0.483 

Catechol 
estrogens 

           

  E3 0.021 1.12 (0.43-2.91) 0.821 1.15 (0.45-2.92) 0.766  0.402 0.92 (0.36-2.34) 0.865 0.74 (0.27-2.03) 0.561 

  2OH-E1 0.500 1.80 (0.82-3.96) 0.144 1.82 (0.84-3.93) 0.130  0.416 0.83 (0.32-2.17) 0.711 0.98 (0.36-2.66) 0.971 

  2MeO-E1 0.303 1.52 (0.67-3.45) 0.321 1.53 (0.66-3.57) 0.326  0.445 0.65 (0.23-1.87) 0.428 0.51 (0.18-1.46) 0.207 

  4MeO-E2 0.334 1.15 (0.51-2.57) 0.737 1.30 (0.58-2.92) 0.530  0.028 0.76 (0.28-2.10) 0.599 0.84 (0.30-2.33) 0.738 

SHBG 0.331 0.85 (0.51-1.42) 0.540 ---   0.144 1.05 (0.37-2.96) 0.932 ---  

All-cause mortality. LR P: Log-rank P from Kaplan-Meier analysis for all available follow-up; HRadj: Hazard ratio and 95% confidence interval (95% CI), calculated with Cox regression for 

all available follow-up and adjusted for age, BMI, low/high risk categories, metastases, lymph-vascular space invasion (LVSI) and recurrence; Low/High risk: TI-G1/G2 are categorized 

as low risk, while TI-G3 and TII are high risk. HRFadj: Cox regression was calculated as above, and was further adjusted for SHBG levels. Results that are significant in either adjusted 

models are shaded in grey. When hazard ratio and 95% CI were calculated with a 5-year follow-up after surgery, results were similar. 
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Annexe 2 : « Identification of metabolomic 

biomarkers for endometrial cancer and its 

recurrence after surgery in postmenopausal 

women ». 

Résumé 

Le cancer de l’endomètre (CE) est le cancer gynécologique le plus fréquent dans les pays 
développés. La plupart des CE surviennent après la ménopause et sont diagnostiqués 
comme étant des carcinomes endométrioïdes (type I), ayant un pronostic favorable. En 
revanche, les carcinomes non-endométrioïdes (type II), telles que les tumeurs séreuses, ont 
un mauvais pronostic. Notre but visait à identifier de nouveaux biomarqueurs sanguins 
associés avec les sous-types de CE et la récidive après chirurgie chez les femmes 
postménopausées. Par une approche métabolomique non-dirigée, nous avons examiné le 
sérum préopératoire de femmes en santé (n=18) et de femmes ayant récidivé (R) ou non 
(NR) et présentant un CE endométrioïde de type I (n=24) ou un CE séreux de type II (n=12). 
Les cas R et NR étaient similaires quant à leurs caractéristiques pathologiques, leur indice 
de masse corporelle et leur âge. Nous avons analysé un total de 1592 métabolites, incluant 
14 classes de lipides différentes. Les cas de CE montrent une différence dans les niveaux 
de 137 métabolites lorsque comparés aux contrôles. Une combinaison des niveaux de 
spermine et d’isovalérate résulte en une aire sous la courbe ROC corrigée pour l’âge 
(AUCajustée) de 0.914 (P < 0.001) pour la détection du CE. La combinaison du 2-
oléoylglycérol et du TAG42:2-FA12:0 permet quant à elle de distinguer les cas R des cas 
NR avec une AUCajustée de 0.901 (P < 0.001). Les cas R de type I sont caractérisés par des 
niveaux faibles d’acides biliaires et des niveaux élevés du peptide phosphorylé du 
fibrinogène clivé, tandis que les cas R de type II montrent des niveaux élevés de céramides. 
Cette étude pilote constitue une première étude détaillée du métabolome du CE et identifie 
plusieurs biomarqueurs putatifs pouvant servir à définir des groupes cliniques basés sur le 
risque de progression. 
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Abstract  

Endometrial cancer (EC) is the most frequent gynecological cancer in developed countries. 
Most EC occurs after menopause and is diagnosed as endometrioid (type I) carcinomas, 
which exhibit a favorable prognosis. In contrast, non-endometrioid (type II) carcinomas such 
as serous tumors have a poor prognosis. Our goal was to identify novel blood-based 
markers associated with EC subtypes and recurrence after surgery in postmenopausal 
women. Using mass spectrometry–based untargeted metabolomics, we examined 
preoperative serum metabolites among control women (n = 18) and those with non-recurrent 
(NR) and recurrent (R) cases of type I endometrioid (n = 24) and type II serous (n = 12) 
carcinomas. R and NR cases were similar with respect to pathological characteristics, body 
mass index and age. A total of 1592 compounds were analyzed including 14 different lipid 
classes. When we compared EC cases with controls, 137 metabolites were significantly 
different. A combination of spermine and isovalerate resulted in an age-adjusted area under 
the receiver-operating characteristic curve (AUCadj) of 0.914 (P < 0.001) for EC detection. 
The combination of 2-oleoylglycerol and TAG42:2-FA12:0 allowed the distinction of R cases 
from NR cases with an AUCadj of 0.901 (P < 0.001). Type I R cases were also characterized 
by much lower levels of bile acids and elevated concentrations of phosphorylated fibrinogen 
cleavage peptide, whereas type II R cases displayed higher levels of ceramides. The 
findings from our pilot study provide a detailed metabolomics study of EC and identify 
putative serum biomarkers for defining clinically relevant risk groups. 

 

Keywords: Metabolomics, Endometrial cancer, Blood-based biomarkers, Recurrence, 
Mass spectrometry. 
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1. Introduction 

Endometrial cancer (EC) is the sole gynecological neoplasm with a rising incidence and 
mortality and is currently the most common gynecological cancer in the United States, 
Canada and other developed countries (Westin and Broaddus, 2012). Occurring 
predominantly in postmenopausal women, EC is initially treated by surgery including total 
hysterectomy, bilateral salpingo-oophorectomy and lymph node evaluation. Despite 
successful surgery, 10–15% of tumors recur within 5 years with poor treatment outcomes 
and low survival rates (Buhtoiarova et al., 2016).  

Predictive and prognostic factors of EC include histological subtype with high-risk features 
such as high tumor grade, stage and deep myometrial invasion (Sorbe, 2012). Endometrioid 
type I carcinomas and especially those of low grade exhibit a favorable prognosis and may 
be cured by primary surgery (Han et al., 2017). Type II carcinomas include non-endometrioid 
histologies better represented by the prototypical serous carcinoma and account for ~10% 
of EC. Type II neoplasms represent higher-grade tumors with a more aggressive clinical 
course, for which recurrence is more frequent and treatment remains a challenge (Mang et 
al., 2017). Candidate diagnostic biomarkers such as CA125 and HE4 have been identified; 
however, their low sensitivity and/or specificity limit their use in the clinic (Rizner, 2016; Knific 
et al., 2017). ECs are strongly associated with cumulative estrogen exposure, obesity and 
other characteristics of metabolic syndrome (Audet-Walsh et al., 2011; Dallal et al., 2013; 
Brinton et al., 2016; Dallal et al., 2016; Busch et al., 2017). This does not apply only to type 
I carcinomas, as type II tumors can also be associated with hormonal, reproductive and 
metabolic factors (Audet-Walsh et al., 2011). Based on the recognition of the biologic and 
prognostic differences between pathogenetic types of EC and given the poor prognosis for 
recurrent disease, it is critical to develop novel biomarkers.  

Metabolomics is defined as the comprehensive analysis of metabolites in a biological 
specimen and includes a more focused form of metabolomics that surveys lipids (referred 
to as lipidomics). This approach is becoming a very powerful tool for biomarker discovery 
and has proven itself useful in the study of many metabolic diseases including cancer. For 
instance, discoveries related to oncometabolites have highlighted the possibility of 
unsuspected cellular pathways whose components could serve as diagnostic or prognostic 
biomarkers or may be therapeutically targeted for disease treatment (Wishart, 2016). Still, 
very few studies have used metabolomics in the context of EC (Table 1). In contrast, more 
than 30 global and targeted mass spectrometry (MS)-based metabolomics studies have 
been conducted for ovarian cancer and have identified dysregulated metabolic pathways 
that underlie several histological types of carcinoma (Turkoglu et al., 2016). These 
discoveries have led to the identification of potential new therapeutic targets and biomarkers 
that might improve diagnosis and prognostication (Yin et al., 2016; Zhang et al., 2016; 
Bachmayr-Heyda et al., 2017; Xie et al., 2017).  

In the present study, our goal was to identify non-invasive biomarkers of EC cancer and 
recurrence in postmenopausal women using global metabolomics and lipidomics profiling. 
We examined preoperative serum metabolites in control women as well as those from 
women with endometrial cancer of both histological types; these individuals were from a 
prospective study of women who underwent hysterectomy and were recruited from a single 
center. We used validated metabolomics platforms capable of identifying and quantifying 
multiple biochemical species simultaneously across all major metabolite classes as well as 
complex lipids including phospholipid, sphingolipid and neutral lipid classes. In the first 
series of analyses, we identified putative EC biomarkers by comparing EC cases to control 
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women. Then, we compared type I and type II EC cases to find biomarkers associated with 
histological type. In the third set of analyses, we compared matched recurrent (R) and non-
recurrent (NR) cases of both histological type I and type II to detect recurrence biomarkers 
of EC. Finally, to identify putative biomarkers that would be specific to either type I or type II 
carcinomas, we compared matched R and NR cases of individual histological type. 

2. Materials and Methods 

2.1. Study population 

All participants provided written informed consent for their participation in the study and for 
the use of their specimens. The current study was evaluated and approved by the local 
Ethical Research Committee of the Centre Hospitalier Universitaire (CHU) de Québec - 
Université Laval (2012-993) and was conducted in accordance with the Declaration of 
Helsinki. The recruitment and specimen collection have been described (Audet-Walsh et al., 
2011). Briefly, participants were all recruited at the Hôtel-Dieu de Québec Hospital (Québec 
City, Canada), between 2002 and 2014. All women were of postmenopausal status and 
underwent surgery (hysterectomy and bilateral salpingo-oophorectomy), either for EC 
treatment or for non-malignant conditions (n = 9 for benign pelvic mass, n = 3 for prophylactic 
treatment, n = 3 for pre-cancerous cervical lesion, n = 2 for fibroma, n = 1 for uterine 
prolapse). Fasting blood samples were collected on the morning of surgery and were rapidly 
processed and stored at –80°C until analysis. To be eligible, women must not have 
developed prior malignancies nor taken hormone replacement therapy during the 3 weeks 
preceding specimen collection. EC recurrence was ascertained by computerized 
tomography scan and further confirmed by histopathology when required. Nurses collected 
information regarding demographic and anthropometric data through standardized 
questionnaires. A pathologist assessed the histopathological characteristics of the 
hysterectomy specimens for women with EC. Systematic compilation and review of medical 
records were performed by one of the treating gynecologic oncologists (J.G.), for both cases 
and controls. 

R EC cases consisted of endometrioid (n = 12) or serous carcinoma (n = 6). To reduce 
potential confounding factors, NR EC cases were matched to R cases according to i) 
histological type, ii) grade, iii) a body mass index (BMI) within an interval of 5 kg·m–2 and iv) 
age. In addition, v) myometrial invasion was also considered for the matching of R and NR 
type I cases. We achieved a perfect match for the first two criteria for both histological types, 
as well as myometrial invasion for type I carcinomas. The median difference in BMI was 
2.0 kg·m–2. For two pairs of matched cases, the differences in BMI were of 7.2 and 
11.2 kg·m–2 (Supplemental Table 1). The median difference in age was 7 years. Control 
women were not matched to EC cases. 

2.2. Metabolomics  

Blood sample aliquots were analyzed for metabolites and lipids with the metabolomics 
platform at Metabolon Inc. (Durham, NC, USA). Global profiling was conducted as described 
(Shajahan-Haq et al., 2017). Briefly, samples were prepared using the automated MicroLab 
STAR system (Hamilton Company, Reno, NV). A recovery standard was added prior to the 
first step in the extraction process for quality control purposes. Metabolites were extracted 
by vigorous agitation after precipitation of proteins with methanol. Samples were then split 
to enable analysis by different methods, utilizing a Waters ACQUITY ultra-performance 
liquid chromatography (UPLC) system coupled to a Thermo Scientific Q-Exactive high-
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resolution accurate-mass spectrometer equipped with a heated electrospray ionization 
(HESI-II) source and an Orbitrap mass analyzer. Raw data extraction, peak identification 
and quality control processing were carried out using the Metabolon proprietary hardware 
and software. Compound identification was done through comparison with a library of 
chromatographic and MS data from authenticated standards. 

Complex lipid profiling was conducted according to a modified version of a previously 
described protocol (Lofgren et al., 2012). Briefly, lipids were extracted from blood samples 
by a heptane/ethyl acetate mixture after addition of a butanol/methanol solution. Phase 
separation was induced by addition of aqueous acetic acid and centrifugation. MS analysis 
was conducted on a Shimadzu LC with nano PEEK tubing coupled to a Sciex SelexIon-5500 
QTRAP. The scan was performed in multiple reaction monitoring (MRM) mode. Peaks were 
quantified using the area-under-the-curve (AUC) method, and data were normalized for 

inter-day signal differences. The analytical variability was 10% for both global profiling and 
lipidomics. 

2.3. Statistical analyses 

The similarity between groups (EC cases vs. controls, R vs. NR cases) was assessed by 
Student’s two-sample t-test for continuous variables, with correction for variance unequality 
when required (Welch’s two-sample t-test). Chi-square tests were used for categorical data 
or Fisher’s exact test when appropriate. Metabolomics data were log-transformed prior to 
statistical comparisons, and fold changes were calculated based on the geometric mean. 
The Welch’s two-sample t-test was conducted for all comparisons, as it offers a slightly 
better statistical precision than paired sample analysis, which could have been used for the 
comparison of R to NR cases (Pearce, 2016). Pathway enrichment analyses were 
performed with Metabolon online tools and using their proprietary database. The enrichment 
score was calculated by dividing the ratio of statistically significant metabolites within a 
pathway by the overall proportion of statistically significant metabolites. 

Predicted probabilities, calculated with logistic regression, were used to build univariate and 
multivariate receiver operating characteristic (ROC) curves for EC and recurrence detection. 
Univariate regression models were made for each of the top four altered metabolites, and 
multivariate models were adjusted for age. BMI did not significantly contribute to the models 
(P > 0.80). Multivariate models were then optimized to give the best AUC with a maximum 

of four metabolites. The size of our group allowed the detection ( = 0.05, 1 –  = 0.80) of 
an AUC > 0.700 for EC detection, and an AUC > 0.730 for recurrence (Obuchowski, 2005). 
Finally, because of the exploratory nature of the study, as well as the number of metabolites 
tested (n = 1592), statistical adjustment for multiple tests was not performed. 

3. Results 

3.1. Markers of EC (comparison of all EC cases relative to controls) 

We examined pre-operative serum metabolites from control women (n = 18) and from 
women with NR (n = 18) or R (n = 18) cases of either type I (n = 12 R and n = 12 NR) or 
type II (n = 6 R and n = 6 NR) carcinomas. To reduce biases that may be caused by 
menstrual cycling, all of the women were postmenopausal, and none of them had used 
hormone replacement therapy in the 3 weeks preceding specimen collection. All individuals 
were selected from a larger cohort recruited at a single center (Audet-Walsh et al., 2011), 
and pairing of NR cases with R cases was based on pathological (histological type, grade 
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and myometrial invasion) and clinical (BMI and age) characteristics (Table 2, Supplemental 
Table 1). A total of 1592 compounds of known identity across all major metabolite classes 
and 14 different lipid classes were assessed by UPLC–tandem MS using global profiling and 
lipidomics.  

When comparing EC cases to control women, 137 metabolites were significantly altered 
(115 up and 22 down, P < 0.05; Supplemental Figure 1). Pathway enrichment analysis 
identified lipid- and glycolysis-related pathways as the most affected in EC cases (Fig. 1A). 
Conjugated forms of lipids, such as acylcholines, monoacylglycerols and acylcarnitines, 
were generally higher in EC cases as compared with control women, whereas free fatty 
acids were detected at lower concentrations, supporting a remodeling of fatty acid 
metabolism in EC (Fig. 1B). Of note, the C5 acylcarnitine 2-methylbutyrylcarnitine was also 
elevated in EC cases (fold change [FC] = 1.27, P = 0.023). Five of the top ten most altered 
features in EC cases were peptides and amino acids (Table 3), with spermine (FC = 7.66, 
P = 0.0004) and isovalerate (FC = –2.56, P = 0.015) as the most changed metabolites in 
cancer cases.  

To further assess our ability to distinguish EC cases from controls based on these 
metabolites, we constructed receiver-operating characteristic (ROC) curves based on 
univariate and multivariate logistic regression models. The combination of spermine and 
isovalerate resulted in an area under the ROC curve (AUC) of 0.875 (95% confidence 
interval [CI] = 0.784–0.966), and an age-adjusted AUC (AUCadj) of 0.914 (95% CI = 0.833–
0.994), very similar to a more complete model that included spermine, isovalerate, 
glycylvaline and gamma-glutamyl-2-aminobutyrate and resulted in an AUCadj of 0.921 (95% 
CI = 0.843–1.000) (Fig. 1C). These results support the capacity of these metabolites to 
discriminate EC cases from controls. 

3.2. Markers associated with histological types (comparison of type I and type II EC 
cases) 

A total of 98 metabolites significantly distinguished type I from type II ECs (n = 30 higher in 
type I, n = 68 lower in type I, P < 0.05). The most different metabolites between histotypes 
were bradykinin, with higher levels in type I (FC = 2.70, P = 0.003), and heme, which was 
4.52-fold higher in type II ECs (P = 0.030) (Table 3). Levels of saturated long chain 
acylcarnitines were higher in type II, with C20, C24 and C26 acylcarnitines displaying FCs 
of 1.32 (P = 0.021), 1.33 (P = 0.027) and 1.38 (P = 0.005), respectively. 

Levels of choline were higher (FC = 1.27, P = 0.010) in type II ECs, along with sarcosine 
(FC = 1.42, P = 0.023), which are both metabolites of the tetrahydrofolate-serine/glycine 
pathway. Glycine levels tended to be elevated in type II ECs as well (FC = 1.23, P = 0.075). 
Levels of sulfated androgenic steroids differed significantly between the two histotypes, with 
type I EC having higher levels than type II for 10 out of the 18 androgenic compounds 
assessed by the method. 

3.3. Markers of EC recurrence (comparison of R and NR cases of both histological 
types) 

R cases were characterized by an altered lipid metabolism relative to NR cases. Among the 
104 metabolites modulated, 80 represented lipid metabolism (68/75 up and 12/29 down; P 
< 0.05). Pathway enrichment analysis (Fig. 2A) identified many classes of lipids affected in 
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R cases, such as monoacylglycerols, for which 16:1, 18:1, 20:5 and 22:6 species of both 
alpha and beta isomers were significantly elevated (Fig. 2B, Table 4).  

In addition to modifications in lipid levels, other classes of compounds displayed significant 
alterations in R cases when compared with NR cases. For example, the pathway of glycine, 
serine and threonine metabolism was affected, as both serine and threonine levels were 
lower in R cases, whereas the glycine precursor N-acetylglycine was elevated (Fig. 2C). 
Even though higher levels of N-acetylglycine were observed, glycine was not affected, 
suggesting a rerouting of glycine metabolism intermediates in R cases.  

Some metabolites had a similar association with recurrence in both type I and type II EC 
patients. This was the case of the monoacylglycerol 1-oleoylglycerol (18:1), the only 
metabolite observed among the top modulated metabolites for both histological types (Table 
4), which displayed a FC of 3.77 (P = 0.045) and 2.29 (P = 0.018) for type I and type II, 
respectively. A similar observation was noted for other lipid metabolites, namely the 
acylcarnitine docosahexaenoyl carnitine (C22:6) (FC = 1.51 and 1.46 for type I and type II, 
respectively; P < 0.05) and the monohydroxylated fatty acids 2-hydroxypalmitate (2-OH-
C16:0, FC = 1.47 and 1.57 for type I and type II; P < 0.05) and 2-hydroxystearate (2-OH-
C18:0, FC = 1.30 and 1.56 for type I and type II; P < 0.05), suggesting a remodelling of lipid 
metabolism among R cases of both histological types when compared with NR cases. In 
addition, these four metabolites were not significantly different when comparing EC cases 
and control women (data not shown), suggesting their relevance as biomarkers of 
recurrence, independently of the histological type. 

ROC curves identified 2-oleoylglycerol and TAG42:2-FA12:0 as the most effective 
metabolites to discriminate R cases from NR cases, with an AUC = 0.877 (95% CI = 0.730–
0.990) and an AUCadj = 0.901 (95% CI = 0.796–1.000). These results are similar to the model 
including more metabolites, namely 1-oleoylglycerol, 2-oleoylglycerol, TAG40:0-FA12:0 and 
TAG42:2-FA12:0, which displayed an AUCadj = 0.904 (95% CI = 0.807–1.000; Fig. 2D), 
confirming the ability of these metabolites to predict recurrence. 

3.4. Markers associated with recurrence according to histological types (comparison 
of R and NR cases according to histological type) 

Several metabolites were specifically associated with recurrence in type I endometrioid or 
type II serous cases. For instance, modifications in bile acid metabolism were mainly 
observed in type I R cases, which had lower levels of primary and secondary bile acid 
metabolites such as taurodeoxycholate (FC = –7.14, P = 0.009), glycodeoxycholate (FC = 
–4.55, P = 0.009) and taurocholate (FC = –3.85, P = 0.038; Fig. 3A, Table 4). Type I 
recurrent cases were also characterized by an enrichment in circulating levels of 
phosphorylated fibrinogen cleavage peptide ADpSGEGDFXAEGGGVR (FC = 1.68, P = 
0.014; Fig. 3B, Table 4); an association not found for type II R cases (P = 0.477).  

In contrast, multiple classes of sphingolipids were significantly enriched in type II R cases, 
including ceramides, their precursors dihydroceramides and their glycosylated derivatives 
lactosylceramides. Though the variations were modest with FCs between 1.29 and 1.60 for 
significant metabolites, numerous metabolites of this pathway were similarly altered, 
underscoring the potential significance of these variations (Fig. 3C). None of the ceramides 
were significantly different in type I R cases, suggesting that alterations in these pathways 
could be specific to type II R cases. 
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4. Discussion 

In this study, we profiled 1592 compounds in 54 postmenopausal women. To the best of our 
knowledge, this is the first study reporting metabolites associated with type I and type II EC 
carcinomas and their recurrence following initial surgical treatment. Our findings represent 
an important pilot study in the identification of putative serum biomarkers useful for detecting 
EC and predicting recurrence following initial surgery, to ultimately improve patient survival 
based on better stratification and informed treatment decisions.  

We found that the levels of free fatty acids linoleic acid (C18:2) and myristic acid (C14:0) 
were lower in EC cases as compared with control women, consistent with previous reports 
comparing EC cases and controls (Gaudet et al., 2012; Troisi et al., 2018). Gaudet et al. 
(2012) also observed modifications in intermediates from the branched chain amino acid 
pathway, such as isovalerylcarnitine/2-methylbutyrylcarnitine (undistinguishable by the MS 
method), which were also altered in our set of EC cases compared with controls. Other 
comparisons between the two studies could not be extended, as their panel of metabolites 
was targeted to 69 compounds. In our dataset, additional metabolites related to amino acids 
were affected in EC cases, such as polyamines, which are involved in cancer progression, 
including endocrine-related neoplasms like breast cancer (Soda, 2011). Accordingly, the 
most elevated metabolite between EC cases and controls was spermine, a biomarker of EC 
possibly originating from EC cells. This is conceivable as polyamine synthesis and 
degradation are actively regulated in the endometrium, notably during the menstrual cycle 
and pregnancy (Green et al., 1998; Pistilli et al., 2012; Tajima et al., 2012).  

Lipids were also considerably affected in EC cases when compared with controls, with lower 
serum concentrations of free fatty acids but higher levels of conjugated fatty acids such as 
acylcholines, acylcarnitines and monoacylglycerols. This is consistent with a report from 
Bahado-Singh et al. (2017). They observed higher acylcholine levels in EC patients. 
However, very little is known about these lipids (no entries were found in either the Human 
Metabolome Database (HMDB) or Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database; accessed on December 15, 2017), although some acylcholines, including 
palmitoylcholine, stearoylcholine and oleoylcholine, enhance estradiol penetration through 
tissues (Loftsson et al., 1989). This could be important in the context of a hormone-sensitive 
cancer, potentially favoring the estrogenic activity of estradiol in the tumor. In addition, 
acylcarnitines have been linked to EC, as well as to breast cancer, where they are enriched 
in hypoxic tissues (Gaudet et al., 2012; Chughtai et al., 2013). Acylcarnitines are 
synthesized by cells to fuel mitochondrial fatty acid oxidation. However, the mechanisms by 
which they are found in circulation remains unclear, although their levels should reflect 
cellular activity and concentration (Pochini et al., 2004; Schooneman et al., 2013). It is thus 
possible that circulating levels of acylcarnitines could reflect the hypoxic status of tumor 
cells. 

We also observed an accumulation of monoacylglycerols to the detriment of free fatty acids. 
Monoacylglycerols are mainly derived from enzymatic hydrolysis of triacylglycerols and 
diacylglycerols and can be further metabolized to free fatty acids through the action of 
monoacylglycerol lipase (MAGL), an enzyme previously identified to be down-regulated in 
EC (Guida et al., 2010). Accordingly, a lower MAGL activity could explain, at least in part, 
the observed accumulation of monoacylglycerols in sera of EC cases as compared with 
controls. Of note, the monoacylglycerol 1-oleoylglycerol (18:1) was strongly elevated in R 
cases of both tumor types and could represent a marker of EC recurrence. This is consistent 
with a role for MAGL in various aspects of tumorigenesis (Qin and Ruan, 2014).  
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Modifications in lipid levels could also be related to bradykinin, a putative biomarker of type 
I EC that is known to activate phospholipase D in EC (Ahmed et al., 1995). As an 
inflammatory mediator, bradykinin triggers kinin-activated pathways. These have been 
associated with EC and breast cancer progression, supporting the role of bradykinin in 
tumors originating from steroid sensitive tissues (Ehrenfeld et al., 2011; Orchel et al., 2012). 
Sulfated androgens were also higher in type I EC cases, consistent with the reported 
implication of sulfated steroids in this histotype (Naitoh et al., 1989; Lepine et al.; Audet-
Walsh et al., 2011; Audet-Delage et al., 2017; Sinreih et al., 2017). Furthermore, our data 
identified heme as a putative biomarker of type II EC and highlighted modifications in 
pathways closely related to heme synthesis, namely the tetrahydrofolate-serine/glycine 
pathway (di Salvo et al., 2013). Heme consumption might participate in endometrial 
carcinogenesis, being associated with a moderate increase in EC risk (Genkinger et al., 
2012). Targeting this pathway is currently being tested for the treatment of ovarian cancer 
and other solid tumors using a new drug, 4-(N-(S-penicillaminylacetyl)amino) 
phenylarsonous acid (PENAO), acting through the induction of heme degradation by heme 
oxygenase-1 (Decollogne et al., 2015; Tran et al., 2016). 

Putative biomarkers of EC recurrence were also identified. Compared with patients with non-
recurrent type I carcinomas, those who experienced recurrence after surgery presented 
alterations in bile acid levels. Bile acids contribute to cholesterol homeostasis, a precursor 
of the steroids that drive the development and progression of this histological type of EC 
(Brinton et al., 2016). Recently, we showed that higher levels of circulating steroids are 
linked to an increased risk of recurrence (Audet-Delage et al., 2017). Numerous enzymatic 
pathways are involved in the conversion of both bile acids and steroids, including reduction 
by aldo-keto reductases (Rizner and Penning, 2014), conjugation by uridine diphospho-
glucuronosyltransferases (Guillemette et al., 2014), sulfotransferases (Kurogi et al., 2013) 
and sulfatase (Jiang et al., 2017). The reduced levels of bile acids may reflect an altered 
activity of some of these metabolic pathways in R type I cases, consistent with previous 
findings (Lepine et al., 2010; Audet-Walsh et al., 2011). Bile acids might also act 
synergistically with steroids by stimulating EC cell growth, as they enhance myometrium 
sensitivity to hormones such as oxytocin (Germain et al., 2003). Finally, bile acids might 
initiate signaling events, as some of them display inflammatory functions (Li et al., 2017; 
Zhuang et al., 2017). In accordance with modifications in the inflammatory status of R type 
I cases, inflammatory response markers such as the phosphorylated cleavage peptide of 
fibrinogen were elevated in these patients. This is reinforced by studies that have linked the 
overexpression of procoagulants with gynecologic malignancies including EC, and further 
associated this overexpression with more aggressive tumor types (Ghezzi et al., 2010; 
Seebacher et al., 2010; Suh et al., 2012; Uccella et al., 2016; Zhou et al., 2017). Although 
fibrinogen may confer a potential advantage to cancer cells in terms of aggressiveness and 
dissemination, the underlying mechanisms remain unclear. 

For the type II ECs analyzed here, all of which were serous carcinomas, our observations 
revealed enhanced concentrations of numerous ceramides in preoperative sera of R cases 
compared with NR cases. Others have linked alterations of sphingolipids and ceramides in 
EC with the differentiation status of the tumors, but they did not include type II carcinomas 
(Nozawa et al., 1989; Knapp et al., 2010; Mojakgomo et al., 2015; Tajima et al., 2017). 
Tanaka et al. (2015) showed that serous ovarian cancers exhibit elevated levels of 
glycosylated ceramides, consistent with high expression of galactosyltransferase in tumors. 
As ovarian serous cancers share similarities with type II serous EC, this raises the possibility 
that alterations in ceramide metabolism may be common to both tissues (Merritt and Cramer, 
2010; Cramer, 2012). These bioactive lipids participate in tumor progression and the 
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metastasis process (Knapp et al., 2017) and therefore may represent promising biomarkers 
for non-invasive detection of recurrent type II EC. However, their metabolism in endometrial 
malignant tumors has been poorly characterized and our investigation is the first to present 
complex data on ceramide metabolism in the context of EC. Additional studies are thus 
warranted.  

We identified putative cancer-specific and recurrence biomarkers using an unbiased 
metabolomics approach for type I and type II EC in postmenopausal women. Although 
exploratory, our study has several strengths including the analysis of postmenopausal cases 
and controls, as well as R and NR cases of two of the most common histological EC 
subtypes, in addition to the quantification of an extensive panel of metabolites through a 
validated metabolomics platform. This approach is powerful for screening a large and 
diverse set of metabolites but is limited in terms of absolute quantification. Additional 
limitations to our study include a restricted number of prospective EC cases, whereas the 
study design likely reduced variations through sample matching. Even though enrolled 
women must have not taken HRT during the 3 weeks prior to blood draw, it is not known if 
this period is sufficient to fully restore circulating metabolite levels potentially affected by 
HRT. Nonetheless, HRT use was similar between groups, which likely reduced the potential 
bias it might have introduced. The putative biomarkers identified in this pilot study will require 
validation in larger cohorts using quantitative methods. Their specificity to EC must also be 
confirmed, notably in comparison to other gynecological malignancies (ovarian cancer, 
mixed Müllerian cancer) and benign conditions (hyperplasia, endometriosis, etc.), which will 
facilitate their translation to the clinic. Finally, mechanistic studies are needed to help gain 
insights into the underlying biological processes driving the observed changes in metabolites 
in EC cases and those experiencing recurrence after surgery for curative intent. 

5. Abbreviations 
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9. Tables 

Table 1.  Summary of previous metabolomics studies of EC.  

Reference Specimens 
Platform (nb of 
metabolites)a 

Up-regulated  

metabolites 

Down-regulated  

metabolites 

Trousil et al. 
(2014) 

Tissue from 
n = 10 controls 
n = 8 EC cases 

H1 NMR (68) Valine, Leucine, Alanine, 
Proline, Tyrosine, 
Phosphatidylcholine 

Glutathione, Scyllo-inositol, 
Myo-inositol, 
Inosine/adenosine 

Shao et al. 
(2016)  

Urine from 
n = 25 controls 
n = 25 EC cases 
n = 10 EH cases 

UPLC-QToFb N-Acetylserine, Urocanic 
acid, Isobutyrylglycine 

Porphobilinogen, 
Acetylcysteine 
 

Gaudet et al. 
(2012) 

Serum from 
n = 250 controls 
n = 250 EC cases 

GC-MS (43) None C5-acylcarnitines, 
octenoylcarnitine, 
decatrienoylcarnitine, 
linoleic acid, stearic acid 

Bahado-Singh 
et al. (2017) 

Serum from 
n = 60 controls 
n = 56 EC cases 

LC-MS/MS (181) 
H1 NMR (32)c 

2-Hydroxybutyrate,  
3-Hydroxybutyric acid, 
Acetone, C10, C14:1, 
C14:2, C16, C18:1, C18:2, 
C2, C5-DC (C6-OH), C6 
(C4:1-DC), C7-DC, C8, 
Glutamate, SM C18:0 

Asparagine, C3, Histidine, 
Hydroxyproline, 
Kynurenine, L-Methionine, 
lysoPC a C17:0, lysoPC a 
C18:0, lysoPC a C18:1, 
lysoPC a C18:2, 
Methionine, Several PC aa 
and PC aed 

Troisi et al. 
(2018) 

Serum from  
n = 130 controls 
n = 118 EC cases 
n = 30 OCa cases 
n = 10 BED cases 

GC-MS (259) Lactic acid, homocysteine,  
3-hydroxybutyric acid 

Progesterone, linoleic acid, 
stearic acid, myristic acid, 
threonine, valine 

EC, endometrial cancer; EH, endometrial hyperplasia; BED, benign endometrial disease; OCa, Ovarian cancer; GC-MS, gas 
chromatography–mass spectrometry; H1 NMR, proton nuclear magnetic resonance; UPLC-QToF, ultra-performance liquid 
chromatography–quadrupole time-of-flight mass spectrometry; LC-MS/MS, liquid chromatography–tandem MS; PC, 
phosphatidylcholines; PCaa, diacyl-phosphatidylcholines; PCae, acyl-alkyl-phosphatidylcholines. 
a The number of metabolites examined is shown in parentheses. 
b The authors did not report the number of metabolites detected. 
c Metabolites detected by H1 NMR were also detected by LC-MS/MS. 
d PC aa and PC ae were PC aa C36:0, PC aa C36:1, PC aa C36:3, PC aa C36:5, PC aa C36:6, PC aa C38:0, PC aa C38:5, 
PC aa C40:2, PC aa C42:2, PC aa C42:6, PC ae C34:0, PC ae C34:2, PC ae C34:3, PC ae C36:1, PC ae C36:2, PC ae C36:3, 
PC ae C38:0, PC ae C38:1, PC ae C38:2, PC ae C38:5, PC ae C38:6, PC ae C40:1, PC ae C40:6, PC ae C42:1, PC ae C42:2, 
PC ae C42:3. 
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Table 2. Demographics of control postmenopausal women and those who were newly 
diagnosed with EC. 

   EC cases (n =  36) 

Characteristic Controls (n = 18)  Non-recurrent (n = 18) Recurrent (n = 18) 

Continuous variable data: Mean ± SD  Mean ± SD Mean ± SD 

Age (years) 58.9 ± 10.4a  66.3 ± 8.3 67.5 ± 9.4 

Height (cm) 159.2 ± 5.3  
157.9 ± 5.4 156.5 ± 6.7 

Weight (kg) 70.1 ± 20.1  70.7 ± 16.9 68.3 ± 14.1 

BMI 27.5 ± 7.2  28.4 ± 7.0 28.0 ± 6.4 

Mean follow-up (months) NA  56.3 ± 26.5 65.4 ± 48.7 

           

Categorical data: n  (%)  n  (%) n  (%) 

Full-term pregnancy           

     No 4  (22)  7  (39) 8  (44) 

     Yes 14  (78)  10  (56) 9  (50) 

     Missing 0  (0)  1  (6) 1  (6) 

OC use           

     No 8  (44)  10  (56) 12  (67) 

     Yes 10  (56)  7  (39) 5  (28) 

     Missing 0  (0)  1  (6) 1  (6) 

Smoking           

     Never 12  (67)  11  (61) 13  (72) 

     Current 4  (22)  4  (22) 3  (17) 

     Ex-smoker 2  (11)  3  (17) 2  (11) 

HRT           

     No 14  (78)  10  (56) 11  (61) 

     Yes 4  (22)  7  (39) 6  (33) 

     Missing 0  (0)  1  (6) 1  (6) 
a Control women were slightly younger than EC cases (P < 0.05). No other significant differences were noted between cases 
and controls. No statistical differences were noted between R and NR cases. Student’s t-test was used for continuous variable 
data, with adjustment for variance inequality when required (Welch’s two-sample t-test). Categorical data were assessed using 

the chi-square test (2) or Fisher’s exact test, when applicable. HRT, hormone replacement therapy; OC, oral contraceptive; 
BMI, body mass index; NA, not applicable.  
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Table 3. Top 10 modulated preoperative serum metabolites in EC cases. 

Subpathway Biochemical name Fold change P-value 

Biomarkers of EC  

EC cases (n = 36) vs. control postmenopausal women (n = 18) 

Leucine, Isoleucine and Valine Metabolism isovalerate –2.56 0.0154 

Gamma-Glutamyl Amino Acid gamma-glutamyl-2-aminobutyrate –1.72 0.0170 

Fatty Acid, Dicarboxylate adipate –1.64 0.0456 

Nicotinate and Nicotinamide Metabolism 1-methylnicotinamide –1.47 0.0118 

Histidine Metabolism trans-urocanate –1.45 0.0125 

Methionine, Cysteine, SAM and Taurine 
Metabolism 

cystathionine 2.73 0.0011 

Secondary Bile Acid Metabolism isoursodeoxycholate 3.40 0.0146 

Glycogen Metabolism maltose 3.41 0.0005 

Dipeptide glycylvaline 3.92 0.0075 

Polyamine Metabolism spermine 7.66 0.0004 

Biomarkers of EC histological types 

Type II EC cases (n = 12) vs. type I EC cases (n = 24) 

Polypeptide bradykinin, des-arg(9) -2.70 0.003 

Androgenic Steroids 
androsteroid monosulfate 
C19H28O6S 

-2.33 0.030 

Xanthine Metabolism 1,3,7-trimethylurate -2.33 0.047 

Androgenic Steroids 
5-alpha-androstan-3beta,17beta-diol 
disulfate 

-2.17 0.025 

Androgenic Steroids 
androstenediol (3alpha, 17alpha) 
monosulfate 

-2.08 0.017 

TAG Ester TAG42:1-FA12:0 2.92 0.049 

TAG Ester TAG46:3-FA18:3 3.05 0.030 

TAG Ester TAG44:2-FA12:0 3.26 0.038 

TAG Ester TAG44:2-FA18:2 3.38 0.041 

Hemoglobin and Porphyrin Metabolism heme 4.52 0.030 
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Table 4. Top 10 modulated preoperative serum metabolites in recurrent EC cases. 

Subpathway Biochemical name 
Fold 

change 
P-value 

Biomarkers of recurrence after initial surgery  

R cases (n = 18) vs. NR cases (n = 18) for type I and type II carcinomas 

Ester TAG40:0-FA12:0 –7.14 0.0427 

Ester TAG42:2-FA12:0 –5.00 0.0460 

Primary Bile Acid Metabolism chenodeoxycholate –2.86 0.0263 

Glycogen Metabolism maltose –2.78 0.0028 

Secondary Bile Acid Metabolism glycoursodeoxycholate –2.00 0.0343 

Fatty Acid Metabolism (Acyl Glycine) hexanoylglycine 2.04 0.0454 

Monoacylglycerol 1-palmitoleoylglycerol (16:1) 2.73 0.0484 

Monoacylglycerol 2-palmitoleoylglycerol (16:1) 2.86 0.0283 

Monoacylglycerol 2-oleoylglycerol (18:1) 2.95 0.0076 

Monoacylglycerol 1-oleoylglycerol (18:1) 3.37 0.0046 

Biomarkers of recurrence after initial surgery by histological type 

R cases (n=12) vs. NR cases (n=12) for type I endometrioid carcinomas 

Secondary Bile Acid Metabolism taurodeoxycholate –7.14 0.0093 

Secondary Bile Acid Metabolism glycodeoxycholate –4.55 0.0088 

Primary Bile Acid Metabolism taurocholate –3.85 0.0383 

Glycogen Metabolism maltose –3.45 0.0065 

Primary Bile Acid Metabolism glycocholate –3.23 0.0263 

Free Fatty Acids FFA(22:5) 1.66 0.0006 

Fibrinogen Cleavage Peptide ADpSGEGDFXAEGGGVR 1.68 0.0135 

Oxidative Phosphorylation phosphate 1.76 0.0250 

Ester TAG58:10-FA20:5 1.88 0.0032 

Monoacylglycerol 1-oleoylglycerol (18:1) 3.77 0.0450 

R cases (n = 6) vs. NR cases (n = 6) for type II serous carcinomas 

Fatty Acid Metabolism (Acyl Carnitine) 3-hydroxybutyrylcarnitine –2.17 0.0494 

Pentose Metabolism ribitol –1.56 0.0192 

Purine Metabolism, (Hypo)Xanthine/Inosine 
Containing 

allantoin –1.45 0.0481 

Histidine Metabolism histidine –1.45 0.0028 

Glutathione Metabolism 2-aminobutyrate –1.39 0.0132 

Fatty Acid Metabolism (Acyl Choline) docosahexaenoylcholine 2.18 0.0413 

Monoacylglycerol 1-docosahexaenoylglycerol (22:6) 2.28 0.0036 

Monoacylglycerol 1-oleoylglycerol (18:1) 2.29 0.0175 

Phospholipid Metabolism glycerophosphoinositol 2.38 0.0022 

Monoacylglycerol 2-docosahexaenoylglycerol (22:6) 2.55 0.0067 
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10. Figure legends 

Figure 1. Comparison of EC cases and controls reveals that lipid metabolism is 
perturbed in EC cases. (A) Pathway enrichment analysis is based on enrichment scores. 
Pathways containing at least three metabolites and having an enrichment score > 3 are 
displayed. (B) Free fatty acid levels are lower in EC cases, whereas conjugated forms of 
fatty acids are elevated. Fold changes are displayed in radar graphs. Significantly enriched 
and depleted metabolites are marked in red and blue circles, respectively. (C) ROC curves 
of the most accurate regression models for detecting EC. †P < 0.10, *P < 0.05, **P < 0.01. 

Figure 2. Monoacylglycerols and amino acids are remodelled in R EC cases when 
compared to NR cases. (A) Most-enriched pathways in R cases as compared with NR 
cases. Pathways containing at least three metabolites and having an enrichment score > 3 
are displayed. (B) Several species of monoacylglycerol are elevated in R cases. (C) The 
metabolism of glycine, serine and threonine is perturbed in R cases in comparison to NR 
cases. Normalized levels of detected metabolites are displayed in dot plots, and means are 
represented by grey diamonds (♦). (D) ROC curves of the most-accurate regression models 
to detect recurrence. *P < 0.05, **P < 0.01. 

Figure 3. Metabolic alterations of R EC differ between the histological subtypes. (A) 
R cases of type I histology are associated with reduced bile acid levels. Metabolites in bold 
were significantly altered (P < 0.05), whereas a trend (P < 0.10) was detected for 
underscored metabolites. Bile acids can be conjugated with glucose (G-), taurine (T-), 
glucuronic acid (-GA) or sulfate (-S). CA, cholic acid; DCA, deoxycholic acid; UDCA, 
ursodeoxycholic acid; IUDCA, isoursodeoxycholic acid; CDCA, chenodeoxycholic acid; 
LCA, lithocholic acid. (B) Normalized levels of the phosphorylated fibrinogen cleavage 
peptide ADpSGEGDFXAEGGGVR were higher in type I R cases. (C) Ceramide levels were 
significantly altered in type II R cases. Fold change is shown, and significant metabolites (P 
< 0.05) are identified by a black background, whereas a trend (P < 0.10) in metabolite 
differences is shown by grey shading. Cer, ceramide; -FA, fatty acid group; DEGS, 
dihydroceramide desaturase; CEGT, ceramide glucosyltransferase; GALT, 
galactosyltransferase; Gal, galactose; Glu, glucose. 
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Figure 1 
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Figure 2 
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Figure 3 
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