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Albert Einstein 

 



Remerciements 

 

Au terme de ces 4 années, je tiens, au travers de ces quelques lignes, à 

remercier toutes les personnes qui ont, de près ou de loin, contribué à la réalisation 

de cette thèse de doctorat.  

Dans un premier temps, je remercie le Professeur Vincent Castronovo de 

m’avoir donné l’opportunité de travailler au sein de son Laboratoire. Votre exigence 

et votre rigueur resteront pour moi deux qualités indissociables du métier de 

chercheur. Je garderai toujours le souvenir de cette thèse comme d’une formidable 

aventure. 

Je tiens à exprimer ma plus profonde reconnaissance au Docteur Akeila 

Bellahcène qui a supervisé jour après jour l’entièreté de ce travail. Akeila, merci pour 

la confiance de plus en plus importante que vous m’avez accordée ainsi que pour 

votre soutien, votre patience, vos conseils et votre disponibilité. Vous n’avez jamais 

hésité à me consacrer du temps dans votre bureau pour discuter, réfléchir et corriger 

nos écrits (parfois même au détriment de votre vie personnelle). Au travers de tout ce 

que nous avons traversé durant ces quatre années, vous m’avez transmis votre 

passion pour la recherche scientifique.  

Je tiens également à remercier le Docteur Olivier Peulen pour ses conseils 

avisés et pour les heures passées à analyser statistiquement les résultats. 

Merci aussi au Docteur Andrei Turtoi pour ses nombreuses remarques au 

cours des réunions qui ont contribué à l’amélioration de ce travail. 

Un grand merci au Docteur Paul Peixoto, mon « papa du labo ». Merci pour 

ta gentillesse, ta disponibilité, tes conseils, ta pédagogie et tes indéniables qualités 

humaines. Tu resteras un modèle pour moi pour la transmission des techniques et 

des connaissances aux plus jeunes. 

Je remercie également le Docteur Arnaud Blomme. Tes conseils, tes 

remarques et les discussions que nous avons échangées m’ont été d’une aide 

précieuse. Merci aussi pour ton perpétuel optimisme. 

Merci à Florence Durieux. Je suis heureuse et fière de t’avoir guidée lors de 

ton mémoire. Merci pour ton aide précieuse, ta sympathie et tes conseils. Je sais que 

je peux toujours compter sur toi et j’espère être à la hauteur pour te rendre la pareille.   

Je remercie également toutes les filles de la « MG team ». Merci à Barbara 

Chiavarina pour son aide et ses conseils. Merci à Aurélie Henry pour son aide et 

tous les bons moments que nous avons partagés. Merci à Maude Gabriel et 

Christine Monseur pour leur aide précieuse ces derniers mois. 



Un tout grand merci aux techniciens du Laboratoire, Naïma Maloujahmoum 

et Vincent Hennequière. Merci à toi, Naïma, pour ton écoute, ton soutien, ta 

serviabilité et ton humour. Vincent, notre MacGyver du Labo, merci pour ton aide, tes 

conseils enrichissants et constructifs et ta disponibilité à toutes heures. Durant ces 4 

années de thèse, j’ai toujours pu compter sur vous et je vous en suis très 

reconnaissante. 

Je remercie également Véronique Goffin pour son aide logistique ainsi que 

tous les autres membres du Laboratoire de Recherche sur les Métastases. Une 

pensée toute particulière pour Brunella Costanza pour son coup de main avec les 

souris. Merci aussi à tous ceux dont j’ai croisé la route au Laboratoire et qui ont 

rendus ces 4 années inoubliables.  

Mes remerciements vont aussi aux membres des différentes plateformes du 

GIGA, aux collaborateurs et aux membres du jury d’avoir consacré de leur temps à la 

lecture de ce travail.  

Je remercie également mes amis pour leur présence et leur soutien durant 

toutes ces années. Je pense tout particulièrement à Angélique, Anneline, 

Christelle, Delphine, Julie et Tania. Je suis heureuse et fière d’avoir fait votre 

connaissance durant nos études universitaires et d’avoir toujours garder contact avec 

vous. Vous êtes des amies en or… Merci pour tout.  

Je tiens à remercier tous les membres de ma famille et tout particulièrement 

mes parents. Merci, Maman et Papa, pour l’éducation et les valeurs que vous 

m’avez transmis. Merci d’avoir toujours cru en moi et de m’avoir toujours soutenue et 

encouragée. Merci aussi à mon petit frère, Erwan, d’avoir toujours été là. Je suis très 

fière de toi. Je vous aime très fort. 

Enfin je remercie du fond du cœur mon Amoureux, Michaël. Merci à toi pour 

ta patience, pour ton soutien incommensurable et pour ta complicité. C’est un vrai 

bonheur de partager ma vie avec toi et je me réjouis déjà de notre avenir… 

 

Je vous remercie tous et vous souhaite le meilleur pour la suite. 

 

          

Marie-Julie 

 

 

Avec le soutien de l’Université de Liège, du Fonds National de la Recherche Scientifique, du 

Télévie, du Fond Léon Fredericq et du Centre Anti-Cancéreux. 



Table of contents 

List of abbreviations 

I. Introduction         1 

1. Breast cancer          1 

 1.1. Risk factors for breast cancer 

 1.2. Breast cancer classification 

 1.3. Breast cancer therapies 

2. Cancer metabolism         7 

 2.1. Cellular respiration 

 2.2. The Warburg effect 

 2.3. The advantages of aerobic glycolysis for cancer cells 

 2.4. The origin of aerobic glycolysis shift in cancer cells 

3. Methylglyoxal and carbonyl stress       19 

 3.1. Methylglyoxal production 

 3.2. Glycation and MG-AGEs 

  3.2.1. Protein glycation 

  3.2.2. Nucleotide glycation 

  3.2.3. Lipid glycation 

 3.3. Enzymatic defense against MG and carbonyl stress 

  3.3.1. The glyoxalase system 

  3.3.2. Other detoxification systems 

 3.4. Carbonyl stress and pathologies 

  3.4.1. MG and Glo1 in ageing 

  3.4.2. MG and Glo1 in neurological disorders 

3.4.3. MG and Glo1 in diabetes, vascular complications and related disorders 

3.4.4. MG and Glo1 in cancer 

 3.5. MG scavengers 

II. Objectives of the study       56 

III. Results          58 

1. Triple negative tumors accumulate significantly less methylglyoxal specific 

adducts than other human breast cancer subtype     58 

 1.1. Introduction 

 1.2. Results 

 1.3. Conclusions 



2. Methylglyoxal induces Hsp90 post-translational glycation and YAP-mediated 

breast tumor growth and metastasis       75 

 2.1. Introduction 

 2.2. Results 

2.2.1. MG adducts and nuclear YAP are positively correlated in human breast 

cancer 

2.2.2. MG induces YAP accumulation in confluent breast cancer cells 

2.2.3. High endogenous MG induces nuclear YAP accumulation in breast 

cancer cells 

2.2.4. MG induces YAP co-transcriptional activity in breast cancer cells 

2.2.5. MG favors LATS1 kinase degradation through the proteasome in breast 

cancer cells 

2.2.6. MG induces post-translational glycation of Hsp90 and affects its 

chaperone activity on LATS1 

2.2.7. Glo1-depleted breast cancer cells show an increased tumorigenic and 

metastatic potential in vivo 

 2.3. Conclusions 

3. Methylglyoxal increases the metastatic potential of human breast cancer 

cells            141 

 3.1. Introduction 

 3.2. Results  

3.2.1. RNA sequencing analysis on Glo1-depleted MDA-MB-231 breast cancer 

cells highlighted a pro-metastatic signature 

3.2.2. Pro-metastatic signature is mediated through Transformation Growth 

Factor β (TGFβ) signaling pathway in Glo1-depleted cells 

3.2.3. High endogenous MG level increases migratory and invasiveness 

abilities of breast cancer cells in vitro 

 3.3. Conclusions and perspectives 

IV. Discussion and perspectives      167 

V. References          178 

VI. Personal bibliography        208 



List of abbreviations 

 

 3-DG  3-deoxyglucosone 

 AG  Aminoguanidine 

 AGEs  Advanced Glycation End-products 

 BBGC  S-p-Bromobenzylglutathione Cyclopentyl diester 

 CAM  Chorioallantoic Membrane 

 CTGF  Connective Tissue Growth Factor 

 DHAP  Dihydroxyacetone Phosphate 

 EMT  Epithelial to Mesenchymal Transition 

 ER   Estrogen Receptor 

 GAP  Glyceraldehyde-3-phosphate 

 Glo1/2  Glyoxalase 1/2 

 GO  Glyoxal 

 GSH  Glutathione 

 HG  High glucose 

 HIF1α  Hypoxia-inducible Factor 1α 

 Hsp27/90  Heat Shock Protein 27/90 

 IHC  Immunohistochemistry 

 LATS1  Large Tumor Suppressor 1 

 LDH  Lactate dehydrogenase 

 LG   Low Glucose 

 MAGEs  MG-Advanced Glycation End-products 

 MG  Methylglyoxal 

 MG-H  Hydroimidazolones 

 NLS  Nuclear Localization Signal 

 Nrf2  Nuclear factor erythroid 2-related factor 2 

 NT   Non Target 

 PR   Progesteron Receptor 

 RAGE  Receptor for AGEs 

 ROS  Reactive Oxygen Species 

 STZ  Streptozotocin 

 TCA  Tricarboxylic Acid 

 TEAD  Transcriptional Enhancer Factor 

 TGFβ  Transforming Growth Factor Beta 

 TPI  Triose Phosphate Isomerase 

 YAP  Yes-associated Protein 

 

 



 
 

 

 

 

 

I. Introduction



 I. Introduction 

 

1 
 

I. Introduction 

1. Breast cancer 

Cancer has been recognized as one of the main public health problem in more 

developed countries. In Europe, in 2012, 3.45 million new cancer patients have been 

diagnosed and 1.75 million patients died of cancer. In women, the most frequent 

cancers are breast, colorectal and lung cancers. In men, the most diagnosed cancers 

are prostate, lung and colorectal cancers. The most common causes of death from 

cancer are lung cancer in males and breast cancer in females. Thus, breast cancer is 

both the most commonly diagnosed cancer and the first leading cause of cancer 

death among women (Ferlay et al. 2013).  

The presence of mammary glands is one of the major aspects to distinguish 

mammals from others organisms like birds, fish and insects. Both females and males 

develop breasts from the same embryological tissues. At puberty, estrogens, in 

conjunction with growth hormone, induce breast development in females. After 

pregnancy, mammary glands produce and secrete milk to feed infant. A healthy 

female breast is made up of 12–20 sections called lobes. Each of these lobes is 

made up of many smaller lobules, the gland that produces milk in nursing women. 

Both the lobes and lobules are connected by ducts that lead out to the nipple. These 

lobules and ducts are distributed throughout the background fibrous tissue and 

adipose tissue that make up the main mass of the breast (Figure 1). Most cancers of 

the breast arise from the cells forming the lobules and terminal ducts. 

Figure 1: Anatomy of female breast. The nipple, areola, lymph nodes, lobes, lobules, ducts, and 
other parts of the breast are shown. 
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1.1. Risk factors for breast cancer  

Breast cancer is a multifactorial disease associated with genetic and 

environmental risk factors.  

Sixty five percent of breast cancers are sporadic carcinomas without 

significant family history. About 25% are familial breast cancers with mutations in 

multiple low penetrance genes such as ataxia telangiectasia mutated (ATM) and 

checkpoint kinase 2 (CHEK2), both involved in DNA repair process. The last 10% 

represent hereditary cancers in which many family members are affected by the 

disease. Mutations in high penetrance genes as BRCA1 and BRCA2, TP53 and 

STK11 are a frequent feature of these tumors. Breast cancer 1, early onset (BRCA1) 

and breast cancer 2, early onset (BRCA2) are the 2 most common high penetrance 

breast cancer genes (Miki et al. 1994, Wooster et al. 1995). BRCA mutations are also 

found in patients with ovarian cancer. BRCA1 maintains genome integrity by 

participating in homologous repair, cell cycle checkpoint control and transcription 

regulation (Huen et al. 2010). BRCA2 plays an important role in double strand break 

homologous DNA repair system by regulating RAD51 recombinase protein (Davies et 

al. 2001). Other high penetrance genes are the transcription factor p53, encoded by 

Tumor protein 53 gene (TP53), playing a major role in cell-cycle regulation and 

STK11, formerly known as LKB1, encoding the Serine/threonine protein kinase 11 

protein that regulates cell-cycle arrest pathways, notably via p53 (Karuman et al. 

2001).  

Lifestyle behaviors and environmental factors could also be involved in breast 

cancer development. Among these factors, some have a “general” cancer risk and 

some are more specific of breast neoplasia. It’s well known that the incidence of 

cancer is increasing with alcohol and tobacco consumption and with age (Hamajima 

et al. 2002, Pelucchi et al. 2011, Seitz et al. 2012, Reynolds 2013). A fat-diet and 

obesity are also associated with increased risk and poor outcome of breast cancer 

(Chlebowski et al. 2006, Goodwin and Stambolic 2015, Goodwin 2016). Recent 

meta-analyses reveal a 30% increased risk of recurrence or death in obese versus 

normal-weight women diagnosed with breast cancer (Protani et al. 2010). Several 

evidences exist to explain how obesity can be linked to cancer. Obesity (1) influences 

hormones production and growth factors secretion as insulin growth factor 1 (IGF1) 
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then (2) alters insulin/glucose homeostasis and (3) induces chronic inflammation 

(Goodwin 2015, Iyengar et al. 2015, Iyengar et al. 2016). Interestingly, obesity is 

associated with higher risk of triple-negative breast cancer in premenopausal women 

(Pierobon and Frankenfeld 2013). This could indicate an irreversible effect of obesity, 

given the poor prognosis of this breast cancer subtype. Moreover, physical activity is 

associated with better breast cancer outcomes (Ballard-Barbash et al. 2012).  

The risk of breast cancer increases with younger age of menarche (Kelsey et 

al. 1993, McPherson et al. 2000). The use of oral contraceptives and its association 

to breast cancer is controversial. It has been reported that the use of oral 

contraceptives and its initiation before age 20 may be associated with increased 

breast cancer risk (Olsson et al. 1996). In addition, tumors of oral contraceptive pills 

users would be more likely to be highly differentiated compared to non-users 

(McPherson et al. 2000). An increased parity (number of times of woman has given 

birth to a fetus with a gestational age superior to 20 weeks) is mostly considered to 

be protective against breast cancer (Kelsey et al. 1993, McPherson et al. 2000). In 

general, an older age at first full-term pregnancy increase the risk of breast cancer 

(McPherson et al. 2000). Moreover, increasing age at menopause increases the risk 

of breast cancer. Menopausal hormone therapy is associated with higher risk, higher 

grade and poor outcome of breast cancer (Bond 2011). Conversely, another study 

demonstrated that menopausal hormone therapy, with estrogen only, reduces breast 

cancer risk (Chlebowski and Anderson 2012). The association between breast 

cancer and hormonal therapy is still unclear and further studies are needed. 

1.2. Breast cancer classification 

The term “breast cancer” comprises a set of different malignant tumors that 

develop within the breast. All these neoplasia are heterogeneous regarding 

progression and metastasis development, biological features and treatment 

response. This heterogeneity notably led pathologists to classify breast cancers 

according to four different criteria including histopathology, grade, stage and receptor 

status. These classifications are routinely used in clinical practice for breast cancer 

diagnostic and therapeutic decisions. 

Histopathological classification is performed by pathologists after hematoxylin-

eosin staining of biopsy samples. Most of breast tumors arise from the ductal 
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epithelium. Ductal in situ carcinomas are breast cancer which have not invaded 

deeper than the original site or spread through the body and, therefore, are 

associated with a low mortality rate. However, women with these types of lesions 

have an increased likelihood of developing invasive breast cancer in the future. 

Invasive ductal carcinoma is the most common histopathological subtype and 

accounts for 50-80% of all invasive breast cancers. They correspond to malignant 

lesions that originate in duct cells and then invade deeper into the breast, carrying 

the potential to form metastases. Invasive lobular carcinoma begins in the milk-

producing lobule cells and represents 5-15% of all invasive breast tumors. Besides 

these two major types, other type of breast cancer such as tubular, mucinous, 

papillary or medullary carcinomas have been described and account for ~5% of all 

invasive breast cancers (Weigelt et al. 2005). 

Grading systems focus on the appearance of cancer cells compared to normal 

tissues. Closer is the appearance of cancer cells to normal cells, better is the 

prognosis. The Nottingham or Elston-Ellis modification of the Scarff-Bloom-

Richardson grading system is used to classify breast cancers. This grading system is 

based on tubule formation, degree of nuclear polymorphism and mitotic index. The 3 

scores are grouped and translated into a grade that describes the outcome of the 

tumor. From low to high aggressiveness, grades 1, 2 and 3 correspond to well, 

moderately and poorly differentiated tumors, respectively (Elston and Ellis 2002). 

The TNM stage is established in order to evaluate the tumor and its evolution 

at the time of diagnostic. Three factors are evaluated: T as the size of the primary 

tumor, N as the lymph nodes status and M as the occurrence of distant metastases. 

Lymph node status corresponds to number, size and location of lymph nodes 

infiltrated by cancer cells. For breast cancer, metastases are usually located in bone, 

brain, lung and liver (Weigelt et al. 2005). High stage values are associated with poor 

prognosis for breast cancer patients. Combined with the molecular classification and 

the overall health status of the patient, TNM stage is critical to determine the best 

therapeutic approach.  

According to gene expression profiling studies (Perou et al. 2000), 4 major 

molecular subtypes of breast cancers have been identified: luminal A, luminal B, 

HER2 and basal-like types. These subtypes differ regarding their patterns of gene 
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expression, clinical features, treatment response and prognosis, as summarized in 

Table 1. The hormone receptor-positive cancers are divided in 2 groups, luminal A 

and B, according to HER2 or proliferative status. HER2 (Human Epidermal growth 

factor Receptor 2) or neu, encoded by the ERBB2 gene, is amplified or 

overexpressed in 15% of breast cancer. Luminal A subtype shows high estrogen 

(ER) and progesterone (PR) receptors expression but no HER2 gene amplification. 

Luminal B breast cancers are ER positive, PR positive and/or HER2 positive and are 

associated with a high proliferation index (high Ki67). The HER2 and basal-like 

subtypes are the 2 major groups of hormone receptor-negative breast cancers. 

Those that display HER2 positivity are called HER2 type while those that are HER2 

negative are basal-like or triple negative breast cancers. Basal-like breast 

carcinomas were identified as a separate breast cancer subtype before gene 

expression profiling experiments. In fact, pathologists characterized these tumors as 

poor prognosis breast cancers associated with expression of basal/myoepithelial cell 

specific markers (Dairkee et al. 1987, Santini et al. 1996). Most triple negative breast 

cancers are invasive ductal carcinomas with high histological grade, solid 

architecture, high mitotic rate, pushing borders, central necrosis and absence of 

tubule formation. Some of them present with a high expression of basal cytokeratins 

(cytokeratins 5 and 6) and are associated with a bad prognosis (van de Rijn et al. 

2002). ER, PR and Ki67 status are evaluated by immunohistochemistry (IHC). HER2 

overexpression/amplification is assessed by IHC and by fluorescent in-situ 

hybridization when IHC is highly positive.  
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Table 1: Molecular subtypes of breast cancers. Breast cancers are divided in 4 different molecular 
subtypes (Luminal A, Luminal B, HER2 and basal-like) associated with different gene expression 
pattern, biomarker profile, proportion, treatment response and prognosis. 

 Luminal A 

Luminal B 

(triple 

positive) 

HER2 

Basal-like 

(triple 

negative) 

Gene 

expression 

pattern 

Estrogen 

receptor (ER) 
+ + - - 

Progesterone 

receptor (PR) 
+ + - - 

HER2 

overexpression 
- + + - 

Biomarker profile 

ER+ and/or 

PR+, HER2-, 

low Ki67 

(<14%) 

ER+ and/or 

PR+, HER2-, 

high Ki67 

(>14%) 

Or 

ER+ and/or 

PR+, HER2+ 

ER-/PR-

/HER2+ 

ER-, PR-, 

HER2- and 

CK5/6 and/or 

EGRF+ 

Proportion of invasive breast 

cancers 
70% 15% 15% 

Treatment Hormonal therapy 
Trastuzumab 

(Herceptin) 

No response 

to hormonal 

therapy and 

Trastuzumab 

Prognosis Good Intermediate 

Poor 

(Better with 

Trastuzumab 

therapy) 

Poor 

 

1.3. Breast cancer therapies 

Surgery is the main modality used for treatment of breast cancer patients. 

When possible, breast-conserving surgery is favored instead of mastectomy. The 

sentinel lymph node procedure is often used and positive lymph nodes are usually 

removed at the time as the primary tumor. Postoperative radiotherapy around the 

tumor site can be administered to eradicate possible residual cancer cells. A study 

has demonstrated that postoperative radiotherapy administered after breast-
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conserving therapy halves the relative risk of recurrence (Darby et al. 2011). Next to 

surgery and radiotherapy, systemic treatments are also applied for breast cancer 

therapy. These treatments include chemotherapy, endocrine and anti-HER2 

therapies. Standard chemotherapy regimens are combinations of several agents 

unselectively targeting dividing cells as anthracyclines, taxanes, cyclophosphamide 

and fluorouracil. For ER positive breast cancers, the blockade of the ER pathway is 

another possible treatment. Several strategies have been established to reduce 

estrogen effect: (1) blocking ER (tamoxifen), (2) inducing ER degradation 

(fulvestrant) or (3) inhibiting estrogen synthesis (aromatase inhibitor). For patients 

with HER2 positive tumors, a targeted therapy has been developed. Trastuzumbab 

(Herceptin®) is a monoclonal antibody directed against HER2 receptor. Several 

studies have demonstrated that trastuzumab decreases mortality by 30% and 

recurrence by 50% (Piccart-Gebhart et al. 2005, Romond et al. 2005, Smith et al. 

2007). Nowadays, there is no specific treatment for patients with triple negative 

breast tumors.  

2. Cancer metabolism 

The development of cancer is a multistep process in which normal cells 

become malignant through a progressive series of alterations. Tumor initiation is 

described as genetic and/or epigenetic alterations of a single cells resulting in 

abnormal proliferation. Additional mutations and adaptation of the microenvironment 

such as extracellular matrix degradation and angiogenesis favor tumor progression. 

Cancer cells are characterized by several properties known as the hallmarks of 

cancer (Figure 2). Indeed, cancer cells can (a) proliferate independently of growth 

stimulating signals, (b) even in presence of growth suppressors and (c) with an 

unlimited replicative capacity, (d) can escape or alter the immune responses, (e) can 

promote a pro-tumoral inflammation, (f) are able to invade and metastasize, (g) can 

induce (lymph-)angiogenesis, (h) are able to maintain genomic instability, (i) are 

resistant to cell death and (j) are able to adapt their energetic metabolism (Hanahan 

and Weinberg 2011). Given accumulating researchers consider cancer as a 

metabolic disease in its own, the interest for studying the metabolic reprogramming 

of cancer cells has substantially increased in the last years (Coller 2014). 
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Figure 2: Hallmarks of cancer. Normal cells become malignant through a progressive series of 
alterations that are listed in the scheme. Adapted from (Hanahan and Weinberg 2011). 
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2.1.  Cellular respiration 

Metabolism represents all the biochemical reactions occurring in cells 

essential to sustain its homeostasis. Cellular maintenance involves energy 

consuming processes such as protein turnover, DNA repair, transcription and 

translation, vesicle trafficking and cytoskeletal dynamics. The required energy is 

provided through adenosine triphosphate (ATP) molecules. Cellular respiration is the 

classical way of ATP production and contains 4 main steps: glycolysis, pyruvate 

oxidation into acetyl-coA, tricarboxylic acid (TCA) cycle or Krebs cycle and oxidative 

phosphorylation (Figure 3). During this process, glucose is oxidatively metabolized to 

CO2 and H2O to generate large amounts of ATP as resumed by the following 

equation: C6H12O6 + 6 O2  6 CO2 + 6 H2O + ATP.  

 

 

 

 

 

 

 

The first step of cellular respiration, glycolysis, occurs in the cytosol and 

transforms one molecule of glucose into 2 molecules of pyruvate, produces 2 

molecules of ATP and requires 2 NAD+ molecules. Glycolysis pathway represents a 

sequence of 10 enzyme-catalyzed reactions described in Figure 4.  

 

 

 

Figure 3: Schematic representation of the cellular respiration. Cellular respiration is composed of 
4 main steps: glycolysis, pyruvate oxidation, citric acid cycle and oxidative phosphorylation. During this 
process, 36-38 ATP molecules are produced. Adapted from Biologie, Neil Campbell. 
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Then, pyruvate enters in the mitochondria matrix where it is oxidized into 

acetyl-coA. TCA cycle comprises 8 reactions and transforms acetyl-coA in CO2 

generating 2 ATP, 6 NADH and 2 FADH2 molecules per molecule of glucose (Figure 

5).  

 

 

Figure 4: The 10 reactions of glycolysis. Oxidation of 1 molecule of glucose into 2 molecules of 
pyruvate occurs through a series of 10 reactions in the cytoplasm. Glycolysis requires 2 and produces 
4 molecules of ATP per molecule of glucose. The net gain is, therefore, 2 molecules of ATP. 
Glycolysis generates also 2 NADH molecules which transport electrons to the electron transport chain 
in the mitochondria.  
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Some glycolysis and TCA steps are oxidoreduction reactions in which 

dehydrogenase enzymes transfer electrons from their substrate to NAD+ generating 

NADH + H+. Subsequently, the electrons transported by NADH and FADH2 fuel the 

electron transport chain, composed of 4 protein complex, in the inner membrane of 

mitochondria. At the end of the chain, electrons react with H+ and reduce O2 in H2O. 

The transport of electrons creates a proton gradient in the intermembrane space that 

in turn refluxes in the matrix and activates ATP synthase to produce ATP. This last 

step is called the chemiosmosis and, together with the electron transport chain, are 

considered as the oxidative phosphorylation (Figure 6). At the end of the four steps of 

cellular respiration, 36 to 38 ATP molecules are produced per molecule of glucose. 

 

 

 

Figure 5: The Krebs or citric acid cycle. TCA cycle and comprises 8 reactions occurring in the 
mitochondrial matrix. During these reactions, acetyl-coA is transformed in CO2 generating 1 ATP, 3 
NADH and 1 FADH2 molecules per molecule of pyruvate. 
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As mentioned above, cellular respiration is a source of energy to maintain cell 

homeostasis. In addition to homeostasis maintenance, proliferating cells have 

additional energetic requirements for growth and division. These cells must uptake 

more nutrients, convert them into biosynthetic building blocks (amino acids, 

nucleotides, lipid precursors) and transform them into the macromolecules essential 

for creating a new cell. They have to regulate metabolic pathways in order to keep a 

balance between ATP production and biomass production. This adaptation is not 

restricted to cancer cells but applies also to normal proliferating cells and unicellular 

organisms. Thereafter, we will exclusively focus on cancer cells. 

2.2. The Warburg effect 

In 1924, Dr. Otto Warburg made the observation that cancer cells metabolize 

glucose in a different way compared to normal cells. Indeed, cancer cells consume 

more glucose than their normal counterparts and metabolize it mainly through 

glycolysis. Pyruvate is reduced to lactate through lactate dehydrogenase (LDH) 

rather than oxidized in acetyl-coA. Consequently, high levels of lactate are produced 

even in presence of oxygen (for review (Koppenol et al. 2011)). This phenomenon is 

known as the aerobic glycolysis or the Warburg effect. Several studies reported an 

association between increased glucose uptake and increased tumor invasiveness 

Figure 6: During oxidative phosphorylation, chemiosmosis couples electron transport to ATP 
synthesis. Following glycolysis and TCA cycle, NADH and FADH2 donate electrons to the electron 
transport chain located in the inner membrane of the mitochondria. The generated proton gradient 
activates the ATP production via ATP synthase.  
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and poor prognosis (Kunkel et al. 2003, Mochiki et al. 2004). Additionally, hypoxic 

tumors, which rely on aerobic glycolysis to survive, are usually more invasive and 

metastatic than normoxic tumors (Postovit et al. 2002, Buchler et al. 2003, He et al. 

2004, Postovit et al. 2004). Consistently, the glycolytic rate in cultured cell lines 

seems to correlate with tumor aggressiveness. As an example, highly invasive MDA-

MB-231 breast cancer cells consume more glucose and produce more lactate than 

non-invasive MCF7 breast cancer cells (Gatenby and Gillies 2004). 

Warburg suggested that cancer cells shift to aerobic glycolysis to produce their 

energy due to the alteration of mitochondrial respiration. However, several groups 

reported in the last decade that mitochondrial function is not altered in cancer cells 

(Zu and Guppy 2004, Fantin et al. 2006, Moreno-Sanchez et al. 2007). Aerobic 

glycolysis is observed in cancerous and highly proliferating cells suggesting that 

aerobic glycolysis provides benefits for proliferation. The proliferative advantage of 

glycolytic cells is not directly evident. Indeed, glycolysis generates only 2 ATPs per 

molecule of glucose, whereas oxidative phosphorylation produces 36 ATPs per 

glucose. This observation raises the question of why a less efficient pathway, at least 

in terms of ATP production, is selected by proliferating cells. Moreover, cancer cells 

use the less active isoform of pyruvate kinase, PKM2, which catalyzes the last step 

of glycolysis generating ATP. Tsujimoto (Tsujimoto 1997) demonstrated that the loss 

of intracellular ATP induces cell death. ATP is necessary to sustain cell proliferation 

as a source for building blocks production. Actually, lipids and nucleotides synthesis 

and to a lower extent non-essential amino acids synthesis require ATP as a 

precursor (Lunt and Vander Heiden 2011). One explanation could be that aerobic 

glycolysis can compensate by increasing ATP production rate through the increased 

glucose uptake (Pfeiffer et al. 2001). 

2.3. The advantages of aerobic glycolysis for cancer cells 

The major advantage of aerobic glycolysis for cancer cells is the generation of 

biosynthetic precursors. Prior to cell division, cells have to replicate all the cellular 

contents, DNA, RNA, proteins and lipids. Glycolytic intermediates represent a large 

source for macromolecules building blocks production as summarized in Figure 7.  
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Through glycolysis and pentose-phosphate-pathway, glucose is a carbon 

source for purine and pyrimidine nucleotides synthesis. Half of the 9 or 10 carbon 

atoms are derived from 5-phosphoribosyl-α-pyrophosphate (PRPP), an activated 

form of ribose-5-phosphate derived from glucose-6-phosphate. Interestingly, cells 

could grow in size when cultured in presence of glutamine only but were unable to 

proliferate unless glucose was added in the medium (Wellen et al. 2010). This 

supports the need of glucose for nucleic acid biosynthesis. In addition to nucleotide 

synthesis, glycolytic intermediates provide carbons for lipid precursors. Phospholipids 

and triacylglycerols, major lipid components of the cell membrane, are produced from 

glycerol-3-phosphate derived from dihydroxyacetone phosphate. Another glycolytic 

intermediate, 3-phosphoglycerate, is transformed into sphingolipids. These lipids are 

also important membrane components and are involved in several signaling 

pathways regulating cell growth, differentiation and apoptosis (Futerman and Hannun 

2004, Ogretmen and Hannun 2004). Acetyl-CoA, indirectly derived from glycolysis, 

provides the carbon for fatty acyl chain components synthesis and also provides the 

carbon to synthesize mevalonate, a cholesterol precursor. In addition to nucleotide 

and lipids precursors, glucose is a carbon source for amino acids synthesis. 

Glycolytic intermediates, 3-phosphoglycerate and pyruvate, are precursors for 

cysteine, glycine and serine and alanine, respectively. Altogether, these observations 

Figure 7: Glycolysis is a source for biosynthetic precursors. Several glycolytic intermediates lead 
to the formation of nucleotides, lipids precursors (in blue) and amino acids (in green). Adapted from 
(Lunt and Vander Heiden 2011). 
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emphasize aerobic glycolysis as a carbon provider for the production of 

macromolecules to sustain high proliferation rate.  

Pyruvate, the end product of glycolysis, is mainly transformed in L-lactate by 

lactate dehydrogenase (LDH) in cancer cells. In human glioma, only 10% of glucose 

uptake is used for biomass synthesis while 90% is metabolized in lactate and alanine 

(DeBerardinis et al. 2007). Lactate is excreted outside of the cells. If aerobic 

glycolysis is increased to generate macromolecule building blocks, then why cancer 

cells eliminate 3 carbons for each lactate molecule excreted? Actually, conversion of 

pyruvate into lactate via LDH regenerates NAD+. As described in Figure 4, NAD+ is 

important to maintain the glycolytic flux notably at step 6 between glyceraldehyde-3-

phosphate and 1,3-biphosphoglycerate. NAD+ is also required for the synthesis of 

nucleotides and amino acids. Lactic acid production and excretion induce a decrease 

of both intracellular and extracellular pH. Studies have demonstrated that acidosis 

leads to apoptosis through p53 and caspase-3 activation (Park et al. 1999, Williams 

et al. 1999). Among the beneficial adaptations, cancer cells increase proton 

transporters as Na+/H+ and H+-ATPase to maintain a physiological pH (Ober and 

Pardee 1987, Martinez-Zaguilan et al. 1993, McLean et al. 2000). Furthermore, 

extracellular acidification has been shown to support tumor growth and invasion by 

suppressing immune response (Fischer et al. 2007) and by activating 

metalloproteinases to degrade extracellular matrix (Montcourrier et al. 1997). 

Acidosis can also be mutagenic and clastogenic, possibly through inhibition of DNA 

repair (Morita et al. 1992). Moreover, cellular metabolism is heterogeneous within a 

tumor mass and some cells can use lactate as a prominent substrate to fuel their 

oxidative metabolism (Sonveaux et al. 2008). 

Mitochondria can produce large amount of ATP but are also the major source 

of Reactive Oxygen Species (ROS) such as superoxide anion (O2
-), hydrogen 

peroxide (H2O2) and hydroxyl radical (OH•). ROS come from the binding of oxygen to 

electrons falling out of the electron transport chain. By damaging cellular 

macromolecules, ROS are highly toxic. Therefore, by favoring aerobic glycolysis 

rather than mitochondrial respiration, cancer cells protect themselves from ROS 

production and apoptosis (Kondoh 2008). However, recent studies demonstrated a 

more subtle effect of mitochondrial ROS: their production above pro-metastatic levels 
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would cause cell death whereas their moderate increase promotes tumorigenesis 

(Weinberg et al. 2010, Sena and Chandel 2012, Porporato et al. 2014). 

2.4. The origin of aerobic glycolysis shift in cancer cells 

During long time, it has been though that aerobic glycolysis is a simple 

adaptation to hypoxia. In 2004, Gatenby and Gillies (Gatenby and Gillies 2004) 

proposed a more sophisticated model for aerobic glycolysis as an important step in 

cancer progression (Figure 8). Aerobic glycolysis represents an evolved solution to 

common environmental growth constraints during carcinogenesis. In pre-malignant 

lesions, basement membrane is not impaired and blood vessels are confined in the 

stroma. Therefore, cancer initiation occurs in a poorly vascularized environment. 

Oxygen and glucose diffuse from the vessels across the basement membrane and 

through layers of tumor cells to be metabolized. Proliferation leads to a thickening of 

the epithelial layer, pushing cells further and further away from blood vessels. It has 

been demonstrated that oxygen concentrations decreased with distance from a 

capillary that does not exceed 150µm (Krogh 1919). Due to the oxygen diffusion 

limitation, pre-malignant lesions inevitably develop hypoxic regions. Although less 

dramatically than oxygen pressure, glucose availability also decreases with distance 

from blood vessels. Only cells which adapt to scarce oxygen and glucose resources 

survive in these harsh environmental conditions. Hypoxic stress leads to activation of 

the hypoxia-inducible factor 1α (HIF1α) (Semenza 1998). This transcription factor 

mediates a pleiotropic response to hypoxia by inducing survival genes expression as 

glucose transporters, glycolytic enzymes (hexokinase) and angiogenic factors 

(Vascular endothelial growth factor, VEGF). Together with genetic mutation, cyclic or 

persistent hypoxia favors aerobic glycolysis rather than oxidative phosphorylation. 

Therefore, cancer cells which switch to aerobic glycolysis and maintain their 

metabolic activities in absence of oxygen have a powerful growth advantage. The 

importance of the glycolytic phenotype is highlighted by several studies showing that 

increased glucose uptake coincide with the transition from pre-malignant lesions to 

invasive cancer (Younes et al. 1996, Yasuda et al. 2001). In addition, both VEGF 

production and microenvironment acidification promote cancer cell invasion and 

metastasis development. Interestingly, Rofstad and collaborators (Rofstad and 

Danielsen 1999) demonstrated that hypoxic melanoma cells displayed a higher 

metastatic potential compared to normoxic cells after injection in the tail vein of mice. 
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Altogether, these observations highlight the crucial role of aerobic glycolysis in tumor 

progression (Figure 8).  

 

 

 

 

 

 

 

 

 

The adapted phenotype of glycolytic cancer cells is accompanied by several 

genetic mutations and epigenetic modifications. It has been demonstrated that 

cancer cells frequently overexpress GLUT1 and GLUT3 glucose transporters, as well 

as hexokinase II and phosphofructokinase 1 (PFK1), the first and the third glycolysis 

enzyme, respectively. Various activating mutations have been reported in the 

phosphoinositide 3-kinase (PI3K) signaling pathway, a major regulator of glucose 

metabolism. For example, AKT activation, a downstream kinase of PI3K, increases 

glucose uptake by increasing GLUT1 glucose transporter expression and by 

preventing its internalization (Barthel et al. 1999, Vander Heiden et al. 2001, Wieman 

et al. 2007). As mentioned above, hypoxia promotes HIF1α transcription factor 

stabilization which induces glucose transporter and glycolytic enzymes expression. 

Figure 8: Model of cancer progression and importance of aerobic glycolytic switch. Normal 
epithelial cells (grey) become hyperproliferative (purple) following induction, mainly through genetic 
alterations (orange nuclei). As cancer progression proceeds, the mutations in cells increase. At 
initiation stage, blood vessels are restricted to the stroma compartment and pre-malignant cells are 
poorly vascularized. As they reach the oxygen diffusion limit, cancer cells become hypoxic (blue), 
which can either lead to cell death (apoptotic cells shown with blebbing) or adaptation of a glycolytic 
phenotype (green), which allows cells to survive. As a consequence of glycolysis, lesions become 
acidic, which selects for motile cells (yellow) that eventually breach the basement membrane. 
Following breakdown of the basement membrane, cells gain access to existing and newly formed 
blood and lymphatic vascular routes for metastasis. From (Gatenby and Gillies 2004). 
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For example, HIF1α upregulates pyruvate dehydrogenase kinase (PDK) expression 

that represses conversion of pyruvate to acetyl-CoA through pyruvate 

dehydrogenase (PDH) and, consequently, decreases pyruvate flux into Krebs cycle 

(Kim et al. 2006, Papandreou et al. 2006). Similar to HIF1α, the oncogene MYC 

promotes the expression of LDH (Semenza et al. 1994, Shim et al. 1997). Another 

important oncogene, RAS, promotes glucose uptake (Yun et al. 2009). Mutations of 

the tumor suppressor p53, widely implicated in cancer, suppress its pro-mitochondrial 

respiration function (Cheung and Vousden 2010, Levine and Puzio-Kuter 2010). 

Remarkably, cancer cells express the less efficient but highly regulated pyruvate 

kinase isoform, PKM2 which converts phosphoenolpyruvate into pyruvate (Mazurek 

et al. 2005, Christofk et al. 2008). Depending of the cellular needs, this variant offers 

the ability to switch rapidly from biosynthesis when PKM2 is inactive to high ATP 

production or lactate production when it is active. PKM2 activity is regulated by 

phosphorylation through tyrosine kinase receptor pathways (Christofk et al. 2008, 

Hitosugi et al. 2009). Interestingly, PKM2 isoform is not only expressed by cancer 

cells but is also found in rapidly proliferating tissues, notably during embryonic 

development. Besides PKM2, other proteins implicated in metabolic reprogramming 

of cancer cells such as HIF1α (Iyer et al. 1998) and Yes-associated protein (YAP) 

(Camargo et al. 2007, Mulvihill et al. 2014) are also involved in tissue development. 

Fast growth, rapid biomass synthesis and highly controlled resources management 

are three main features shared by tumorigenesis and embryogenesis. 

Interestingly, the tendency of cancer cells to consume more glucose than 

normal cells is exploited for the diagnosis and monitoring of certain cancers. Indeed, 

the intravenous injection of 18fluoro-deoxy-D-glucose is used for PET scan (Positron 

Emission Tomography) analysis. This glucose analogue is picked up by cells but is 

not metabolizable beyond the first step of glycolysis and is, therefore, sequestered in 

cancer cells due to their high avidity for glucose. 
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3. Methylglyoxal and carbonyl stress 

3.1.  Methylglyoxal production  

The 2-oxoaldehyde methylglyoxal (MG), also called pyruvaldehyde or 2-

oxopropanal, is an endogenous molecule with the formula CH3C(O)COH. MG is a 

dicarbonyl compound composed of an aldehyde and a ketone group (Figure 9). 

 

 

 

 

The main sources of MG are two triose phosphate glycolytic intermediates, 

glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP) 

(Figure 10). These intermediates are formed at the fourth step of glycolysis by 

aldolase and maintained in equilibrium by the triose phosphate isomerase (TPI). Non 

enzymatic spontaneous fragmentation and elimination of phosphate from GAP or 

DHAP contribute to MG formation (Phillips and Thornalley 1993, Richard 1993). GAP 

is eightfold more reactive than DHAP in the production of MG but DHAP is twenty 

fold more present in cells. Thus, both GAP and DHAP are important sources of MG 

(Phillips and Thornalley 1993). An important regulator of intracellular MG levels is the 

glyceraldehyde-3-phosphate dehydrogenase (GADPH). GAPDH catalyzes the 

transformation of triose phosphate into 1,3-diphosphoglycerate. Therefore, when 

GAPDH activity is low, triose phosphate intermediates tend to accumulate and to 

increase MG formation (Beisswenger et al. 2003). GAPDH activity is regulated by 

oxidative stress (Knight et al. 1996) and by MG modification (Lee et al. 2005) 

suggesting that MG is able to influence its own production. Although glycolysis is the 

major source for MG production, MG formation is a minor fate of triosephosphate. 

Indeed, it is considered that only 0.1% of glucose flux is converted to MG (Thornalley 

1988) and this percentage can increase up to 1% in hyperglycemic conditions 

(Rabbani and Thornalley 2011). The rate of total cellular formation of MG is 

Figure 9: Chemical structure of methylglyoxal. Methylglyoxal is composed of two carbonyl groups, 
one aldehyde in pink and one ketone in green.  
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approximatively 125 µmol/kg of cell mass per day which for an adult corresponds to a 

rate of MG formation of 3 mmol per day (Rabbani and Thornalley 2014). 

 

 

 

 

 

 

 

 

 

Besides glycolysis, MG can also be produced through oxidation of acetone in 

ketone bodies catabolism (Casazza et al. 1984) and through oxidation of 

aminoacetone during threonine metabolism (Lyles and Chalmers 1992). The 

degradation of glucose-glycated proteins and monosaccharides are also MG sources 

(Thornalley et al. 1999). MG can also be produced through the oxidative degradation 

of lipids (lipid peroxidation) (Esterbauer et al. 1982). These alternative pathways for 

MG production are summarized in Figure 11. In bacteria, MG may also arise from an 

enzymatic reaction through methylglyoxal synthase (Cooper and Anderson 1970). 

MG, under its non-hydrated hydrophobic form, can diffuse passively through cell 

membrane (Rabbani and Thornalley 2014). 

 

 

 

 

 

Figure 10: Glycolysis is the major source of methylglyoxal. MG is produced after the fifth step of 
glycolysis which correspond to the equilibrium between dihydroxyacetone phosphate (DHAP) and 
glyceraldehyde-3-phosphate (GAP) mediated by the triose phosphate isomerase (TPI). Non 
enzymatic fragmentation and elimination of phosphate from GAP or DHAP contribute to MG formation. 
Adapted from (Xue et al. 2011, Sousa Silva et al. 2013).  
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In addition to MG, two other major dicarbonyls, glyoxal (GO) and 3-

deoxyglucosone (3-DG), have been characterized (Figure 12). GO and 3-DG are 

mainly formed by the non-enzymatic degradation of both glucose and glucose-

glycated proteins (Thornalley et al. 1999). GO is also formed by lipid peroxidation 

and degradation of nucleotides (Thornalley 2005) whereas 3-DG can also be 

constituted in case of degradation of fructosamine-3-phosphate during the repair of 

early glycated proteins and degradation of fructose-3-phosphate (Lal et al. 1997, 

Delpierre et al. 2000). 

 

 

 

 

 

 

 

Figure 11: Methylglyoxal is produced through different pathways in human cells. The main 
source of MG is glycolysis. MG can also be produced via the auto-oxidation of glucose, the catabolism 
of acetone and threonine, the degradation of glycated proteins and the peroxidation of lipids. Adapted 
from (Maessen et al. 2015). 

Figure 12: Chemical structures of the 3 dicarbonyls, glyoxal, methyglyoxal and 3-
deoxyglucosone. The backbone structure of dicarbonyls with the 2 carbonyl groups highlighted in 
green is represented.  
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3.2. Glycation and MG-AGEs 

In the 60-70s, it was discovered that MG and related aldehydes react with 

amino and guanido groups, although the pathophysiological significance of this 

reaction was not understood (Shapiro and Hachmann 1966, Takahashi 1968, Broude 

and Budowsky 1971). Now, MG has been implicated in ageing and in several 

diseases including diabetes and its vascular complications, obesity, renal failure, 

cardiovascular disease, neurological disorders, osteoarthritis and cancer (for review 

(Rabbani and Thornalley 2015)). 

MG is a highly reactive dicarbonyl compound and a potent glycating agent. 

MG reacts with cellular macromolecules such as proteins, lipids and nucleic acids. 

Glycation has been first defined as “reactions that link a sugar to a protein or a 

peptide”. Later, the distinction between enzymatic modification of proteins forming 

glycoproteins (glycosylation) and non-enzymatic modification of proteins forming 

glycated proteins (glycation) was made (Lis and Sharon 1993). The term glycation 

refers now to non-enzymatic modification of proteins by saccharides and their 

derivatives. Glycation occurs through a series of sequential and parallel reactions 

known as the Maillard reaction. This latter has been named after Louis-Camille 

Maillard, a French pioneer physician and chemist, who discovered brown pigments 

after heating reaction between reducing sugars and amino acids (Finot 2005). The 

process involves multi-step non-enzymatic reactions between carbonyl-containing 

groups and amino groups leading to the formation of advanced glycation end-

products (AGEs) (Brownlee et al. 1984). 

The first step of the Maillard reaction involves nucleophilic attack by the 

nitrogen atom of the amino groups to the electrophilic carbonyl group of a sugar to 

form glycosylamines. After elimination of a water molecule, an unstable Schiff’s base 

is generated which undergoes a spontaneous rearrangement (called Amadori 

rearrangement)  to form fructosamine or Amadori product (Hodge 1955). 

Glycosylamine, Schiff’s bases and fructosamine are all named “early stage glycation 

adducts” (Thornalley 2008). Fructosamine is then degraded into more stable adducts 

known as “advanced glycation end-products” (Figure 13). In addition, degradation of 

Schiff’s bases via a non-Amadori pathway (the Namiki pathway) forms dicarbonyls 

and subsequently leads to production of AGEs (Thornalley 2005, Thornalley 2008). 
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Indeed, the highly reactive α-oxoaldehydes, GO and MG, also directly react with 

proteins to form AGEs, not necessarily via early stage glycation adducts (Rabbani 

and Thornalley 2012). For example, incubation of 1µM of 14C-MG with human plasma 

ex vivo at 37°C for 24h induced complete and irreversible binding of MG to plasma 

proteins (Thornalley 2005).  

 

Since the discovery of glucose-glycated hemoglobin, a biomarker currently 

used in diabetes, protein glycation by glucose has been intensively investigated. 

However, glucose is the least reactive of all sugars and dicarbonyl compound; MG 

and GO, are much more reactive than glucose towards protein glycation. Rate 

constants for glycation of proteins by MG are 10 000 to 50 000 fold higher than for 

glucose glycation (Thornalley 2005, Rabbani and Thornalley 2012). GO is 4 fold less 

reactive than MG for protein glycation. Given that MG is found in all cells and is the 

most reactive glycation agent in vivo, it rapidly attracted the attention of the scientific 

community (Thornalley 1996). The main targets of MG glycation process are 

macromolecules with free amino groups including proteins, nucleotides and some 

phospholipids. Steady-state levels of glycation adducts are 0.1-1% of lysine and 

arginine residues in proteins, 1 in 105 nucleotides in DNA and 0.1% of basic 

phospholipids (Thornalley et al. 2003). Accumulation of these modified molecules as 

Figure 13: Glycation of proteins through the Maillard reaction.  
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well as their glycating agents leads to a new type of cellular stress: the carbonyl 

stress, firstly described as carbonylic stress (Baynes 1991). 

3.2.1. Protein glycation 

Both N-terminal amino group and side chain of arginine/lysine residues and 

thiol group of cysteine residues are the main targets of glycation in proteins. In 

contrast with arginine and lysine residues, cysteine glycation leads to reversible and 

unstable hemithioacetals adducts (Lo et al. 1994). Lysine and arginine residues are 

the main MG glycation targets in proteins and their modifications are named MAGEs 

(MG-AGEs) and are described in Figure 14 (Lo et al. 1994, Dobler et al. 2006, 

Queisser et al. 2010). The reaction between methylglyoxal and lysine residues forms 

Nε-(carboxyethyl)lysine (CEL), a MAGE found in human lens proteins with increased 

concentrations over ageing (Ahmed et al. 1997). However, the MG-preferred targets 

are arginine residues (Lo et al. 1994, Oya et al. 1999). Quantitatively the most 

important MAGEs are the hydroimidazolones (MG-H). Hydroimidazolone adducts 

exist as 3 structural isomers, MG-H1, 2 and 3 (Ahmed et al. 2002, Ahmed and 

Thornalley 2002). MG-H adducts account for more than 90% of adducts on proteins 

and have relatively moderate half-lives, 2-6 weeks (Ahmed et al. 2003, Ahmed et al. 

2005, Ahmed et al. 2005). Another MAGE, tetrahydropyrimidine (THP) is also derived 

from the reaction of MG with arginine residues (Oya et al. 1999). Bovine serum 

albumin (BSA) and other proteins modified by MG display fluorescent properties (Lo 

et al. 1994, Riley and Harding 1995, Oya et al. 1999). The MAGE bearing this 

property was identified as argpyrimidine (Nδ-(5-hydroxy-4,6-dimethylpyrimidine-2-yl)-

L-ornithine) (Shipanova et al. 1997, Oya et al. 1999). Historically, the first AGEs 

discovered were Nε-carboxymethyl-lysine (CML) and pentoside (Figure 14), both 

glyoxal-derived adducts (Ahmed et al. 1986, Takanashi et al. 1992). MG is also 

responsible for protein cross-linking. With lysine residues, methylglyoxal-lysine 

dimers (MOLD) are found in an age dependent concentration in lens proteins and in 

diabetic patients (Nagaraj et al. 1996, Frye et al. 1998). A lysine-arginine 

methylglyoxal-derived cross-link (MODIC) has been also described (Lederer and 

Klaiber 1999). 
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Proteins are made of amino acids linked by peptide bonds in a linear chain 

with secondary and tertiary levels of structure. Post-translational modifications, 

phosphorylation, acetylation, glycosylation, alkylation, among others, play a major 

role in proteins structure, function, half-life and in protein-protein interaction. 

Glycation modifications may regulate protein structure and functions which ultimately 

may cause cellular and tissue alteration observed in several pathological conditions 

and ageing. The modification of proteins by MG is particularly relevant because 

functionally important residues in proteins are targeted. Indeed, arginine, lysine and 

cysteine residues are usually present in the active sites of enzymes. As an example, 

almost all glycolytic enzymes contain arginine residues in their active site (Riordan et 

al. 1977). Analysis of residues involved in catalysis at 178 enzyme active sites 

indicated that 11% of residues were arginines, despite these latter only represented 

4.9% of the total residues (Bartlett et al. 2002). More extensively, the examination of 

Swissprot database sequences and Protein Data Bank information has indicated that 

arginine is the most abundant and frequent amino acid residue within both the protein 

receptor binding domains and the protein nucleotide binding sites and the third most 

Figure 14: Chemical structures of the main AGEs and MAGEs on proteins. 
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frequent residue in enzyme active sites (Gallet et al. 2000, Bartlett et al. 2002, 

Lejeune et al. 2005, Chetyrkin et al. 2011). Altogether, these observations suggest 

that arginine glycation could have severe functional consequences. Accordingly, MG 

modifications on arginine residues of human serum albumin (HSA) seriously impaired 

its esterase activity. The five, out of 24, arginine residues in HSA with high 

susceptibility to MG modification are in the receptor binding domain (Ahmed et al. 

2005). Chaplen and colleagues estimate that 5-10% of cellular proteins may be 

modified to physiologically significant levels (Chaplen et al. 1998). Furthermore, 

between 0.1% and 3% of arginine residues on cellular proteins are known to be 

modified by MG, and these modifications typically increase 2 to 5 fold in diabetes 

(Thornalley et al. 2003, Rabbani and Thornalley 2011). Besides serum albumin, the 

functions of several enzymes such as cysteine proteases, Cu, Zn-superoxide 

dismutase (Kang 2003), GAPDH, glutathione reductase, LDH (Morgan et al. 2002), 

enolase 2 (Gomes et al. 2008) are also inhibited by MG-modifications. In contrast, 

MG modification can increase Hsp27 and α-crystallins chaperone activity (Nagaraj et 

al. 2003, Oya-Ito et al. 2006) as well as hemoglobin and myoglobin esterase activity 

(Sen et al. 2007). MG-modified proteins and their subsequent functional impairment 

are summarized in Table 2.  

The turnover of MG-modified proteins by cellular proteasomal and lysosomal 

proteolysis generates free glycation adducts which are released from tissues in the 

circulation and excreted in urine (Thornalley et al. 2003). 
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Table 2: Components of the dicarbonyl proteome. Adapted from (Rabbani and Thornalley 2012). 

Protein Species Functional impairment References 

20S proteasome 

subunits 
Human Decreased proteasome activity 

(Queisser et al. 

2010) 

Collagen type IV Human Decreased integrin binding (Dobler et al. 2006) 

Cu,Zn-superoxide 

dismutase 
Human Decreased enzymatic activity (Kang 2003) 

Enolase 2 Yeast Decreased enzymatic activity (Gomes et al. 2008) 

GAPDH Mouse Decreased enzymatic activity (Morgan et al. 2002) 

Glutathione reductase Mouse Decreased enzymatic activity (Morgan et al. 2002) 

Hemoglobin Human 
Increased oxygen binding; 

increased esterase activity 

(Ahmed et al. 2005, 

Gao and Wang 

2006, Sen et al. 

2007) 

HIF1α co-activator 

protein p300 
Human 

Decreased HIF1α and 

responsive to hypoxia 

(Thangarajah et al. 

2009) 

Hsp27 Human 
Increased anti-apoptotic 

activity 

(Sakamoto et al. 

2002, Oya-Ito et al. 

2006, van Heijst et 

al. 2006, Oya-Ito et 

al. 2011) 

Lactate dehydrogenase Mouse Decreased enzymatic activity (Morgan et al. 2002) 

Mitochondrial 

respiratory chain 

proteins 

Rat Increased ROS formation (Rosca et al. 2005) 

mSin3a co-repressor Mouse 
Increased angiopoietin-2 

transcription 
(Yao et al. 2007) 

Myoglobin Human Increased esterase activity (Sen et al. 2007) 

Serum albumin Human 
Inhibition of esterase activity 

and decreased drug binding 
(Ahmed et al. 2005) 

α-Crystallin Human Increased chaperone activity 

(Nagaraj et al. 2003, 

Gangadhariah et al. 

2010) 
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3.2.2. Nucleotide glycation 

As shown in Figure 15, MG reacts with nucleic acids to form nucleotide AGEs, 

with deoxyguanosine (dG) being the most reactive nucleotide (Shapiro et al. 1969, 

Thornalley 2008). The major nucleotide AGEs are the imidazopurinone derivatives: 

dG-G (3-(2’-deoxyribosyl)-6,7-dihydro-6,7-dihydroxyimidazo[2,3-b]purin-9(8)one), 

constituted from the reaction of dG with GO, and dG-MG (3-(2’-deoxyribosyl)-6,7-

dihydro-6,7-dihydroxy-6-methylimidazo-[2,3-b]purine-9(8)-one), derived from the 

reaction of dG with MG (Thornalley et al. 2010). GO and MG also produces 2 other 

adducts identified as CMdG (N2-carboxymethyl-deoxyguanosine) and CEdG (N2-(1-

carboxyethyl)-deoxyguanosine), respectively (Papoulis et al. 1995, Thornalley 2003). 

Through DNA glycation, MG is considered as mutagenic and genotoxic by causing 

loss of genomic integrity associated with crosslinking, strand breaks and mutations 

(Brambilla et al. 1985, Migliore et al. 1990, Rahman et al. 1990, Pischetsrieder et al. 

1999, Murata-Kamiya and Kamiya 2001).  

Figure 15: MG and GO-adducts on deoxyguanosine (dG). Adapted from (Thornalley 2008). 
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3.2.3. Lipid glycation 

Basic phospholipids such as phosphatidylethanolamine and 

phosphatidylserine are also targets of MG glycation forming lipid-linked AGEs, 

notably carboxymethylethanolamine (Bucala et al. 1993, Requena et al. 1997). This 

reaction is followed by the oxidation of unsaturated fatty acid side chains, with 4-

hydroxyhexenal and 4-hydroxynonenal as major products (Bucala et al. 1993, Al-

Abed et al. 1996). Glycated phospholipids were especially detected in liver of diabetic 

rats and in human plasma of diabetic patients (Bucala et al. 1993, Pamplona et al. 

1995). Phospholipid AGEs are removed by lipid turnover (Requena et al. 1997). 

3.3. Enzymatic defense against MG and carbonyl stress 

MG formation is unavoidable in living systems and is even increased in 

pathological conditions such as diabetes and cancer. Once produced, MG inevitably 

reacts and modifies macromolecules thus perturbing basal physiological 

maintenance. Accumulation of glycated proteins is associated with enzyme 

inactivation, protein denaturation and degradation. Nucleotide glycation is associated 

with mutagenesis and apoptosis and lipid glycation with cellular membrane 

disruption. However, dicarbonyl damage to the genome and proteome is caused by 

less than one percent of the MG produced in the body. Over 99% of MG is 

enzymatically metabolized in less reactive compounds by the glyoxalase (Glo) 

system and other more minor defense systems (Rabbani and Thornalley 2012). 

3.3.1. The glyoxalase system 

In 1913, two research groups independently discovered a new enzyme, 

glyoxalase (initially termed ketonaldehydemutase), catalyzing the conversion of MG 

into lactic acid (for review (Sousa Silva et al. 2013)). Thenceforth, research focused 

on its putative role in glycolysis. In 1928, Neuberg and Kobel proposed a model for 

glycolysis consisting of the splitting of glucose into two trioses resulting in MG 

formation and its conversion into lactate through Glo (for review (Sousa Silva et al. 

2013)).  In 1933, several observations dismissed a glycolytic role for Glo: (1) the 

elucidation of the complete glycolysis pathway and (2) the need of reduced 

glutathione (GSH) as a co-factor for Glo enzyme while GSH did not interfere with 

glycolysis (Jowett and Quastel 1933).  Later, in 1951, Racker (Racker 1951) found 
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that the end-product of the glyoxalase system was D-lactate and not L-lactate, which 

is the end-product of glycolysis and proved that two enzymes, glyoxalase 1 and 2 

(Glo1 and Glo2) are required to produce lactate from MG. This definitely ruled out 

MG and Glo enzymes from glycolysis and interest in the glyoxalase system severely 

diminished.  

Nevertheless, the widespread distribution of glyoxalase enzymes in all 

organism suggested a fundamental and conserved role of these proteins (Hopkins 

and Morgan 1945). In the 1960s, from their research on cancer cells, Szent-Györgyi 

and Egyud proposed a role for Glo1 in the regulation of cell division (Egyud and 

Szent-Gyorgyi 1966, Egyud and Szent-Gyorgyi 1966, Szent-Gyorgyi and Egyud 

1966, Szent-Gyorgyi et al. 1967). However, until today, their hypothesis was not 

clearly proven since a mechanistic link between Glo1 and the regulation of the cell 

cycle has not been found yet. On the basis of the observation that MG and other 

dicarbonyls are highly reactive and that glutathione-dependent enzymes serve 

detoxification roles, Mannervik linked Glo enzymes to the elimination of toxic 

dicarbonyls (for review (Sousa Silva et al. 2013)).  

 

 

 

 

 

 

 

The glyoxalase system is now well defined (Figure 16). It consists of two 

cytosolic enzymes, Glo1 (E.C. 4.4.1.5) and Glo2 (E.C. 3.1.2.6) and the co-factor 

GSH. MG reacts non-enzymatically with reduced GSH, thereby forming the MG-

Figure 16: The glyoxalase system. MG reacts non-enzymatically with reduced GSH to form the 
hemithioacetal intermediate. Subsequently, Glo1 catalyzes the isomerization of this hemithioacetal to 
S-D-lactoylglutathione. This latter is hydrolyzed by Glo2 into D-lactate, hereby regenerating reduced 
GSH. Adapted from (Thornalley and Rabbani 2011). 
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glutathione hemithioacetal. Subsequently, Glo1, also termed lactoylglutathione 

methylglyoxallyase, catalyzes the isomerization of this hemithioacetal to S-D-

lactoylglutathione, which, in turn, is hydrolyzed to D-lactate, hereby regenerating 

reduced GSH. The latter reaction is catalyzed by Glo2 (Thornalley 1990). D-lactate 

can cross cell membrane by diffusion or via specific lactate transporter (Thornalley 

1993). In bacteria, it can also be metabolized into pyruvate by the D-lactate 

dehydrogenase (D-LDH). The committed step in this pathway is the reaction 

catalyzed by Glo1 since, under physiological conditions, it is considered irreversible 

(Sellin and Mannervik 1983). The efficiency of MG detoxification is primarily 

determined by the spontaneous formation of the hemithioacetal which depends of the 

level of GSH. MG is generally considered as the major physiological substrate of the 

glyoxalase system. Indeed, MG accumulates markedly when Glo1 is inhibited by cell 

permeable Glo1 inhibitors and by depletion of GSH (Thornalley 1993, Thornalley et 

al. 1996, Abordo et al. 1999). Additionally, Glo1 overexpression prevents the 

accumulation of MG in cells and thereby suppresses MAGEs formation (Shinohara et 

al. 1998). Others α-oxoaldehydes such as GO, phenylglyoxal and hydroxyl-

pyruvaldehyde, are also substrates of Glo1 (Racker 1952, Vander Jagt et al. 1972).  

Glo1 has been described in various organisms, from prokaryotes to humans. 

The human Glo1 gene is located on chromosome 6 and its locus is linked to the 

Human Leukocyte Antigen- antigen D Related (HLA-DR) (Kompf and Bissbort 1976, 

Mayr et al. 1976). Human Glo1 is a homodimeric metalloenzyme, using Zn2+ as a 

cofactor (Figure 17). The 2 active sites are located at the dimer interface and 

residues from both subunits contribute to the thiol binding pocket. The 2 zinc cations 

are located in each active site (Aronsson et al. 1978, Sellin et al. 1983, Cameron et 

al. 1997). Monomeric human Glo1 is a protein of 184 amino acids with a molecular 

mass of approximately 21 kDa. In bacteria, Glo1 is also found as a dimeric proteins 

but uses Ni2+ as a cofactor in contrast to human Glo1 (Clugston et al. 1998) while in 

yeast, Glo1 is present as a monomer and contains two active sites (Frickel et al. 

2001). Human Glo1 has 51% homology at the nucleotide level and 42% homology at 

the amino acid level with bacterial Glo1 (Ranganathan et al. 1993). Glo1 is present at 

a concentration of approximately 0.2 μg/mg of proteins in most human tissues 

(Larsen et al. 1985).  It is well established that Glo1 sequence contains several 

phosphorylation sites and that nitric oxide can modify by S-nitrosylation cysteine 
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residues (Van Herreweghe et al. 2002, de Hemptinne et al. 2009). However, the real 

biological function of these post-translational modifications and the regulation of Glo1 

enzymatic activity remain largely unclear. It is noteworthy that Glo1 gene deletion is 

embryonically lethal (Rabbani and Thornalley 2014). 

 

 

 

 

 

 

 

Glo2 is considered as the rate limiting enzyme of the glyoxalase system 

(Hooper et al. 1987). Human Glo2 (Figure 18) is a monomeric thiolesterase 

containing a binuclear metal-binding site (Zinc or Iron) essential for substrate binding 

and catalysis (Cameron et al. 1999). The human gene for Glo2, also called 

hydroxyacylglutathione hydrolase (HAGH) is located on chromosome 16 (Honey and 

Shows 1981). Like Glo1, Glo2 has been described in various organisms, from 

prokaryotes over plants to mammals. However, Glo2 has been observed not only in 

the cytosol, but also in the matrix and intermembrane space of mitochondria (Talesa 

et al. 1988). In mammals, cytosolic and mitochondrial Glo2 are coded by the same 

gene and result of an alternative translation initiation of the gene transcripts (Cordell 

et al. 2004). In S. cerevisiae, two different genes encode the mitochondrial (Glo4) 

and the cytosolic (Glo2) forms (Bito et al. 1997). The role of Glo2 in the mitochondria 

is not clear. Scire and collaborators (Scire et al. 2000) proposed that it could be a 

source of GSH in this organelle. In addition to S-D-lactoylglutathione, another 

Figure 17: Schematic representation of Glo1. A. Monomeric form of Glo1.  B. Representation of the 
dimeric form. The first monomer has been color ramped according to residue number from red (N-
terminus) to yellow (C-terminus). The second monomer is represented in colors passing from yellow 
(N-terminus) to blue (N-terminus). The zinc and its coordinating residues are shown in a ball and stick 
representation with the zinc colored green. The active site is situated in a barrel which is formed only 
on dimerization. Adapted from (Cameron et al. 1997). 



 I. Introduction 

 

33 
 

possible role is to hydrolyze other GSH thioesters formed in mitochondria (Thornalley 

1990, Thornalley 1993, Vander Jagt 1993). Glo2 appears to be regulated by p63 and 

p73, two members of the p53 family that have fundamental roles in development (Xu 

and Chen 2006). Glo2 could act as a pro-survival factor and plays a critical role in the 

normal development and in the pathogenesis of various human diseases (e.g. cancer 

and diabetes). 

 

 

 

 

 

 

 

 

In Escherichia coli, the existence of another Glo enzyme, glyoxalase 3 (Glo3), 

has been described (Misra et al. 1995). Glo3 catalyzes the irreversible conversion of 

MG to D-lactate independently of the others glyoxalases, S-D-lactoylglutathione 

formation and GSH as cofactor. Glo3 homologues have been discovered in mouse 

and in C. elegans. A novel Glo enzyme able to convert MG into lactate without GSH 

has been identified in human cells. This enzyme is the protein deglycase DJ-1, also 

termed PARK7 (Parkinson disease protein 7), a molecular chaperone associated 

with the early onset of Parkinson’s disease (Tao and Tong 2003, Lee et al. 2012). A 

recent study showed that human DJ-1 repairs MG- and GO-glycated proteins by 

acting on early glycation intermediates and releases repaired amino acids and lactate 

or glycolate, respectively (Figure 19). By deglycating cysteine, arginine and lysine 

Figure 18: Overall structure of Glo2. The molecule has been color ramped according to residue 
number starting with red at the N terminus and finishing with blue at the C terminus. The metal ions 
and the coordinating residues are represented by balls and sticks. Adapted from (Cameron et al. 
1999). 
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residues, DJ-1 reactivates serum albumin, GAPDH, aldolase and aspartate 

aminotransferase (Richarme et al. 2015). 

 

3.3.2. Other detoxification systems 

The glyoxalase system is a key enzymatic system of the defense mechanism 

against glycation. However, GO and MG are also metabolized by aldose reductases 

(aldoketo reductases) and aldehyde dehydrogenases (ALDHs). With glyoxalase 

enzymes, these enzymes are under stress-responsive control by the transcription 

factor nuclear factor erythroid 2-related factor 2 (Nrf2), through regulatory antioxidant 

response element (AREs) (Thimmulappa et al. 2002, Xue et al. 2012). Aldose 

reductase with sorbitol dehydrogenase participates to the polyol pathway converting 

glucose into fructose. However, MG is a better substrate than glucose for aldose 

reductase (Lindstad and McKinley-McKee 1993). This latter catalyzes the reduction 

of MG to propanediol through NADPH-dependent reactions. MG or the 

Figure 19: DJ-1 deglycation of MG-glycated intermediates. MG forms covalent adducts with 

cysteines, arginines, and lysines (hemithioacetals with cysteines and aminocarbinols with arginines 

and lysines). Aminocarbinols intermediates are transformed into AGEs (MG-H1 from arginine residues 

and CEL from lysine residues). DJ-1 transforms hemithioacetal into cysteine and lactate, and 

aminocarbinols into arginine/lysine and lactate. This latter prevents the formation of AGEs. Adapted 

from (Richarme et al. 2015). 
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hemithioacetal forms with GSH are reduced in acetol (or hydroxyacetone, 95%) or 

lactaldehyde (5%), respectively and then, both are reduced to propanediol (Vander 

Jagt et al. 1992, Thornalley 1994). 

Betaine aldehyde dehydrogenase, a NAD-dependent ALDH, oxidizes several 

aldehydes, among which MG, but its efficiency toward MG is considerably low 

(Izaguirre et al. 1998). 2-oxoaldehyde dehydrogenase catalyzes the NADP-

dependent oxidation of MG to pyruvate, essentially in the liver (Monder 1967, 

Oimomi et al. 1989). 

3.4. Carbonyl stress and pathologies 

Different cellular functions may be altered upon glycation. By inducing 

miscleavage and misfolding, glycation may impair the final processing of many 

proteins, resulting in their degradation or aggregation. Glycation can also alter the 

structure and function of essential macromolecules for cell homeostasis. Therefore, 

the level of AGEs should be maintained at very low levels in living cells. 

Accumulation of AGEs, increased level of MG and perturbation of the main 

detoxification enzyme, Glo1, have been associated with ageing and several diseases 

(Figure 20). 
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3.4.1. MG an Glo1 in ageing 

Human ageing is multifactorial and results from a complex combination of 

environmental, genetic, epigenetic and stochastic factors. As mentioned above, 

glycation of DNA is associated with an increased mutation frequency and DNA strand 

breaks that could be related to ageing through the induction of apoptosis and 

senescence. In 1960, John Kirk evaluated Glo1 activity in human arterial tissues of 

individuals with various ages. He observed a decrease of Glo1 activity with age 

which may contribute to the increased risk of cardiovascular disease with ageing 

(Kirk 1960). In the 80-90s, studies reported a reduction of Glo1 and Glo2 activities in 

human red blood cells (McLellan and Thornalley 1989), human lens (Haik et al. 

1994), human brain (Kuhla et al. 2006) and in mice tissues (Sharma-Luthra and Kale 

1994) with age. Others groups demonstrated an increase of GO and MG and their 

derived-AGEs, CML and CEL, in ageing human lens and skin/articular collagen 

Figure 20: MG and Glo1 are associated with ageing and the pathogenesis of several diseases. 
Adapted from (Maessen et al. 2015). 
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(Figure 21) (Dunn et al. 1989, Dunn et al. 1991, Ahmed et al. 1997, Frye et al. 1998, 

Verzijl et al. 2000). The accumulation of MG-H1 adducts in ageing human lens was 

further confirmed (Ahmed et al. 2003). Extensive accumulation of AGEs in cartilage 

collagen with age leads to stiffer and less resistant cartilage and therefore contributes 

to osteoarthritis (Verzijl et al. 2000, Verzijl et al. 2002). Lens proteins as well as skin 

and articular collagen are good candidates to evaluate protein damage in ageing due 

to their limited proteasomal degradation and long half-lives (15 to >100 years), 

respectively (Verzijl et al. 2000). Moreover, β-enolase observed in skeletal muscle 

(Snow et al. 2007) and glutamate dehydrogenase encountered in hepatic 

mitochondria (Hamelin et al. 2007) showed a significant increase of AGE 

modifications in aged rats. Caloric restriction of rats during 20 months decreased 

levels of AGEs in skin collagen (Cefalu et al. 1995). The CEL and CML adducts 

content increased with age in Drosophila melanogaster. The accumulation of 

damaged proteins could be linked to age-related loss of proteasomal activity (Carrard 

et al. 2002, Viteri et al. 2004).  

 

 

Figure 21: AGEs accumulate linearly with chronological age in both cartilage and skin 
collagen.  Age-dependent increase concentration of CML, CEL, and pentosidine in human articular 

cartilage collagen (●) and skin collagen (▵) are shown. The accumulation rate is higher in cartilage 

collagen. Adapted from (Verzijl et al. 2000). 
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The decreased Glo1 activity is associated with impaired wound healing 

(Fleming et al. 2013). In addition, this reduction of Glo1 enzymatic activity promotes 

accumulation of both MG modifications of mitochondrial proteins and mitochondrial 

ROS production leading to the decreased lifespan of Caenorhabditis elegans 

(Morcos et al. 2008). Interestingly, Glo1 overexpression in this nematode increased 

the mean and maximum lifespan of 30% (Morcos et al. 2008). Therefore, Glo1 is 

considered as an influential lifespan gene or “vitagene”. Glo1 activity is directly 

proportional to the concentration of GSH. The concentration of GSH in human lenses 

declines with age (Kamei 1993). In Drosophila, the restoration of Glo1 activity by 

increasing tissue concentrations of GSH extended lifespan up to 50% (Orr et al. 

2005). Therefore, the protective role of GSH in ageing is not only linked to its function 

as an antioxidant but also to its role as a cofactor of the glyoxalase system.   

3.4.2. MG and Glo1 in neurological disorders  

MG and its main detoxifying enzyme, Glo1, have also been linked to some 

pathologies of the central nervous system, most notably in Alzheimer’s and 

Parkinson’s diseases as well as in schizophrenia and anxiety disorders. In 

Alzheimer’s disease, Glo1 expression is increased in early stages, but then 

decreases below normal levels at later stages, correlating with a marked increase in 

the accumulation of AGEs (Luth et al. 2005, Kuhla et al. 2007). Both extracellular 

plaques of amyloid β-peptide and intracellular neurofibrillary tangles of tau protein are 

highly modified by AGEs (Vitek et al. 1994, Yan et al. 1994). It has been suggested 

that protein glycation could stabilize the amyloid deposits and accounts for both their 

high insolubility and protease resistance (Smith et al. 1994). MG, through AGEs 

formation, induced RAGE up-regulation as well as GSK3β and p38 activation leading 

to tau hyperphosphorylation and neurofibrillary tangles. Aminoguanidine (MG 

scavenger) reversed the MG-induced tau hyperphosphorylation (Li et al. 2012). 

Increased MG-H1 free adducts was detected in cerebrospinal fluid of patients with 

Alzheimer’s disease and was linked to cognitive impairment (Ahmed et al. 2005). MG 

promotes neuron apoptosis through the induction of oxidative stress and the 

activation of the pro-apoptotic protein Bax (Tajes et al. 2014). 

Increased protein glycation plays also a role in the development of Parkinson’s 

disease (Auburger and Kurz 2011, Kurz et al. 2011, Hipkiss 2014). Recently, 
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Parkinsonism-associated protein DJ-1/Park7 was identified as a major protein 

deglycase that repairs MG-glycated proteins (Figure 19) (Richarme et al. 2015). DJ-1 

is a multifunctional protein involved in oxidative stress response and acting as a 

chaperone (Shendelman et al. 2004), a peroxidase (Andres-Mateos et al. 2007), a 

glyoxalase (Lee et al. 2012), a stabilizer of Nrf2 (Clements et al. 2006), an apoptotic 

inhibitor (Junn et al. 2005) and a translational regulator (van der Brug et al. 2008). 

Richarme and collaborators demonstrated that DJ-1 deglycates cysteine, arginine 

and lysine residues of several proteins in vitro and thus reactivates these proteins 

(Richarme et al. 2015).  

There is also, but to a lower extent, evidence that MG and Glo1 play a role in 

both schizophrenia and anxiety. Carbonyl stress has been reported in schizophrenia 

patients (Arai et al. 2010). In contrast, increased levels of Glo1 and, therefore, lower 

levels of MG in the brain have been associated to anxiety disorder (Hovatta et al. 

2005, Kromer et al. 2005, Distler et al. 2012). 

3.4.3. MG and Glo1 in diabetes, vascular complications and related disorders 

Besides ageing and neurological disorders, carbonyl stress has been mainly 

studied in the context of diabetes. In 2013, 382 million people have been estimated 

suffering of diabetes; this number is expected to rise to 592 million by 2035 

(Guariguata et al. 2014). Diabetes mellitus, commonly referred as diabetes, is a 

group of metabolic diseases in which there are high blood sugar levels over a 

prolonged period of time. Two different types of diabetes exist. Type 1 diabetes 

results from a pancreas failure to produce insulin, while type 2 diabetes results from 

an insulin resistance in which body cells fail to respond to insulin stimulation. 

Diabetes can cause many complications notably vascular complications such as 

nephropathy, retinopathy and neuropathy. One of the great challenges for clinicians 

is the early detection of these vascular diseases associated with diabetes. 

Hyperglycemia has been established as a major risk factor for diabetic vascular 

complications (Group 1993). Therefore, increased MG and AGEs levels could 

explain, at least in part, the development of these complications in diabetic patients 

and could be used as reliable biomarkers for vascular diseases.  

In 1988, Thornalley reported that human red blood cells, cultured in high 

glucose containing medium (mimicking hyperglycemia) increased their level of MG, 

https://en.wikipedia.org/wiki/Metabolic_disease
https://en.wikipedia.org/wiki/Blood_sugar
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S-D-lactoylglutathione and D-lactate, while glyoxalases activities were unchanged 

(Thornalley 1988). Similar studies with both bovine and human aortal endothelial 

cells as well as human microvascular endothelial cell line (HMEC) confirmed the 

increased MG formation when cultured in hyperglycemic-like medium (Shinohara et 

al. 1998, Dobler et al. 2006, Yao and Brownlee 2010). Overexpression of Glo1 in 

endothelial cells cultured in high glucose medium decreased AGEs formation 

(Shinohara et al. 1998) and decreased tubules formation, a model for decreased 

angiogenesis in diabetes (Ahmed et al. 2008). Several studies demonstrated that the 

concentration of MG is increased in plasma and red blood cells of diabetic patients 

(Thornalley et al. 1989, McLellan et al. 1994, Beisswenger et al. 1999, Nicolay et al. 

2006). Indeed, the plasma concentration of MG in healthy human is ~100-150nM and 

increases by 5-6 fold and 2-3 fold in patients with type 1 and type 2 diabetes, 

respectively (Rabbani and Thornalley 2011). Increased MG formation could be due to 

an increased glucose uptake by GLUT1 glucose transporter in hyperglycemia 

conditions (Haik et al. 1994, Dobler et al. 2006), or decreased enzymatic activities of 

GAPDH and/or Glo1 (Du et al. 2003, Yego and Mohr 2010). There is evidence of 

downregulation of Glo1 expression via RAGE pro-inflammatory signaling. Among 

AGEs, MG-H1 adducts have the highest affinity for RAGE (Xue et al. 2014). The 

binding of MG-H1-modified proteins or free MG-H1 to RAGE leads to the activation of 

signaling pathways and the downregulation of Glo1. The signaling mechanism that 

mediates this effect is still unclear but could involve NF-κB (nuclear factor-κB) 

activation. Hyperglycemia-induced ROS production increases RAGE expression and 

NF-κB activation. These effects are mediated by MG and prevented by Glo1 

overexpression (Yao and Brownlee 2010). Altogether, this suggests that RAGE-

dependent Glo1 downregulation, followed by increased MG-modified proteins, 

ultimately lead to further ligation and activation of RAGE. Therefore, it induces a 

continued and self-perpetual inflammatory response which contributes to diabetes 

and its vascular complications. Functional genomic studies with Glo1 deficient or 

overexpressing transgenic mice support increased MG as a factor linked to the 

development of diabetic vascular complications (Berner et al. 2012, Bierhaus et al. 

2012, Giacco et al. 2014). Glo1 downregulation and the subsequent increase of MG 

level were also observed in ageing and atherosclerosis (Morcos et al. 2008, Hanssen 

et al. 2014). Conversely, Atkins and Thornalley found an 50-60% increased Glo1 

activity and 20-30% increased Glo2 activity in erythrocytes of streptozotocin (STZ)-
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induced diabetic mice while MG blood concentration increased by 2-fold (Atkins and 

Thornalley 1989). Importantly, diabetic patients with microvascular complications had 

a higher Glo1 activity in erythrocytes compared to uncomplicated patients (Thornalley 

et al. 1989, McLellan et al. 1994). Increased levels of MG-metabolizing enzymes 

were also found in mononuclear and polymorphonuclear cells from insulin-dependent 

diabetic patients with vascular complications (Ratliff et al. 1996). In STZ-induced 

diabetic rats, diminished Glo1 and Glo2 activities were found in the liver and 

increased activities in skeletal muscle (Uchino et al. 2004). Proteomic analysis 

revealed increased Glo1 protein in glomeruli of diabetic mice compared to controls 

(Barati et al. 2007). Glo1 gene has been reported as a genetic factor linked to body 

mass index and has been added to the human obesity genome (Wilson et al. 1991, 

Rankinen et al. 2006). Ranganathan and co-workers (Ranganathan et al. 1999) 

found an insulin response element on the Glo1 gene promoter, linking Glo1 

expression with insulin dysfunction in diabetes. Regulation of Glo1 expression and 

activity is probably a tiny process. Down regulation of Glo1 may increase MG 

concentration/glycation and, in response, cells increase their Glo1 activity. It has 

been demonstrated that Nrf2 activators increase the levels of Glo1 expression and 

decrease cellular and extracellular concentrations of MG and MG-derived protein 

adducts, therefore, reducing mutagenesis and cell detachment (Xue et al. 2012). 

Isothiocyanates, including sulforaphane, which can be found in cruciferous 

vegetables, are known to activate Nrf2.  

Increased amounts, up to 4 fold, of AGE-modified forms of LDL (Low-Density 

Lipoprotein) have been detected in the plasma of diabetic patients compared to 

healthy people (Schleicher et al. 1981, Bucala et al. 1993). The blood accumulation 

of modified LDLs has been associated with atherosclerosis development in diabetic 

patients, notably due to their impaired recognition by LDL receptor and altered renal 

clearance (Witztum et al. 1982, Bucala et al. 1994). More recently, the MG-

modification of Arg18 residue in the N-terminal domain of ApoB100 of LDL was 

shown to cause both structural distortion and disruption of the antiparallel β-sheet. 

These MG-H1 modifications led to smaller and denser LDL with increased retention 

in arterial wall and atherogenic properties. Diabetic patients treated with metformin, a 

hypoglycemic agent, had decreased plasma MG levels (Beisswenger et al. 1999) 
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and MG-modified LDL. Therefore, metformin could protect diabetic patients from 

cardiovascular complications (Rabbani et al. 2010, Rabbani et al. 2011). 

In diabetes, MG-modified proteins accumulation, mainly due to alteration in 

both chaperone-mediated autophagy in kidney (Sooparb et al. 2004) and 

proteasomal activity (Queisser et al. 2010), leads to functional perturbation and 

vascular complications. In bovine aortal endothelial cells cultured in high glucose 

medium, AGE-modified proteins content was increased up to 14-fold and was 

prevented by Glo1 overexpression (Shinohara et al. 1998). Ahmed and collaborators 

reported that CEL and MG-H1 residue contents increased by 3-fold in plasma 

proteins in patients with type 1 diabetes. These free adduct concentration increased 

up to 10-fold in plasma and a 15-fold increase of urinary excretion of MG-H1 was 

demonstrated (Ahmed et al. 2005). 

In diabetic rats, the percentage of vascular type IV collagen modified by MG is 

increased by 2-fold, from 5 to 12%, compared to healthy rats (Dobler et al. 2006). 

Type IV collagen, an important component of the basement membrane, interacts with 

integrins of endothelial cells to anchor and sustain the vascular endothelium. 

Endothelial cell adhesion is notably mediated by the binding of integrins to the 

GFOGER and RGD sequence found in collagens (Ruoslahti 1996, Pedchenko et al. 

2004). Hotspots of MG-H1 modifications are localized at 3 different arginine residues, 

Arg-390, Arg-889 and Arg-1452, part of the GFOGER and RGD sequences. 

Therefore, as expected, these MG-adducts impaired the interaction with integrins and 

led to endothelial cell detachment, anoikis and impaired angiogenesis (Figure 22) 

(Dobler et al. 2006). The number of detached circulating endothelial cells is 

increased in plasma of diabetic patients and is associated with cardiovascular 

disease (McClung et al. 2005). Pedchenko and collaborators demonstrated that 

perturbation of integrin-mediated cell-matrix interactions, via MG-modifications of 

renal extracellular matrix, contributes to the development of diabetic nephropathy. 

Interestingly, pyridoxamine, a promising treatment for diabetic nephropathy (Metz et 

al. 2003) and a MG scavenger (Voziyan et al. 2002), protects cell adhesion and 

integrin binding from inhibition by MG (Pedchenko et al. 2005). Another study has 

linked MG-glycation of fibronectin to apoptosis of retinal capillary pericytes and its 

implication in diabetic retinopathy (Liu et al. 2004). 
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A proteomic and functional study demonstrated that mitochondrial protein 

glycation leads to increased ROS formation in diabetic nephropathy (Rosca et al. 

2005). The use of renal cortical mitochondria isolated from STZ-induced diabetic rats 

allowed the identification of 2 MG-H1-modified proteins from the respiratory complex 

III: ubiquinol-cytochrome c reductase, core protein I and cytochrome c1. As this 

complex is the major site for superoxide production in health and disease (Chen et al. 

2003), its decreased activity leads to increased ROS production and oxidative 

damage in the kidneys of diabetic patients. Aminoguanidine treatment, a potent MG 

scavenger inhibiting AGEs formation (Lo et al. 1994), has been shown to improve 

mitochondrial respiration and complex III activity. As mentioned above, Morcos and 

colleagues identified MG modifications of mitochondrial proteins and mitochondrial 

ROS production leading to the decreased lifespan of C. elegans (Morcos et al. 2008).  

Others proteins have also been shown as potential targets of MG glycation. In 

2006, Jia and collaborators identified in vitro MG-modifications on insulin β-chain 

altering its function (Jia et al. 2006). The modification of co-repressor mSin3A by MG 

in renal endothelial cells leads to increased angiopoietin-2 as well as pro-

inflammatory-mediated signaling pathways implicated in nephropathy pathogenesis 

Figure 22: MG-H1 modifications on type IV collagen leads to endothelial cell detachment, 
anoikis and impaired angiogenesis. GFOGER and RGD motifs in type IV collagen present in the 
basal membrane interact with integrins of endothelial cells to anchor and sustain the vascular 
endothelium. MG-glycation of the arginine residues present in these motifs impairs the binding with 
integrins. The detachment of endothelial cells from the basement membrane induces apoptosis. 
Adapted from (Dobler et al. 2006). 
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(Yao et al. 2007). Bierhaus and colleagues found that glycation of the nociceptor-

specific sodium channel Nav1.8 by MG is associated with enhanced sensory neuron 

excitability and hyperalgesia in diabetic neuropathy (Bierhaus et al. 2012). 

Interestingly, aminoguanidine has been shown to reduce MG-induced hyperalgesia in 

diabetes suggesting that this MG scavenger could be used as a new therapeutic 

strategy against painful diabetic neuropathy. 

In 2006, Schalkwijk and collaborators (Schalkwijk et al. 2006) established that 

under hyperglycemic conditions, argpyrimidine adducts were significantly increased 

in endothelial cells. Using western blot and mass spectrometry analysis, they 

identified heat shock protein 27 (Hsp27) as the major argpyrimidine-modified protein 

in endothelial cells. This study confirmed results obtained previously in rat glomerular 

mesangial cells (Padival et al. 2003). Hsp27 is an important protein chaperone and 

plays a role in apoptosis and in actin polymerization. The modification by MG of 

Hsp27 promotes its chaperone activity and could protect cells from hyperglycemic 

and oxidative damage in diabetes. The MG-glycation of α-crystallin, another protein 

chaperone, also enhanced its chaperone activity and protected the lens from 

deleterious protein modifications associated with ageing (Nagaraj et al. 2003). 

Therefore, the post-translational MG-modification of these 2 proteins could be a 

protective mechanism against environmental and metabolic stresses. However, 

modified Hsp27 was also associated with cataract development. In this context, MG-

modifications of Hsp27 increased its anti-apoptotic potential by inhibition of caspases 

activity (Oya-Ito et al. 2006). Hsp27 has also been shown to be targeted by MG in 

human cancer cells as discussed below. The modification of Hsp27 by MG protects 

cells from apoptosis (Sakamoto et al. 2002, van Heijst et al. 2006, Bair et al. 2010, 

Oya-Ito et al. 2011). We can conclude that, depending of the context, MG-

modifications on the same protein can have different effects on cells. 

3.4.4. MG and Glo1 in cancer 

In the 60-70s, MG was considered as an anti-tumor agent. An arrest of tumor 

growth and a reduction of tumor size were observed when MG was injected 

intraperitoneally or intravenously in mice bearing experimental tumors (Apple and 

Greenberg 1967, Jerzykowski et al. 1970, Conroy 1978). The problem of this strategy 

was the high toxicity of MG for the normal cells and the need of selective anti-tumor 
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therapy. Later, in vitro studies reported that treatment of human cancer cell lines with 

MG induced cell-cycle arrest and apoptosis (Kang et al. 1996, Milanesa et al. 2000). 

In order to survive, highly glycolytic cancer cells require a high rate and 

functional detoxification system of MG. Ten years after the discovery of the Warburg 

effect, glyoxalase activities in malignant and non-malignant tissues from rats were 

reported (for review (Thornalley and Rabbani 2011). In 1956, McKinney and Rundles 

demonstrated that glyoxalase activity is higher in leukemic human leukocytes 

compared to normal leukocytes in vitro (McKinney and Rundles 1956). Several 

transcriptomic, proteomic and/or immunohistochemical studies (Table 3), reported an 

increase of Glo1 expression/activity in cancer cells suggesting an important role of 

this protein during carcinogenesis. In 2010, Santarius and collaborators reported that 

increased Glo1 expression in human cancer cells is related to its gene amplification 

(Santarius et al. 2010). However, a genomic study identified Glo1 as a tumor 

suppressor gene which is located in frequently deleted genomic zones in both 

hepatocellular and breast carcinoma. They produced a short hairpin RNA (shRNA) 

library targeting the mouse orthologues of genes deleted in hepatocellular carcinoma 

and screened for shRNAs which promote tumorigenesis in a mouse model of 

hepatocellular carcinoma. Significantly, they identified and functionally validated 13 

tumor suppressor genes, among which Glo1 (Zender et al. 2008). 
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Tumor origin Glo1 status References 

Breast 

Increased Glo1 expression and activity in 

tumors 
(Rulli et al. 2001) 

Increased Glo1 expression in HER2+ cancer (Zhang et al. 2005) 

Increased Glo1 expression associated with 

tumor grade 
(Fonseca-Sanchez et al. 2012) 

Pancreas 
Increased Glo1 expression in liver metastasis (Nakamura et al. 2004) 

Increased Glo1 expression in tumors (Wang et al. 2012) 

Prostate 

Increased Glo1 activity in tumors 
(Davidson et al. 1999, Davidson 

et al. 2002) 

Increased Glo1 expression associated with 

cancer progression 
(Romanuik et al. 2009) 

Increased Glo1 expression in tumors (Samadi et al. 2001) 

Gastric 

Increased Glo1 expression associated with 

poor prognosis 
(Cheng et al. 2012) 

Increased Glo1 expression in tumors (Hosoda et al. 2015) 

Lung 

Increased Glo1 activity in cancer cell lines (Sakamoto et al. 2001) 

Glo1 activity similar in tumoral and non-

tumoral tissues 
(Di Ilio et al. 1987) 

Skin 
Increased Glo1 expression associated with  

tumor stage 
(Bair et al. 2010) 

Ovarian 

Increased Glo1 expression in invasive 

tumors 
(Jones et al. 2002) 

Increased Glo1 expression in pre-malignant 

lesions 
(Smith-Beckerman et al. 2005) 

Bladder 
Increased Glo1 expression and activity in 

superficial tumors and not in invasive tumors 
(Mearini et al. 2002) 

Colon 
Increased Glo1 expression and activity in 

tumors 
(Ranganathan and Tew 1993) 

Liver 

Increased Glo1 expression in tumors (Hu et al. 2014) 

Increased Glo1 expression in tumors 

(Glo1 genetic amplification) 
(Zhang et al. 2014) 

Blood 

(Leukemia) 

Increased Glo1 expression in Acute Myeloid 

Leukemia compared to Acute Lymphoid 

Leukemia 

(Cui et al. 2004) 

Table 3: Glo1 expression and activity in human cancers. 
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 Since late 60’s, Glo1 inhibitors, such as S-p-bromobenzylglutathione, are 

tested as anticancer agents (Vince and Wadd 1969, Vince et al. 1971). The first Glo1 

inhibitors were GSH conjugates and acted as Glo1 substrate analogues. They had 

poor cellular permeability and were unstable to cleavage by γ-glutamyl transferase in 

the extracellular environment. In order to improve these two latter features, a 

diesterification of GSH conjugate inhibitors has been performed. When these GSH 

conjugate diesters are delivered to the tumor, ester groups are removed by non-

specific esterases and Glo1 inhibitor is revealed. S-p-bromobenzylglutathione 

cyclopentyl diester (BBGC) has been shown to have potent anti-tumor activities in 

vitro and in vivo by increasing MG levels and inducing apoptosis (Lo and Thornalley 

1992, Thornalley et al. 1996). Delivery of the prodrug inhibitors was potentially 

impaired by plasma esterases which release Glo1 inhibitors before tissue delivery. 

Therefore, improvements of the chemical structure of these Glo1 inhibitors have 

been performed (Murthy et al. 1994, Kavarana et al. 1999, Sharkey et al. 2000). 

Some current clinical and investigational drugs have been shown to inhibit Glo1 such 

as methotrexate (Bartyik et al. 2004) and curcumin (Santel et al. 2008). Interestingly, 

BBGC selectively induced apoptosis in human lung cancer cells that overexpressed 

Glo1 (Sakamoto et al. 2001). Highly glycolytic tumor cells produce high level of MG 

and, consequently, need high level of Glo1 to detoxify MG. As expected, inhibition of 

Glo1 activity by BBGC induced high/toxic amount of MG and led to cell death. 

Moreover, intraperitoneal injection of BBGC in mice bearing subcutaneous lung or 

prostate tumors reduced significantly tumor growth with little toxicity to the mice 

(Sakamoto et al. 2001). In this study, the observed apoptosis was mediated through 

JNK and p38 phosphorylation as well as caspase-3 and -9 cleavage and activation. 

However, MG can induce apoptosis in cancer cells through various mechanisms: (1) 

generation of ROS and GSH depletion (Amicarelli et al. 2003), (2) inhibition of 

cellular respiration (Milanesa et al. 2000, Davidson et al. 2002, Ghosh et al. 2011), 

(3) DNA modification and DNA-protein cross-link resulting in DNA instability 

(Thornalley et al. 2010), (4) cell cycle progression inhibition (Kang et al. 1996, 

Milanesa et al. 2000), (5) negative regulation of anti-apoptotic proteins as well as 

positive regulation of pro-apoptotic proteins (Antognelli et al. 2013) and (6) impaired 

mitochondrial permeability via the glycation of mitochondrial proteins and release of 

cytochrome c (Speer et al. 2003).  
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Glo1 overexpression has been associated with  multidrug resistance (MDR) in 

cancer chemotherapy (Sakamoto et al. 2000). Glo1 activity was increased in several 

antitumor agent resistant leukemia and other cancer types cells, compared with their 

parental cells. Sakamoto and colleagues generated a variant (UK711) of human 

monocytic leukemia U937 cells which was resistant to apoptosis induced by several 

chemotherapeutic agents such as Etoposide, Adriamycin and Mitomycin C. Using a 

complementary DNA subtractive hybridization of these 2 leukemia cell lines, they 

found a Glo1 overexpression in the apoptotic-resistant UK711. In human T-cell 

leukemia Jurkat cells, Glo1 overexpression confers resistance to Etoposide and 

Adriamycin antitumor agents. Moreover, co-treatment with BBGC sensitized drug-

resistant leukemia UK711 cells to Etoposide (Sakamoto et al. 2000). Santarius and 

collaborators have confirmed that cancer cells with high level of Glo1 were resistant 

to current chemotherapeutic agents but were sensitive to Glo1 inhibition by BBGC or 

Glo1 silencing. In contrast, they showed that tumor cells with low Glo1 are insensible 

to anti-Glo1 treatment (Santarius et al. 2010). As mentioned above, cancer cells 

express high level of Glo1 in order to survive in highly glycolytic and high MG level 

conditions. Therefore, Glo1 inhibition induces higher MG level and its cytotoxicity 

properties which increase the efficacy of antitumor agents. These results suggest 

that high Glo1 expression and high MG levels are required in order to observe a 

cytotoxic response to Glo1 inhibition combined with chemotherapeutic agents. Taken 

together, these studies indicate that Glo1 could represent an interesting marker for 

drug resistance. 

The presence of MG-adducts in malignant lesions has been only poorly 

explored to date. The pioneer study, published 10 years ago, demonstrated an 

accumulation of argpyrimidine adducts in human larynx and breast carcinoma cells 

(van Heijst et al. 2005). Until now, Hsp27 is the only MG-modified protein identified in 

cancer cells.  Hsp27 is highly expressed in cancer cells and its expression is 

associated with increased tumorigenicity, metastatic potential and resistance to 

chemotherapy. This latter is a powerful anti-apoptotic protein counteracting apoptosis 

at different steps (for review (Wang et al. 2014). Sakamoto and colleagues found 

argpyrimidine adducts of Hsp27 in cancer cells (Sakamoto et al. 2002). The arginine 

188 at the C-terminus was identified as the residue of MG-modification. MG-glycation 

leads to oligomerization and multimers formation of Hsp27 which are required for a 
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correct chaperone function of Hsp27 (Rogalla et al. 1999). Furthermore, MG-

modification of Hsp27 prevents cytochrome c-mediated caspase-3 and -9 activation. 

Therefore, MG avoids cancer cells from undergoing apoptosis by enhancing Hsp27 

anti-apoptotic activities. Interestingly, inhibition of MG-modification of Hsp27 by 

treatment with MG scavenger sensitizes cancer cell to Camptothecin and Etoposide 

antitumor agents (Sakamoto et al. 2002). Later, an inverse correlation between 

argpyrimidine-modified Hsp27 and active caspase-3 was demonstrated in squamous 

cell from lung carcinoma. Cancer cells with high expression of MG-modified Hsp27 

are resistant against Cisplatin-induced caspase-3 activation compared to cells with 

low MG-Hsp27 cells in which cisplatin induced a strong activation of caspase 3 (van 

Heijst et al. 2006). Therefore, besides Glo1, MG-AGEs could also be implicated in 

MDR. More recently, a proteomic analysis identified Hsp27 as the major 

argpyrimidine-modified protein in human melanoma cells (Bair et al. 2010). MG-

Hsp27 was also observed in gastrointestinal carcinoma cell lines as well as in colon 

and rectum from cancer patients, but not in healthy subjects. Additionally, the transfer 

of MG-Hsp27 using a cationic lipid is more effective in preventing H2O2 induced 

apoptosis than naïve Hsp27 in rat intestinal epithelial cells. MG-modified Hsp27 

effectively inhibited caspase activation, ROS production and apoptosis mediated by 

hydrogen peroxide treatment. Mass spectrometry analysis of MG-glycated human 

recombinant Hsp27 identified 6 modified residues: arginines 5, 96, 127, 136 and 188 

and lysine 123 (Oya-Ito et al. 2011). Altogether, these results demonstrated that high 

expression of MG-glycated Hsp27, associated with apoptosis inhibition and 

increased chaperone activity, could represent a mechanism responsible of tumor 

growth. 

After their observation that CML, a glyoxal-derived adduct, is strongly present 

in lung cancer tissues, Van Heijst and colleagues raised an interesting hypothesis 

(van Heijst et al. 2006). By binding to RAGE, CML modified proteins may be involved 

in tumor progression through the activation of NF-kB (Kislinger et al. 1999) as well as 

the upregulation of VEGF (Okamoto et al. 2002) and of vascular cell adhesion 

molecule 1 (VCAM-1) (Schmidt et al. 1995). Interestingly, RAGE expression was 

found to be strongly associated with the invasive and metastatic activity of gastric 

and pancreatic carcinomas (Takada et al. 2001, Kuniyasu et al. 2002). We can also 
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speculate that MG-AGEs, by binding to RAGE, could favor tumor progression and 

metastasis development.  

To summarize, a timeline with the most important findings concerning MG and 

Glo1 is shown in Figure 23. 
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Figure 23: Timeline of some important findings concerning MG and Glo1. The general outcomes 
are written in black. The reports related to diabetes, cancer and ageing are described in green, pink 
and blue, respectively. Adapted from (Rabbani and Thornalley 2011, Thornalley and Rabbani 2011, 
Xue et al. 2011). 



 I. Introduction 

 

52 
 

3.5. MG scavengers 

It is clear now that carbonyl stress represents a good candidate for anti-cancer 

therapy. As mentioned above, Glo1 inhibitors by increasing MG accumulation are 

able to induce cancer cell death and help to sensitize resistant cancer cells to 

chemotherapeutic agents. However, MG favors tumor progression by helping cancer 

cell escape from apoptosis. Therefore, drugs decreasing MG level and adducts 

formation are now developed for cancer therapy but also for the treatment of other 

pathologies such as diabetes and neurological disorders. Carbonyl stress may be 

impaired by preventing dicarbonyl formation, scavenging dicarbonyls and enhancing 

detoxifying enzymes such as Glo1. Investigational MG scavenging molecules are 

aminoguanidine, N-phenacylthiazolium bromide, alagebrium, carnosine, 

pyridoxamine and metformin.  

Aminoguanidine, a nucleophilic hydrazine compound, lowers the formation of 

AGEs by its scavenging capacity for MG through reaction with its guanidine group 

(Brownlee et al. 1986, Lo et al. 1994). In experimental conditions, aminoguanidine 

prevents diabetic complications such as nephropathy (Soulis-Liparota et al. 1991, 

Soulis et al. 1996), retinopathy (Hammes et al. 1991) and neuropathy (Kihara et al. 

1991).  

N-phenacylthiazolium bromide and alagebrium, considered as AGE cross-

link breakers, impair vascular diabetic complications in preclinical studies by 

inhibiting AGEs formation (Ferguson et al. 1999, Cooper et al. 2000, Vasan et al. 

2003, Sell and Monnier 2012, Engelen et al. 2013). 

Carnosine is a pluripotent dipeptide (β-alanyl-L-histidine) produced by brain, 

kidney and skeletal muscle in mammals. Functionally, carnosine can scavenge 

reactive oxygen species (Boldyrev et al. 2004), reactive nitrogen species (Fontana et 

al. 2002) and reactive dicarbonyl  (Hipkiss and Chana 1998) and acts as a metal ion 

chelator (Trombley et al. 2000). By scavenging MG, carnosine delays cellular 

senescence (McFarland and Holliday 1994). Paradoxically, the dipeptide inhibits the 

proliferation of cultured cancer cells (Holliday and McFarland 1996, Iovine et al. 

2012, Shen et al. 2014). The anti-neoplastic effect of carnosine was also described in 

vivo (Renner et al. 2010, Horii et al. 2012). Carnosine has been also explored for its 

therapeutic potential towards neurological disorders (Bellia et al. 2011) and 
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complications associated with type 2 diabetes (Kamei et al. 2008, Pfister et al. 2011, 

Riedl et al. 2011). The underlying mechanism of the beneficial effects of carnosine is 

not clear but it has been suggested that inhibition of AGEs formation may be part of it 

(Hipkiss 2005). Unfortunately, the metabolic instability of carnosine in human serum 

due to the presence of carnosinase is an obstacle to its therapeutic use in patients. 

The development of more stable carnosine derivatives is needed. 

The natural vitamin B6 analogue, pyridoxamine, is another MG scavenger 

and increases also Glo1 activity (Nagaraj et al. 2002). Treatment of diabetic 

experimental animals with pyridoxamine improves significantly renal function 

(Degenhardt et al. 2002, Alderson et al. 2003, Tanimoto et al. 2007, Waanders et al. 

2008, Zhu et al. 2012). Because pyridoxamine demonstrated beneficial effects 

without major adverse effects, this compound is currently studied as a potential 

treatment for type 2 diabetes patients (Williams et al. 2007).   

Metformin is currently the first-line treatment option for patients with type 2 

diabetes. The blood glucose-lowering activity of metformin is linked to suppression of 

hepatic gluconeogenesis and increased cellular uptake of glucose, for review (Viollet 

et al. 2012).  In addition to its glucose-lowering action, this drug can also trap MG 

(Ruggiero-Lopez et al. 1999). This reaction between the guanidino group of 

metformin and the dicarbonyl group of MG is similar to the one with aminoguanidine, 

another guanidine compound (Lo et al. 1994). Indeed, it has been shown that 

metformin treatment is able to reduce plasma MG levels in type 2 diabetic patients 

(Beisswenger et al. 1999). Beisswenger and collaborators postulated that MG 

decrease is either due to the scavenging capacity of metformin or to the increased 

production of GSH and enhanced glyoxalase detoxification system. Interestingly, 

metformin decreased specifically MG levels and not the others dicarbonyls such as 

3-DG. Several studies demonstrated a beneficial effect of metformin on vascular 

complications in type 2 diabetes patients (De Jager et al. 2005, Takiyama et al. 2011, 

Kender et al. 2014). Although the link with its MG-scavenging function is not 

established, increasing evidence showed a potential efficacy of metformin as an 

anticancer drug. Indeed, treatment with metformin decreased proliferation in various 

cancer cell lines by inducing cell cycle arrest and apoptosis (Ben Sahra et al. 2008, 

Gotlieb et al. 2008, Wang et al. 2008, Zhuang and Miskimins 2008, Alimova et al. 

2009). These results have been confirmed in several animal cancer models 
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(Schneider et al. 2001, Buzzai et al. 2007, Hirsch et al. 2009, Kisfalvi et al. 2009, Liu 

et al. 2009) 

The vitamin B1 derivative, benfotiamine, commonly used as a treatment for 

diabetic neuropathy, is not a direct scavenger of MG; but, by activating transketolase 

and the pentose phosphate pathway, it decreases MG formation (Hammes et al. 

2003). 

Until now, most MG scavengers have failed to achieve translation to clinical 

efficacy due to toxicity and short half-life (Thornalley 2003), instability (Thornalley and 

Minhas 1999) and dose-activity profile that is difficult to translate clinically (ca. 4 g/kg) 

(Nagaraj et al. 2002). The discovery of Glo1 inducers which increase Nrf2 binding to 

Glo1 promoter offers an alternative to MG scavengers that is more effective and safe. 

Natural isothiocyanates, which could be found in cruciferous vegetables, activate 

Nrf2. These Nrf2 activators increase Glo1 expression and decrease cellular MG level 

and MG-derived protein adducts (Xue et al. 2012). Glo1 inhibitors such as BBGC 

could be used for cancer treatment in MDR context for example or against bacteria in 

case of microbial infections. Finally, BBGC had potent anti-malarial activity against 

the red blood stage of Plasmodium falciparum (Thornalley et al. 1994).  
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II. Objectives of the study 

Tumor cells use glycolysis rather than mitochondrial respiration to produce 

their energy (Warburg effect). Methylglyoxal (MG), a highly reactive glycolysis by-

product, is thus accumulated in tumor cells where it glycates lipids, proteins and 

nucleic acids, thereby inducing a carbonyl stress. All mammalian cells developed a 

detoxifying system composed of 2 enzymes, glyoxalase 1 and 2 (Glo1 and 2) 

transforming MG into D-lactate. The contribution of MG in diabetes and its 

complications has been extensively studied since the 80s. However, the role of 

carbonyl stress in the context of cancer is still at its early days. To date, the only 

target of MG identified in cancer cells is heat shock protein 27 (Hsp27), a regulator of 

apoptosis.  

Since 2013, a new research thematic has been launched in our Laboratory to 

study the potential role of MG and Glo1 in cancer development and progression. The 

project conducted in the context of this thesis comprised three main objectives: 

The first objective was to evaluate carbonyl stress in breast cancer. To 

achieve this first goal, we notably developed the immunohistochemical staining of 

argpyrimidine MG-adducts and Glo1 using specific antibodies as well as Glo1 

enzymatic activity assay. 

The second objective was to identify new MG-modified proteins in breast 

cancer cells. In collaboration with the Laboratory of Pr. Edwin De Pauw (ULg), we 

performed mass spectrometry analysis to identify the modified residues within protein 

sequence of new MG targets. 

The third objective was to determine the consequences of high carbonyl 

stress on cancer progression and metastasis development. Besides exogenous 

MG treatment, we choose the strategy to inhibit Glo1 in breast cancer cells in order to 

induce high endogenous MG level. These Glo1-deficient cancer cells were used for 

in vitro and in vivo experiments to help characterize their phenotype. The link 

between the biological effects mediated by Glo1-silencing and MG stress was further 

established using anti-glycating agents such as carnosine and aminoguanidine.  
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III. Results 

1. Triple negative tumors accumulate significantly 

less methylglyoxal specific adducts than other 

human breast cancer subtypes 

1.1. Introduction 

Breast cancer represents the most frequent cancer in women and regroups different 

lesions characterized by biological and molecular features. Breast tumors are divided into 4 

molecular subtypes on the basis of estrogen/progesterone receptors and HER2 expression: 

luminal A (or HER2 negative), luminal B (or triple positive), HER2 positive and basal (or triple 

negative). Around 15-20% of diagnosed breast cancers are triple negative (Penault-Llorca 

and Viale 2012). These tumors are generally considered as aggressive tumors due to their 

high proliferation rate, high histologic grade and hormone-independent growth (Foulkes et al. 

2010). Currently no specific treatment except surgery and chemo/radiotherapy is available 

for these patients. Therefore, patients with triple negative tumors have a poor prognosis. 

 In proliferating cells, glucose metabolism and growth control are strictly linked. Tumor 

cells use glycolysis rather than mitochondrial respiration to produce their energy, even in 

normoxic conditions (Vander Heiden et al. 2009). This adaptation is known as the Warburg 

effect. Methylglyoxal (MG), a highly reactive glycolysis by-product, is thus accumulated in 

tumor cells where it glycates lipids, proteins and nucleic acids, generating advanced 

glycation end products (AGEs). The reaction of MG with arginine residues on proteins 

generates MG-adducts including argpyrimidine. All mammalian cells possess a detoxifying 

system composed of 2 enzymes, glyoxalase 1 (Glo1) and 2 (Glo2) transforming MG into D-

lactate (Racker 1951). The imbalance between MG detoxification and AGEs production 

generates a carbonyl stress that leads to major cellular damage. 

 The possible role of MG in breast cancer development and progression has not been 

yet extensively explored. Van Heijst and collaborators detected argpyrimidine adducts in 

several human tumor types including adenocarcinoma of the breast and squamous cell 

carcinoma of the larynx using MG-adducts immunohistochemical analysis (van Heijst et al. 

2005). It has been demonstrated that Glo1 detoxification enzyme is overexpressed in many 

human cancers (Ranganathan and Tew 1993, Davidson et al. 1999, Bair et al. 2010). In 

2001, Rulli and collaborators showed an increased Glo1 expression and activity in human 
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breast cancer tissues compared to normal counterparts (Rulli et al. 2001). More recently, 

Glo1 gene amplification was evidenced in several human breast cancer cell lines (Santarius 

et al. 2010) and Glo1 expression has been positively correlated with high tumor grade in 

breast cancer (Fonseca-Sanchez et al. 2012).  

 The objective of this study was to evaluated carbonyl stress in human breast cancer 

tissues and cell lines. 

1.2. Results 

We first evaluated the presence of argpyrimidine adducts in 7 breast cancer tissues 

and in the corresponding non-tumoral counterparts using a specific antibody against 

argpyrimidine adducts by western blot. Tumoral lesions consistently accumulated more 

argpyrimidine MG-adducts compared to non-tumoral matched breast tissue (Figure 24). 

 

 

 

 

 

 

 

 

 

 

Using immunohistochemistry, we next evaluated argpyrimidine level in 2 normal 

human breast tissues and in a cohort of breast cancers (n=93) divided in the 4 main 

subtypes (triple negative, triple positive, HER2 positive and HER2 negative). In good 

accordance with previous results, a moderate argpyrimidine staining was observed in normal 

breast tissues (Figure 25A-C). Interestingly, we found a significant association of 

argpyrimidine accumulation with breast cancer subtypes. We observed that the triple 

negative breast cancer tissues exhibited lower argpyrimidine immunostaining compared to 

the other subtypes (Figure 25E-I).  

Figure 24: Increased argpyrimidine adducts in human breast cancer tissues compared with the 
non-tumoral counterparts. Using western blot analysis, argpyrimidine residues were evaluated in 7 
human breast cancer tissues (T) and in their non-tumoral counterparts (N). Ponceau Red is shown as 
an indicator of equal protein loading.  
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To further explore the observed difference in the accumulation of MG-adducts in the 

different breast cancer subtypes, we performed Glo1 immunostaining on the same tissues 

using serial sections. No significant difference was found between the different groups. 

Indeed, Glo1 was highly expressed in most of the tissues evaluated. Therefore, we sought to 

examine the enzymatic activity of Glo1 rather its expression in triple positive and triple 

negative breast tumor samples. We demonstrated a significant increase of Glo1 activity in 

triple negative lesions when compared to triple positive ones, suggesting that they displayed 

a better MG detoxification capacity (Figure 26).  

 

 

 

 

 

Figure 25: Triple negative breast tumors accumulated less argpyrimidine adducts in 

comparison with triple positive, HER2- and HER2+ tumors. A. Argpyrimidine adducts are 

detectable in breast tissue from reduction mammoplasty, magnification 100x. B. and C. show a higher 

magnification (400x) of regions boxed in panel A. Triple negative lesions (D.) exhibited a significantly 

lower accumulation of argpyrimidine residues compared to triple positive (E.), HER2- (F.) and HER2+ 

(G.) ones, magnification 100x. H. and I. Immunohistochemical scoring and graphical representation of 

argpyrimidine immunodetection, respectively.   
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Next, we investigated argpyrimidine adducts in breast cancer cell lines from different 

molecular subtypes. Consistent with immunohistochemical results, triple negative breast 

cancer cell lines (MDA-MB-231 and MDA-MB-468) showed less argpyrimidine accumulation 

compared to HER2+ cells (SKBR3) and ER+/PR+ cells (MCF7). Interestingly, only triple 

negative breast cancer cells responded to MG treatment by increasing Glo1 expression and 

activity (Figure 27). 

 

 

 

 

 

 

 

 

 

 

Figure 26: Increased Glo1 activity in triple negative breast cancer tissues in comparison with 
triple positive ones. Glo1 activity was measured in total breast tumors proteins extracts comprising 5 
triple negative and 4 triple positive samples. * p ≤ 0.05. 

Figure 27: Glo1 expression and activity in human breast cancer cell lines upon MG treatment. 
Breast cancer cells were treated with increasing concentrations of MG for 6 hours. Only triple negative 
cells are able to respond to MG stimulation by increasing Glo1 protein level (A.) and activity (B.). Beta-
actin was used for normalisation and densitometric quantification was performed. * p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001. 
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1.3. Conclusions 

In this first study, we demonstrated that carbonyl stress is a common feature in breast 

tumors compared to normal breast tissues. We showed that triple negative breast cancers 

accumulate less argpyrimidine MG-adducts compared to other breast tumor subtypes, 

probably due to a more efficient detoxification activity. Our data indicate that breast cancer 

cells originating from different tumor molecular subtypes react differently to MG stress. The 

most aggressive breast cancer cells are able to respond to MG stimulation by increasing 

Glo1 activity thus reducing their carbonyl stress level and escape from MG cytotoxic effects. 

These findings suggest that sensitizing triple negative tumor cells to carbonyl stress may 

represent a good therapeutic strategy for this aggressive cancer subtype.  
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ABSTRACT
Metabolic syndrome and type 2 diabetes are associated with increased risk of 

breast cancer development and progression. Methylglyoxal (MG), a glycolysis by-
product, is generated through a non-enzymatic reaction from triose-phosphate 
intermediates. This dicarbonyl compound is highly reactive and contributes to 
the accumulation of advanced glycation end products. In this study, we analyzed 
the accumulation of Arg-pyrimidine, a MG-arginine adduct, in human breast 
adenocarcinoma and we observed a consistent increase of Arg-pyrimidine in cancer 
cells when compared with the non-tumoral counterpart. Further immunohistochemical 
comparative analysis of breast cancer subtypes revealed that triple negative lesions 
exhibited low accumulation of Arg-pyrimidine compared with other subtypes. 
Interestingly, the activity of glyoxalase 1 (Glo-1), an enzyme that detoxifies MG, was 
significantly higher in triple negative than in other subtype lesions, suggesting that 
these aggressive tumors are able to develop an efficient response against dicarbonyl 
stress. Using breast cancer cell lines, we substantiated these clinical observations 
by showing that, in contrast to triple positive, triple negative cells induced Glo-1 
expression and activity in response to MG treatment. This is the first report that Arg-
pyrimidine adduct accumulation is a consistent event in human breast cancer with 
a differential detection between triple negative and other breast cancer subtypes. 

INTRODUCTION

Breast cancer represents the highest incidence of 
cancers and the second most common cause of death in 
women. This malignancy is characterized by a highly 
heterogeneous group of lesions with molecular and 
biochemical signatures, disease course, prognosis and 
treatment response. The classification based on gene 
expression patterns is commonly used to assess prognosis 
and therapy regimen. Breast malignant tumors are 

categorized into 4 main subtypes: luminal A (or HER2 
negative tumors), luminal B (or triple positive tumors), 
HER2 positive, and basal-like (or triple negative tumors) 
[1-3]. This latter group represents around 15-20% of 
newly diagnosed breast cancers [4]. Typically, these 
lesions are characterized by high proliferation rate, high 
histologic grade, tumor necrosis and poor prognosis [5, 
6]. Currently no treatment except chemoterapy is available 
for these patients. 

Emerging evidence shows that cancer is a metabolic 
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disease and that altered cellular energy metabolism is a 
common feature of malignant tumors. In recent studies, 
a link between obesity, diabetes and breast cancer has 
been made through insulin/insulin-like growth factor and 
PI3K/Akt/mTOR signaling pathways and through obesity-
induced chronic inflammation caused by adipose tissue 
dysfunction [7-9]. 

In proliferating cells, glucose metabolism and 
growth control are strictly linked [10, 11]. The Warburg 
effect according to which cells can rely on glycolysis 
as a major source of energy rather than oxidative 
phosphorylation, even in normoxic conditions, has 
been well described in many tumors including breast, 
melanoma, lung and colorectal cancer [12, 13]. 
Methylglyoxal (MG) is a highly reactive dicarbonyl 
compound and a potent glycating agent, mainly generated 
as a by-product of glycolysis through a spontaneous 
degradation of triosephosphates [14]. Accumulation of 
glycated proteins has been observed in several human 
diseases including diabetes, inflammation, aging, 
neurodegenerative disorders and cancer [15-25]. 

MG reacts with arginine, lysine and cysteine 
residues, nucleic acids and lipids generating advanced 
glycation end products (AGEs). In mammalian cells, 
MG is detoxified by the glyoxalase system, an enzymatic 
pathway consisting of two enzymes called glyoxalase 1 
(Glo-1) and glyoxalase 2 (Glo-2). Glo-1 catalyzes the 
isomerisation of the hemithioacetal, formed spontaneously 
from MG and reduced glutathione (GSH) to S-D-
lactoylglutathione. The second enzyme, Glo-2, converts 
the S-D-lactoylglutathione to D-lactate and recycles 
reduced glutathione [26, 27]. It has been shown that Glo-1 
expression and activity is increased in many human cancer 
types such as colon [28], prostate [29, 30], melanoma [31], 
lung [32], and breast [33] and that Glo-1 overexpression 
is correlated with cancer progression and drug resistance 
[34, 35]. In a recent proteomic study, Glo-1 expression has 

been shown to be positively correlated with high tumor 
grade in breast cancer [36]. 

The reaction of MG with arginine residues generates 
stable MG-moieties called Arg-pyrimidine [37, 38]. So 
far only few studies analyzed the expression of Arg-
pyrimidine adducts in cancer. Van Heijst and collaborators 
performed an Arg-pyrimidine immunohistochemical 
evaluation in 4 different types of human cancers, including 
a limited number of breast cancer lesions (n=5). Their 
conclusion was that Arg-pyrimidine level differs greatly 
between different types of tumors. To date the best-
studied Arg-pyrimidine-modified protein identified in 
malignant tumors is the heat shock protein 27 (Hsp27). 
This chaperone protein facilitates the proper refolding of 
damaged proteins and plays a key role in cell resistance to 
stress. In cancer cells, MG post-translationally modified 
Hsp27 prevented apoptotic cell death notably through the 
inhibition of cytochrome C-mediated caspase activation 
[39-41].

In this study, we evaluated for the first time Arg-
pyrimidine adducts accumulation in a large collection of 
breast cancer lesions categorized into the 4 main molecular 
subtypes using an immunohistochemistry approach. We 
demonstrated that triple negative breast tumors accumulate 
least Arg-pyrimidine adducts because of an efficient Glo-
1-based detoxification system. These findings suggest that 
sensitizing triple negative tumors to carbonyl stress may 
represent a good strategy for aggressive cancer subtypes. 

RESULTS

Arg-pyrimidine adducts are accumulated in 
human breast cancer tissues 

We evaluated the presence of Arg-pyrimidine 
adducts in 7 breast cancer tissues and in their non-tumoral 

Figure 1: Increased Arg-pyrimidine residues in human breast cancer tissues compared with the non-tumoral 
counterparts. Arg-pyrimidine adducts were evaluated in 7 breast cancer tissues (T) and in their non-tumoral counterpart (N) using 
western blot analysis (20 µg of proteins were loaded). The Ponceau S-stained membrane is shown as an indicator of equal protein loading. 
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counterparts by Western blot analysis. The antibody was 
specifically directed against Arg-pyrimidine adducts. As 
shown in Figure 1, tumoral lesions accumulated more Arg-
pyrimidine moieties in comparison with the corresponding 
non-tumoral counterparts. Some MG-modified proteins 
appeared enriched and/or uniquely observed in cancer 
lesions.

Triple negative breast tumors accumulate less 
Arg-pyrimidine adducts compared with other 
breast cancer subtypes 

Using immunohistochemistry, we next examined 
Arg-pyrimidine accumulation in 2 normal human breast 
samples and in a collection of 93 breast tumors categorized 
in triple negative, triple positive, HER2 positive and HER2 
negative. Arg-pyrimidine staining was mainly localized 
to the cytoplasm of breast epithelial cells, however in 
some cells a nuclear staining was also detectable. In good 
accordance with the Western blot analysis conducted on 
adjacent non tumoral breast samples, a moderate Arg-
pyrimidine immunostaining was detected in normal breast 
tissue (Figure 2A-C). It is noteworthy that endothelial 
cells lining the visible blood vessels adjacent to normal 
mammary glands were positive (Figure 2A). Interestingly, 
when we evaluated Arg-pyrimidine accumulation in 
the different breast cancer subtypes we found that Arg-

pyrimidine staining was significantly associated (chi-
square test p<0.0001) with the cancer subtypes. Indeed, 
we observed that the majority of triple negative lesions 
(Figure 2D) exhibited low staining for MG-adducts in 
comparison with the other subtypes (Figure 2E-G). In fact, 
more than 70% of triple negative breast tumors exhibited 
a negative to weak staining for Arg-pyrimidine while the 
majority of the 3 other breast cancer subtypes evaluated 
showed a moderate to strong level of MG-adducts (Figure 
2H). No significant staining was observed in tumor stroma 
in all the sections analyzed.

Triple negative breast cancer cell lines globally 
showed less Arg-pyrimidine adducts than other 
tumor subtypes

 Next, we investigated Arg-pyrimidine accumulation 
in HER2 positive (SKBR3), estrogen/progesterone 
receptor-positive (MCF-7) and 4 triple negative (MDA-
MB-231, MDA-MB-468, BT549, Hs579T) human 
breast cancer cell lines using Western blot analysis. All 
triple negative cell lines showed less Arg-pyrimidine 
accumulation compared with non-triple negative cell 
lines (Figure 3). This result is consistent with our 
immunohistochemical observations indicating that 
different breast cancer subtypes show distinct glycated 
adducts accumulation. 

Figure 2: Triple negative breast tumors accumulated less Arg-pyrimidine adducts in comparison with triple positive, 
HER2- and HER2+ tumors. (A) Arg-pyrimidine adducts are detectable in breast tissue from reduction mammoplasty. The panels (B) 
and (C) show a higher magnification (400x) of the cellular regions boxed in panel A. Triple negative lesions (D) exhibited a significantly 
lower accumulation of Arg-pyrimidine residues compared to triple positive (E), HER2- (F) and HER2+ (G) subtypes, magnification 100x. 
Immunohistochemical quantification (H) was performed as described in Materials and Methods section.
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Increased glyoxalase 1 (Glo-1) activity in triple 
negative tissues 

To further explore the observed difference in 

accumulation of glycated adducts, serial sections were 
stained for both Arg-pyrimidine (Figure 4A, a and b) and 
the main MG-detoxifying enzyme, Glo-1 (Figure 4A, 
c and d). High Glo-1 staining was observable in both 
tumor subtypes regardless of the different levels of Arg-
pyrimidine and no significant association (Fisher’s exact 
test) was observed between the staining intensity and the 
different cancer subtypes evaluated. Indeed, most of triple 
negative (80%) and triple positive (90%) lesions expressed 
high levels of Glo-1 (Figure 4B). Therefore, we sought to 
examine the enzymatic activity of Glo-1 in these samples. 
The measurement performed on tissue extracts showed 
a significant increase in Glo-1 activity in triple negative 
tumors when compared with triple positive ones (Figure 
5). 

Only triple negative breast cancer cell lines 
respond to MG stimulation by increasing their 
Glo-1 expression and activity

To investigate whether triple negative breast cancer 
cells could respond to MG stimulation by increasing Glo-1 
expression and activity, we treated breast cancer cells with 
MG at 300, 500 or 1000 µM during 6 hours. MG treatment 
neither affected the level of expression (Figure 6A) nor the 
activity (Figure 6B) of Glo-1 in MCF-7 and SKBR3 breast 
cancer cells. However, MG significantly induced a dose-
dependent effect on both Glo-1 expression and activity 
in MDA-MB-231 and MDA-MB-468 triple negative cell 
lines (Figure 6A and B). Moreover, the 2-way ANOVA 

Figure 3: Low basal Arg-pyrimidine adducts 
accumulation in triple negative breast cancer cell 
lines. Arg-pyrimidine levels were evaluated using Western blot 
analysis on 6 breast cancer cell lines including SKBR3, MCF-7 
and 4 triple negative cell lines. In comparison with MCF-7 and 
SKBR3, all triple negative cells expressed less Arg-pyrimidine 
accumulation. Beta-actin expression was used to normalize 
the amount of loaded proteins. Semi-quantitation of total Arg-
pyrimidine adducts was done using beta-actin.

Figure 4: Representative immunohistochemical staining of Glo-1 expression in triple negative versus triple positive 
human breast tissues. Glo-1 expression was evaluated in triple negative (n= 21) and triple positive (n= 21) breast cancer patients and 
one representative case of each is shown in panel A (c, d). The staining of Glo-1 was compared with the immunostaining for Arg-pyrimidine 
accumulation in the same triple negative (a) and triple positive (b) human specimen. Glo-1 is highly expressed in both triple positive and triple 
negative tumors and there was no significant difference between the two breast cancer subtypes. Glo-1 immunohistochemical quantification 
is shown in panel (B). The evaluation of the staining was performed as described in Materials and Methods section. Magnification 100x.
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analysis proved that the 4 cell lines evaluated responded 
differently to MG treatment. Indeed, the interaction 
between MG concentration and cell lines significantly 
accounted for 32.11% of the total variance (p<0.0001). In 
order to exclude the potential MG acute toxicity on cancer 
cells, we also measured Glo-1 activity in MDA-MB-231 
and MCF-7 cells after 3 weeks of chronic treatment at 
lower concentrations of MG (5-50 µM) (Figure 7). As 

observed under acute treatment, triple negative cells 
showed a dose dependent induction of Glo-1 activity 
while MCF-7 cells maintained their basal level of Glo-
1 activity in all conditions tested (Figure 7). Moreover, 
the 2-way ANOVA analysis indicated that the interaction 
between MG concentration and the 2 cell lines accounted 
for 20.33% of the total variance (p<0.0015).

DISCUSSION

While both cancer initiation and progression have 
been linked to oxidative stress [42] to date there is no 
clear evidence regarding the importance of the carbonyl 
stress in such processes. In cancer, reactive oxygen 
species (ROS) generate genomic damage and instability, 
activate mitogenic and survival mechanisms and favor 
cell invasion [43]. However, when the intracellular levels 
of oxidants reach a cytotoxic threshold, apoptotic and 
necrotic pathways are activated and cancer cells need to 
protect themselves from oxidative stress to survive [44]. 

Beside the well-established oxidative stress concept, 
endogenous dicarbonyl compounds such as MG also 
affect proteins, lipids and nucleic acids, leading to AGEs 
formation and carbonyl stress [45]. The carbonyl stress 
has been primarily described in diabetes where AGEs 
accumulation is a major event associated with diabetic 
complications [46]. High concentrations of MG and 
formation of AGEs have been reported in diabetic patients 
[47]. To date, known MG protein targets include albumin, 
hemoglobin, Sin3A, type IV collagen, alpha A-crystallin, 
protein p300 and 20S proteasome subunits, all associated 
with protein dysfunction [45]. 

Cancer cells predominantly produce energy by 
increasing their rate of glycolysis and as a consequence, 
triosephosphates-derived MG is increased in malignant 

Figure 7: Increased Glo-1 activity in triple negative 
cells exposed to chronic treatment with MG. Glo-1 
activity was measured in triple negative MDA-MB-231 and in 
ER/PR positive MCF-7 cells after three weeks treatment with 
low doses of MG. A significant increase of Glo-1 activity was 
observed only in triple negative cells. Results are the average of 
4 independent experiments.Data were statistically analyzed with 
two-way ANOVA followed by Bonferroni multiple comparisons 
(* p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 vs untreated cells).

Figure 6: Glo-1 expression and activity in human 
breast cancer cells upon MG stimulation. Breast cancer 
cells were treated with MG at 300, 500 or 1000 µM for 6 
hours. Only triple negative cancer cells are capable to respond 
to MG treatment by up-regulating both Glo-1 expression (A) 
and activity (B). No modulation of Glo-1 was observed in the 
other cell subtypes analyzed. Beta-actin expression was used 
to normalize the amount of loaded proteins. Semi-quantitation 
analysis was done using beta-actin as a loading control.Results 
are the average of independent experiments (n= 3). Data were 
statistically analyzed with two-way ANOVA followed by 
Bonferroni multiple comparisons (* p ≤ 0.05, **p ≤ 0.01 and 
***p ≤ 0.001 vs untreated cells).

Figure 5: Increased Glo-1 activity in triple negative 
breast cancer tumors in comparison with triple 
positive ones. Glo-1 activity was measured in breast cancer 
tumor samples comprising 4 triple positive and 5 triple negative 
lesions. Glo-1 enzymatic assay was performed on tissue total 
protein extracts as described in Material and Methods. Statistical 
comparison was performed by one-tailed Student’s t-test (*p ≤ 
0.05).
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tumor cells. MG is a potent cytotoxic compound and exerts 
an anti-tumor activity in vivo [48, 49] and was first viewed 
as a potential therapeutic agent in cancer [50]. However, 
the recent identification of MG-modified proteins in cancer 
cells brought the new possibility where MG may have pro-
tumorigenic effects. Indeed, MG induced the modification 
of Hsp-27 at arginine 188 (MG-Hsp27) in cancer cells and 
MG-Hsp27 facilitated cancer cell evasion from caspases-
dependent cell apoptosis [39-41]. 

Several types of protein modifications by MG 
have been reported [37, 51], among which those directed 
to the guanidino group of arginine residues are well 
represented. In this study, we detected Arg-pyrimidine 
adducts using immunohistochemistry in a large series of 
human breast cancer lesions. Non-tumoral breast tissue 
presented detectable Arg-pyrimidine basal accumulation 
which was consistently lower than the one observed in 
matched tumoral samples. We report for the first time 
the differential accumulation of Arg-pyrimidine moieties 
between the different breast cancer subtypes analyzed. 
We observed that triple negative breast cancer tumors 
had fewer detectable Arg-pyrimidine adducts than the 
ER/PR positive, HER2 negative and HER2 positive 
lesions. These original findings were further reinforced 
by our observation that Arg-pyrimidine adducts were 
significantly less detectable in triple negative breast 
cancer cell lines when compared to cell lines from 
other subtypes. Interestingly, while Arg-pyrimidine 
immunostaining was mainly cytoplasmic some nuclei 
presented a positive staining suggesting the presence of 
nuclear MG-modified proteins in cancer cells. Using the 
same antibody, Nakadate and collaborators have reported 
the accumulation of Arg-pyrimidines in the nucleus of 
neural cells [52]. Ongoing experiments in our laboratory 
aim to identify new potential nuclear targets of MG such 
as transcription factors and co-regulator proteins in breast 
cancer cells. 

Glo-1 is the main enzyme involved in the 
detoxification of MG. It has been reported that Glo-1 
expression and activity are increased in breast tumor cells, 
most likely to control the high MG level spontaneously 
produced due to high glycolytic activity [33]. Glo-1 
expression was significantly higher in Her-2 positive 
breast tumors when compared with Her-2 negative 
ones. Thus, Her-2 positive tumors associated with an 
aggressive phenotype and a poor prognosis overexpress 
Glo-1 [53]. However, Glo-1 enzymatic activity was 
not evaluated in these tumors. In this study, Glo-1 
immunostaining performed on human triple negative 
and triple positive breast cancer lesions did not show 
any significant difference. Conversely, the measurement 
of Glo-1 activity performed on fresh samples showed a 
significant increase in Glo-1 enzymatic activity in triple 
negative tumors. Accordingly, we found that MDA-
MB-231 and MDA-MB-468 triple negative breast cancer 
cells adapted their level of Glo-1 expression and activity 

when treated with exogenous increasing doses of MG. 
Considering that MCF-7 cells remained stable for Glo-1 
under the same conditions, it is tempting to speculate that 
triple negative breast cancer cells increased their Glo-1 
activity as a control defense mechanism to prevent MG 
accumulation. This hypothesis was further sustained by 
the increased dose-dependent Glo-1 activity observed in 
both MDA-MB-231 and MDA-MB-468 cells in response 
to a chronic sub-toxic MG treatment when compared to 
MCF-7 cells. Such adaptive response to MG has been 
previously reported in Carl-1 human melanoma cells 
and was described as a defense mechanism against MG 
toxicity [54]. 

Our study adds to the growing body of evidence 
suggesting a major role of non-enzymatic glycation in 
cancer. The increase of Glo-1 activity may represent a 
strategy adopted by aggressive cancer cells such as triple 
negative breast cancer cells as a defense mechanism 
against the glycation damage induced by high intracellular 
MG accumulation. Our data suggest that inhibition of 
Glo-1 activity in triple negative breast tumors could be 
a new potential therapeutic strategy. In support of this 
concept, previous studies reported that a specific Glo-
1 inhibitor, S-p-bromobenzyl-glutathione cyclopentyl 
diester (SpBrGSHCp2), demonstrates an anti-tumor effect 
against Glo-1-overexpressing tumors that are unresponsive 
to conventional therapies. This Glo-1 inhibitor has been 
shown to increase the sensitivity of human leukemia 
cells to anti-tumor agents [55]. In human lung cells with 
high expression and activity of Glo-1, the treatment with 
SpBrGSHCp2 activated apoptosis through the activation of 
the stress-activated protein kinases JNK1 and p38 MAPK 
which finally led to caspase activation [32]. In human 
prostate cancer cells, the treatment with SpBrGSHCp2 
significantly affected tumor growth [14].

Oxidative stress has several pro-tumorigenic effects 
but it also exerts an anti-tumorigenic action as it has been 
linked to senescence and apoptosis. As a major actor of the 
carbonyl stress, MG also plays a dual role as a cytotoxic 
compound and as a pro-tumorigenic factor depending on 
the global cellular context. Moreover, one must consider 
that oxidative and carbonyl stresses are tightly linked 
together and may work in tandem to influence tumor 
phenotype. Indeed, the formation of both ROS and AGEs 
by cancer cells generates a sequence of reactions mutually 
enhancing each other [56].

Our study opens a new alley of investigations toward 
individualized cancer therapy based on the determination 
of metabolomic changes in tumors that might enable the 
targeted blockade of cancer progression.
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MATERIALS AND METHODS

Clinical tumor samples

Patient tissue samples were obtained from the 
Pathology Department of the University Hospital of Liège 
in accordance with ethical guidelines of the University 
of Liège (Liège, Belgium). The immunohistochemical 
analysis was conducted on a collection of 93 breast 
cancer patients grouped into 4 biological subtypes (triple 
negative, triple positive, HER2- and HER2+) and 2 normal 
breast specimens obtained from reduction mammoplasties. 
ER, PR, and HER2 status was evaluated routinely by 
anatomo-pathological examination. In this series, HER2 
positive tumors were all negative for ER and PR receptors 
and all HER2 negative tumors were positive for both 
hormone receptors. Patients received standard guideline-
based according to standard guideline: hormonotherapy 
for all patients with ER-positive tumours, trastuzumab 
for those with HER2-positive tumours, anthracycline 
chemotherapy for high-risk lymph node-negative 
lesions, and anthracycline plus taxane chemotherapy for 
lymph node positive tumors. Western blot analysis was 
conducted on total protein extracts from 7 breast ductal 
adenocarcinoma (grade II and III) and their matched non-
tumoral counterpart.

Cell lines

Human breast cancer cell lines BT549, Hs578T, 
MCF-7, MDA-MB-231, SKBR3 were obtained from the 
American Type Culture Collection (ATCC) and MDA-
MB-468 cell line was a kind gift from Prof. Sebastiano 
Andò (Laboratory of General Pathology, University of 
Calabria, Italy). Breast cancer cell lines usually cultured 
in DMEM (standard glucose concentration of 4.5 g/L, 
Lonza) containing 10% fetal bovine serum, and 2 mM 
L-glutamine, were adapted to grow in DMEM medium 
with a glucose concentration of 1 g/L for several weeks. 
This glucose level is physiological and reflects the in vivo 
concentration in human serum. Conversely, the routine 
culture media concentration of 4.5 g/L corresponded to a 
diabetic condition.

Western blot analysis and antibodies

 Cell and tissue samples were extracted in RIPA 
buffer (150 mM NaCl, 0.5% Na-deoxycholate, 1% Triton 
X-100, 0.1%SDS, 50 mM Tris-HCl pH 7.5) containing 
protease and phosphatase inhibitors (Roche). After 
incubation under rotation at 4°C for 40 minutes, lysates 
were then centrifugated at 14,000 g for 15 minutes at 4°C 
to remove insoluble debris. Protein concentrations were 

determined using the BCA assay (Pierce). Protein extracts 
were then separated by SDS-PAGE and transferred to a 
PVDF membrane. Next, the membranes were blocked for 
1h in TBS-Tween containing 5% nonfat dried milk (Bio-
Rad) and incubated with the primary antibodies overnight 
at 4°C. The membranes were probed with anti-Arg-
pyrimidine (mAb6B) monoclonal antibody (1:10,000). 
The specificity of this antibody has been previously 
confirmed by competitive ELISA and it has been shown to 
not react with other MG-arginine adducts such as 5-hydro-
5-methylimidazolone and tetrahydropyrimidine [57]. 
Anti-Human Glyoxalase I monoclonal antibody (1:1,000 
dilution, cat#02-14, BioMac Leipzig) and anti-beta-
actin (1:5,000 dilution, cat# A5441, Sigma) were used. 
Horseradish peroxidase-conjugated secondary antibodies 
[anti-mouse, 1:6,000 dilution (Dako) or anti-rabbit 1:3,000 
(Invitrogen)] were used to visualize bound primary 
antibodies, with the ECL Western blotting substrate 
(Pierce). Where indicated, ImageJ software 1.46r (imagej.
nih.gov) was used for semi-quantitation using beta-actin 
as a loading control.

Immunohistochemistry on breast tissues

 Formalin-fixed paraffin-embedded sections 
were deparaffinized in xylene and rehydrated. To block 
endogenous peroxidase activity, the tissues were treated 
with 3% hydrogen peroxide in methanol for 30 minutes 
and washed in PBS for 20 minutes. Antigen retrieval 
was performed in 10 mM sodium citrate, pH 6.0 for 40 
minutes at 95°C. Sections were then incubated with 1.5% 
normal horse serum (cat#S-2000, Vector Laboratories) 
for 30 minutes to block the nonspecific serum-binding 
sites. Then, sections were incubated with anti-Arg-
pyrimidine (1:2,000 dilution) or anti-human Glyoxalase 
I (1:100 dilution) antibody overnight at 4°C. Antibody 
binding was detected using an anti-mouse biotinylated 
secondary (cat#BA-2000, Vector Laboratories) for 
30 minutes followed by incubation with the avidin-
biotin-peroxidase complex (Vectastain ABC Kit, Vector 
Laboratories). Immunoreactivity was revealed using 3,3′ 
diaminobenzidine tetrahydrochloride (DAB). The slides 
were counterstained with hematoxylin, dehydrated and 
mounted.

Evaluation of immunohistochemical staining

 The immunohistochemically stained sections 
were reviewed by two examiners including an 
anatomopathologist (E.B). Scoring of the staining was 
done according to the intensity of the staining (0, 1+, 2+, 
3+) and the percentage of positive cancer cells (0-25%, 
25-50%, 50-75%, 75-100%). The results obtained with 
the 2 scales were multiplied together as we previously 
described [58], yielding a single scale with steps of 0, 1+, 
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2+, 3+, 4+, 6+ and 9+ where 0, 1+ and 2+ were considered 
to be negative or weak staining and 3+, 4+, 6+ and 9+ 
were considered to be medium or strong staining.

Glyoxalase I assay

The activity of Glo-1 was measured in breast cancer 
cell lines and in human breast cancer tissues after protein 
extraction in RIPA buffer, by measuring the initial rate of 
S-D-lactoylglutathione formation from the hemimercaptal 
obtained by preincubation of an equimolar (1 mM) mixture 
of MG (cat#M0252, Sigma) and GSH (cat#G4251, Sigma) 
in 50 mM sodium phosphate buffer, pH 6.8, at 25°C for 15 
minutes. S-D-lactoylglutathione formation was followed 
spectrophotometrically by the increase in absorbance at 
240 nm at 25 °C. One enzyme unit was defined as the 
amount of enzyme that catalyzes the formation of 1 µmol 
of S-D-lactoylglutathione per minute at the saturating 
substrate concentration. 

Chronic treatment with MG. Breast cancer cells 
MDA-MB-231 and MCF-7 were treated with MG at 
different concentrations (5, 10, 20, 50 µM) for three 
weeks. The first week, a daily treatment was performed 
and for the remaining 2 weeks the treatment was repeated 
twice a week. Glo-1 activity was measured as described 
above on cell lysates after protein extraction in RIPA 
buffer.

Statistical analysis

 The data were statistically analyzed using either 
one-tailed Student t-test or with two-way ANOVA 
followed by Bonferroni multiple comparisons. One-
tailed t-test was selected because the H1 hypothesis 
was “triple negative Glo-1 activity is below or equal to 
triple positive”. Number of cases for Arg-pyrimidine or 
Glo-1 staining in each cancer subtypes was analyzed in a 
contingency table using chi-square test and Fisher’s exact 
test, respectively. P values less than 0.05 were considered 
statistically significant.
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2. Methylglyoxal induces Hsp90 post-translational 

glycation and YAP-mediated breast tumor growth 

and metastasis 

 

2.1. Introduction 

An other objective in our study of carbonyl stress in the context of breat cancer is to 

identify new MG-modified proteins. While we were looking for new MG targets, we have been 

interested by five studies published in the last two years making a link between glucose 

metabolism and Yes-associated protein (YAP), an important oncogenic protein (DeRan et al. 

2014, Mulvihill et al. 2014, Enzo et al. 2015, Mo et al. 2015, Wang et al. 2015). These 

authors reported that reducing cellular ATP levels by glucose deprivation decreased YAP 

activity (DeRan et al. 2014, Mo et al. 2015, Wang et al. 2015). Energy stress activates 

AMPK, that in turn leads to phophorylation of YAP by the Hippo pathway main kinase LATS 

(Large Tumor Supressor) and thereby promoting its exclusion from the nucleus. In particular, 

Enzo and collaborators demonstrated that aerobic glycolysis promotes YAP activity through 

a mechanism involving phosphofructokinase 1 binding to TEAD (Transcriptional Enhancer 

Factor) transcription factors.  

The Hippo pathway, also known as the Salvador-Warts-Hippo pathway, has originally 

been discovered in Drosophila melanogaster. It comprises two main kinases, Hippo and 

Warts, that function in series to restrict the activity of Yorkie, the transcriptional co-activator. 

Yorkie binds to Scalloped transcription factors and activates pro-growth genes expression. 

While flyes bearing inactivating mutations of Hippo and Warts display hyperproliferation and 

reduced apoptosis, leading to larval overgrowth and tumor development, Yorkie mutations 

decrease cell proliferation. The Hippo cascade leading to the incativation of the effector 

Yorkie is resumed in Figure 28, left panel (Zhao et al. 2010).  
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Figure 28: Models of the Hippo pathway in Drosophila and mammals. Left panel. In Drosophila, 
Fat protocadherin may initiate the Hippo pathway signal in response to Ds binding. Fat may also 
activate Ex. Mer and Ex may form a complex with Hpo and Sav. Kibra interacts with both Mer and Ex, 
and may also be in the complex. Hpo kinase interacts with and phosphorylates a scaffold protein, Sav. 
Together, they phosphorylate and activate Wts kinase. Wts phosphorylates a transcription coactivator, 
Yki, on three different sites. Phosphorylation of Yki S168 induces 14–3–3 binding and cytoplasmic 
retention. When Yki is relieved from inhibition and gets into the nucleus, it binds and activates a 
transcription factor, Sd, to induce proliferation and anti-apoptotic genes. Right panel. In mammals, 
functional significance of Fat and Ex homologs are not clear. After its activation, Mst1/2 (Hpo homolog) 
phosphorylates Sav1 (Sav homolog), Lats1/2 (Wts homolog), and Mob (Mats homolog). Lats1/2 
phosphorylates YAP on five conserved HXRXXS motifs. S127 phosphorylation-dependent leads to 
14–3–3 binding and cytoplasmic retention. YAP is also inhibited by S381 phosphorylation which 
mediates its ubiquitination and degradation. Sd homologs, TEADs, are major YAP target transcription 
factors. They mediate expression of CTGF, Gli2, and several target genes that stimulate proliferation 
and inhibit apoptosis. (Zhao et al. 2010) 
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All the key components of this pathway are evolutionarily conserved. In mammals, the 

corresponding components consist of two paralogs: Mst1 and 2 for Hippo, LATS1 and 2 for 

Warts and YAP and TAZ paralogs for Yorkie. YAP cannot bind directly to DNA and acts as a 

transcriptional co-activator. YAP forms complexes with TEAD transcription factors, homologs 

of Scalloped, to promote the expression of genes that induce cell growth and proliferation 

and inhibit apoptosis. The best described target genes are CTGF, CYR61, ANKRD1, BIRC5 

and AXL. The Hippo pathway in mammals is resumed in Figure 28, right panel. YAP was 

originally discovered as a binding protein of non-receptor tyrosine kinase YES1 in chicken 

hence its name of Yes-associated protein (Sudol 1994). There are two major isoforms of 

YAP that are generated by alternative splicing, YAP1 and YAP2, containing one or two WW 

domains, respectively. WW domain mediates transcription activation and protein-protein 

interaction. Both isoforms contain a proline-rich region, a TEAD factor binding domain at the 

amino-terminal region, a SH3-binding motif and a transcriptional activation domain at the 

carboxy-terminal region. A PDZ-binding motif (FLTWL) is located on the very carboxy-

terminal end of YAP and is critical for nuclear translocation. A schematic representation of 

YAP1 is shown in Figure 29. YAP lacks of a nuclear localization signal (NLS) and the 

machinery for its nucleo-cytoplasmic shuttling is unclear.  

The nuclear localization of YAP is important for its transcriptional activity and is 

regulated by the Hippo pathway. When this pathway is activated, YAP is phospohrylated, 

excluded out of the nucleus and inactivated. LATS phosphorylates YAP at five 

serine/threonine residues defined by the consensus sequence HxRxxS. Phosphorylation of 

S127 promotes binding to 14-3-3 protein and cytoplasmic sequestration of YAP while 

phosphorylation of S381 leads to its proteasomal degradation (Figure 28, right panel). 

Moreover, the non-phosphorylation of S94 enables the binding of YAP to TEAD transcription 

factors. Other pathways and kinases such as Akt, JNK, Src can also phosphorylate YAP thus 

regulating its co-transcriptional activity. Several signals such as cell crowding, changes in 

Figure 29: Schematic representation depicting the different domains of YAP1 protein and the 
phosphorylated residues. From left to right: proline-rich domain (P-rich), TEAD binding domain 
(TEAD BD), 14-3-3 binding domain (14-3-3 BD), 1 or 2 WW domains for YAP1 and YAP2 respectively, 
SH3 binding motif (SH3 BM), coiled-coil domain (C-C), transactivation domain (TAD) and PDZ binding 
domain (PDZ BD). P letters represent the five serines of YAP that are phosphorylated by LATS. 
Adapted from (Piccolo et al. 2014). 
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stiffness of the extracellular matrix, regulators of the actin cytoskeleton and G-protein 

coupled receptor signaling can activate the Hippo pathway to regulate YAP activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 YAP plays a very important role during embryonic development and in tissue growth 

control. Overexpression of YAP in the liver of transgenic mice induces a fourfold increase in 

liver size due to the hyperproliferation of hepatocytes (Camargo et al. 2007, Dong et al. 

2007). YAP knockout embryos die shortly after gastrulation, at stage E8.5. Embryos notably 

display a shortened and highly disorganised body axis, abnormal neural morphogenesis, 

failure in chorioallantoic fusion and defects in the yolk sac vasculature (Morin-Kensicki et al. 

2006). As other key regulators of development, YAP has beenassociated with  cancer 

initiation, progression and metastasis development. Several studies have demonstrated that 

YAP is overexpressed in ovarian, liver, gastric, colon, lung and breast cancers. Furthermore, 

YAP nuclear localization has been associated with poor outcome in breast caner patients. 

Figure 30: Oncogenic and tumor-suppressive functions of YAP and TAZ in human cancer. 
(Ehmer and Sage 2016) 
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YAP, through the regulation of target genes, underlies some hallmarks of cancer such as 

uncontrolled cell proliferation, escape of cell death and induction of cancer stem cells. 

Despite YAP is considered as an oncogenic protein, some studies reported tumor 

suppressor function of YAP in breast, intestine and hematologic cancers. A summary of the 

oncogenic and tumor suppressive functions of YAP and its paralog TAZ is described in 

Figure 30 (Ehmer and Sage 2016). 

Besides YAP, the other components of the Hippo pathway are more and more 

studied in the context of cancer. LATS1/2 is considered as a tumor suppressor gene. 

Hypermethylation of its promoters and mRNA downregulation have been observed in human 

soft tissue sarcoma, astrocytoma and breast cancer (Hisaoka et al. 2002, Takahashi et al. 

2005, Jiang et al. 2006). LATS1 inhibits epithelial-to-mesenchymal transition (EMT) and 

proliferation of cancer cells by inactivating YAP in vitro (Xia et al. 2002, Hao et al. 2008, 

Zhang et al. 2008). In 2010, Huntoon and collaborators demonstrated that LATS1 folding and 

activity are regulated by the molecular chaperone, Heat shock protein 90 (Hsp90) (Huntoon 

et al. 2010). Hsp90 stabilizes and activates more than 400 proteins, referred to as Hsp90 

clients, many of which are oncogenic transcription factors and kinases (for review, (Whitesell 

and Lindquist 2005, Trepel et al. 2010). Hsp90 is a highly regulated protein notably through 

post-translational modifications. Overexpression of Hsp90 has been found in many cancers 

and it is now considered as a good druggable target for cancer treatment. Several synthetic 

Hsp90 inhibitors are now in clinical trials for cancer patients treatment (Neckers and 

Workman 2012). Interestingly, Bento and collegues showed that MG downregulated Hsp90 

and Hsc70 expression levels in human retinal pigment epithelial cells (Bento et al. 2010). All 

these findings encouraged us to explore the potential role of methylglyoxal in the regulation 

of the Hippo pathway.  

2.2. Results 

2.2.1. MG adducts and nuclear YAP are positively correlated in human breast 

cancer 

As mentioned above, recent reports highlighted the importance of glucose 

metabolism for the regulation of YAP activity in cancer cells (DeRan et al. 2014, Mulvihill et 

al. 2014, Enzo et al. 2015). To explore possible links between YAP and carbonyl stress, we 

performed immunohistochemistry staining of YAP on a series of 87 breast tumors 

categorized as low to intermediate or high carbonyl stress tumors based on their 

endogenous argpyrimidine level. Remarkably, breast cancer lesions with high carbonyl 

stress also showed high YAP expression (Figure 31A). YAP was scored for nuclear and 
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cytoplasmic staining. A significant difference was found only when considering nuclear YAP 

staining between low/intermediate and high carbonyl stress tumors (Figure 31B and C).  

Figure 31: High carbonyl stress and nuclear YAP are positively correlated in human breast 
cancer. A. YAP IHC staining in representative low/intermediate and high carbonyl stress human 
breast tumors as assessed by their argpyrimidine level. B. Quantification of nuclear and C. 
cytoplasmic YAP IHC staining in a series of human breast cancer (n=87). Each dot represents one 
case and bars represent mean ± SEM. *** p<0.001. 
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2.2.2. MG induces YAP accumulation in confluent breast cancer cells 

 Although deficient contact inhibition is a hallmark of invasive cancer cells, the density 

at which cancer cells are cultured impacts on the activation of the Hippo pathway. In order to 

explore further the potential connection existing between MG-induced carbonyl stress and 

YAP, we first examined cell density dependent YAP subcellular localization in MDA-MB-231 

breast cancer cell lines. YAP was mainly localized in the nucleus of low-density cultured 

cancer cells as detected by immunofluorescence. When breast cancer cells reached 

confluence, YAP was not detectable in the nucleus and became generally less visible 

suggesting that it underwent degradation (Figure 32A). Upon MG treatment, MDA-MB-231 

cells showed a concentration dependent persistence of YAP in both the cytoplasm and the 

nucleus despite the cells reached confluence (Figure 32A). As a transcriptional co-activator, 

YAP’s function is strictly constrained by its subcellular localization thus we essentially 

focused on YAP nuclear localization thereafter. Quantification of nuclear YAP 

immunostaining proved to be dose dependently higher in MG treated cells when compared to 

untreated cells in high density cultures (Figure 32B).  

Figure 32: Methylglyoxal induces YAP persistence in confluent breast cancer cells. A. 
Immunofluorescence (IF) staining shows that YAP (Santa Cruz antibody, H125) is mainly localized in 
the nucleus at low cellular density (Sparse) and is weakly detectable a at high cellular density 
(Confluent) in MDA-MB-231 cells. In contrast, cells treated with increasing doses of MG until they 
reached confluence showed significant YAP cellular accumulation. Magnification 630x. Zoomed 
pictures are shown where indicated. B. Quantification of panel A experiment reports the intensity of 
YAP staining that colocalized with DAPI staining. Nuclear YAP IF staining intensity shows a significant 

dose-dependent increase in presence of MG. Data are shown as the mean values  SEM of three 
independent experiments. ** p<0.01 
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Next, we asked whether the blockade of MG-mediated carbonyl stress using 

carnosine, a known MG scavenger (Hipkiss and Chana 1998), could abolish these effects. 

When MDA-MB-231 cells were concomitantly treated with MG and carnosine, YAP cellular 

accumulation in high density cultures was significantly returned to the basal level of 

untreated cells (Figures 33A and B) indicating that YAP persistence in confluent cells directly 

or indirectly resulted from MG-mediated carbonyl stress. Carnosine alone did not affect YAP 

significantly.  

 

2.2.3. High endogenous MG induces nuclear YAP accumulation in breast 

cancer cells 

After we have validated exogenous MG effects, we used 2 strategies in order to 

assess high endogenous MG impact on YAP in breast cancer cells: (a) inhibition of Glo1, the 

main MG-detoxifying enzyme and (b) high glucose culture condition. 

First, Glo1 inhibition was achieved by the use of specific siRNAs on one hand and the 

use of S-p-bromobenzylglutathione cyclopentyl diester (BBGC), an effective Glo1 inhibitor on 

the other hand (Tikellis et al. 2014). MBo, a specific fluorescent sensor for MG in live cells 

(Wang et al. 2013), demonstrated endogenous MG increase upon Glo1 expression inhibition 

and BBGC treatment in MDA-MB-231 cells (Figure 34A). Consistent with exogenous MG 

treatment experiments, both Glo1-depleted and BBGC-treated MDA-MB-231 cells (Figure 

34A and B) displayed nuclear YAP persistence in high-density cultures.  

Figure 33: Carnosine reverses MG-induced YAP accumulation in MDA-MB-231 cancer cells. A. 
MDA-MB-231 cells cultured until they reached high density and treated concomitantly with MG 
(300µM) and carnosine (10mM), a MG scavenger, impeded cellular accumulation of YAP. 

Magnification 630x. B. Quantification of panel A experiment. Data are shown as the mean values  
SEM of three independent experiments.* p<0.05, ** p<0.01, *** p<0.001, ns=not significant.  
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Second, we cultured MDA-MB-231 (highly glycolytic) and MCF7 (low glycolytic) cells 

in low and high glucose medium. Lactate measurement using 1H-NMR showed that MDA-

MB-231 cells significantly increased their glycolytic activity when cultured in high glucose 

(HG) compared to low glucose (LG) (Figure 35A). In these cells, HG culture induced elevated 

endogenous MG level that was assessed using both FACS detection of MBo fluorescent 

probe (Figure 35B) and LC-MS/MS quantification (Figure 35C). As expected, low glycolytic 

MCF7 cells used for comparison did not react to high glucose culture condition and kept 

stable lactate and stable MG levels (Figure 35A, B and C) thus pointing for the first time to 

MG increase as a specific response of glycolytic cancer cells to glucose stimulus. After 

having validated the response of breast cancer cells to high glucose, we next asked whether 

YAP nuclear persistence occurred under glucose-induced elevated endogenous MG levels. 

MDA-MB-231 cells cultured to confluence in high glucose demonstrated positive nuclear 

YAP staining (Figure 35D and E) when compared with cells cultured in low glucose. Under 

the same culture conditions, we did not observe any significant persistence of YAP in MCF7 

breast cancer cells (Figure 35F and G) as expected from their stable glycolytic rate and 

unaffected MG level. It is noteworthy that MCF7 cells are able to induce YAP accumulation in 

response to an exogenous MG supply suggesting that low glycolytic cells could be stimulated 

in a high MG environment created by neighboring cells for example and this, independently 

of their own glycolytic flux. Altogether, these data demonstrate that the glycolytic switch in 

cancer cells is accompanied by high MG levels and YAP nuclear persistence and establish a 

new link between glucose utilization, MG stress and YAP regulation in cancer cells. 

Figure 34: High endogenous MG induces YAP nuclear accumulation in breast cancer cells. A. 
Detection of MG was performed using MBo specific fluorescent probe and showed MG cellular 
increase in MDA-MB-231 cells that were Glo1-depleted using siRNAs (siGlo1#1 and #2) or treated 
with BBGC, a Glo1 inhibitor. Upon Glo1 silencing/inhibition, MDA-MB-231 cells displayed more YAP 
(Santa Cruz antibody, H125) than control cells (siGl3 and BBGC 0µM, respectively). Magnification 
630x. B. Quantification of panel A experiment reports the intensity of YAP staining that colocalized 

with nuclear staining (DAPI). Data are shown as the mean values  SEM of three independent 
experiments. * p<0.05 
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2.2.4. MG induces YAP co-transcriptional activity in breast cancer cells  

We next explored the functional relevance of MG-mediated nuclear accumulation of 

YAP in breast cancer cells. For this purpose, we used two shRNAs specifically directed 

against Glo1 to stably induce high endogenous MG stress in MDA-MB-231 breast cancer 

cells. Efficient Glo1 silencing (shRNAs #1 and #2) at the mRNA and protein levels, 

Figure 35: High endogenous MG induces YAP nuclear accumulation in breast cancer cells. A. 
Lactate level measured using 

1
H-NMR increased in highly glycolytic MDA-MB-231 cells cultured in 

high glucose (HG) compared to low glucose (LG) while MCF7 low glycolytic cells did not. B. and C. 
MG quantification using both FACS MBo mean fluorescence intensity (MFI) and LC-MS/MS analysis 
on conditioned medium in the indicated conditions. MDA-MB-231 cells significantly increased their MG 
production in HG when compared to MCF7. D. and F. MG detection and YAP immunofluorescence 
staining (Santa Cruz antibody, H125) in the indicated breast cancer cell line cultured in low and high 
glucose medium. Magnification 630x. Zoomed pictures are shown for high glucose condition. E. and 

G. Quantification of D and F panels, respectively. Data are shown as the mean values  SEM of three 
independent experiments. * p<0.05, ** p<0.01, *** p<0.001 and ns=not significant.  
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decreased Glo1 activity (Figures 36A, B and C) and MG increase (Figure 36D) were 

validated in stably depleted clones. As expected, Glo1-depleted MDA-MB-231 cells also 

showed YAP accumulation in high-cell density cultures when compared to control cells 

(Figure 36E and F).  

 

 

Figure 36: YAP cellular accumulation in shGlo1 MDA-MB-231 clones. A. Glo1 mRNA, B. protein 
and C. activity level in MDA-MB-231 shNT control and shGlo1#1 and #2. D. Quantification of MG 
levels in conditioned medium using LC-MS/MS indicated a significant increase in shGlo1#1 and #2 
cells. Data are presented as mean ± SEM of three independent experiments. E. YAP 
immunofluorescence (Santa Cruz antibody, H125) in MDA-MB-231 silenced for Glo1 (shGlo1#1 and 
#2) cultured from low to high density. Detection of MG was performed using MBo specific fluorescent 
probe. Data are representative of three independent experiments. Magnification 630x. Zoomed 
pictures are shown when indicated. F. Quantification of nuclear YAP corresponding to E experiment. * 
p<0.05, ** p<0.01 and *** p<0.001. 
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Stably depleted Glo1 MDA-MB-231 cells were used to assess YAP target genes 

expression based on a previously established gene signature denoting YAP/TAZ activity 

(Zhao et al. 2008, Zhang et al. 2009, Cordenonsi et al. 2011, Dupont et al. 2011). Among the 

14 targets tested and known to be regulated positively by YAP, we found that 8 genes, 

including CTGF gene, showed a significant increase at the mRNA level in Glo1 depleted 

cells when compared to control. Knock-down of YAP by siRNA transfection reversed the 

expression of all the evaluated genes thus establishing the link between YAP target genes 

expression and Glo1 status in cancer cells (Figure 37).  

 In order to assess more concretely the impact of MG stress on breast cancer cells 

through YAP activation, we next focused on CTGF gene expression, a well-described YAP 

transcriptional target (Zhao et al. 2008) that has been linked to YAP pro-growth and 

tumorigenic functions. We performed chromatin IP assays to assess the presence of YAP at 

CTGF promoter in both sparse and confluent MDA-MB-231 cells. In low-density cultured 

cells, YAP was bound to CTGF promoter while in confluent cells YAP was not detectable 

which is consistent with YAP absence in the nucleus of high-density cells. In contrast, YAP 

was found at CTGF promoter in MG-treated confluent cells at a comparable level to that in 

sparse cells (Figure 38A). CTGF mRNA level was not significantly affected by MG treatment 

in MDA-MB-231 cells. Smad2/3 collaborate with TEAD and YAP to form an active 

transcriptional complex at CTGF promoter in breast cancer cells (Fujii et al. 2012, Hiemer et 

al. 2014). MDA-MB-231 cells cultured in presence of MG and treated with TGF-β (2.5ng/ml) 

responded by a two-fold increase of CTGF mRNA level compared to TGF-β alone confirming 

the requirement of TGF-β pathway activation for MG-mediated induction of CTGF expression 

Figure 37: MG induces YAP co-transcriptional activity in breast cancer cells. Stable knockdown 
of Glo1 using shGlo1#2 shRNA in MDA-MB-231 results in upregulation of several YAP target genes 
(ANKFN1, RIMS3, KCNK1, EMP2, OSBP2, IRAK3, WTN5A and CTGF) at the mRNA level as 
assessed by qRT-PCR. Silencing of YAP using 2 independent siRNAs (siYAP#1 and #2, 48h post-
transfection) significantly reversed YAP target genes induction in Glo1 depleted cells. Data are shown 

as the mean values  SD of one representative experiment (n=4). *** p<0.001. 
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(Figure 38B). Smad2 and Smad3 phosphorylation following TGF-β treatment in MDA-MB-

231 cells was not affected by MG treatment indicating that CTGF up-regulation was linked to 

YAP accumulation in presence of active TGF-β pathway effectors. In agreement with this 

deduction, we showed that YAP silencing prevented MG-mediated CTGF mRNA induction in 

presence of TGF-β in confluent MDA-MB-231 cells (Figure 38B).  

2.2.5. MG favors LATS1 kinase degradation through the proteasome in breast 

cancer cells 

To gain insight into possible mechanisms by which MG regulates YAP activity, we first 

considered that YAP could be a direct target of MG glycation. However, MG-adducts 

immunoprecipitation in MDA-MB-231 treated with MG did not allow western blot detection of 

YAP. LATS1 is the main upstream Hippo pathway kinase that phosphorylates YAP thus 

preventing its nuclear translocation and oncogenic activity. We hypothesized that MG-

mediated sustained YAP nuclear localization could be related to a relaxed LATS1 control 

notably due to its decreased expression. Indeed we demonstrated by western blotting that 

LATS1 was significantly decreased upon MG treatment in MDA-MB-231 breast cancer cells 

(Figure 39). A previous study has shown that LATS1 kinase degradation occurs through 

polyubiquitination and the 26S proteasome pathway in breast cancer cells (Chan et al. 2014). 

In good accordance, the treatment of breast cancer cells with MG132 proteasome inhibitor 

induced an increase of LATS1 and reverted MG-induced LATS1 decrease (Figure 39).  

Figure 38: MG induces CTGF expression in a YAP-dependent manner in breast cancer cells. A. 
Chromatin immunoprecipitation of YAP at the CTGF promoter in sparse and confluent MDA-MB-231 
cells treated or not with MG. TEAD PCR primers, and not control primers, target TEAD binding site on 
CTGF promoter. The use of TEAD primers indicated that YAP was present at the CTGF promoter in 
sparse cells (positive control) and in confluent MG-treated cells when compared to untreated confluent 
cells. B. CTGF mRNA level assessed by qRT-PCR in MDA-MB-231 cells treated with MG 300µM until 
confluence and then with TGFβ 2.5ng/ml during 2h. MG-mediated CTGF induction in presence of 
TGFβ is not observed upon YAP silencing (siYAP#1 and #2) when compared to control (siGl3) cells. 
Data are represented as the mean values  SEM of three independent experiments. * p<0.05, *** 
p<0.001 and ns=not significant.  
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Next, we explored whether LATS1 decrease could explain, at least in part, the 

sustained YAP nuclear localization induced by MG. Accordingly, when we overexpressed 

LATS1, we were able to revert MG effects on YAP accumulation as assessed by 

immunofluorescence in MDA-MB-231 cells (Figure 40). Data gathered so far indicate that 

MG favors LATS1 decrease in breast cancer cells through the proteasome, which leads to 

sustained activity of YAP in the nucleus. 

Figure 39: MG induces LATS1 kinase decrease in breast cancer cells. LATS1 expression in MDA-
MB-231 cells treated with MG (300 and 500µM) during 6h in presence of increasing concentrations of 
MG132 proteasome inhibitor. Immunoblot data were quantified by densitometric analysis and 
normalized for β-actin. Data are representative of three independent experiments.   

Figure 40: LATS1 overexpression reverses MG-induced YAP accumulation in breast cancer 
cells. YAP immunofluorescence (Santa Cruz antibody, H125) in MDA-MB-231 cells transiently 
transfected with LATS1 expression vector (+) or empty vector used as control (-) and then treated with 
MG (300µM) until confluence. Magnification 630x. Data are representative of three independent 
experiments. 
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2.2.6. MG induces post-translational glycation of Hsp90 and affects its 

chaperone activity on LATS1 

To explore further MG mechanism of action on LATS1, we first excluded the 

possibility of a direct glycation of LATS1 by MG using immunoprecipitation technique with 

anti-argpyrimidine specific antibody. Then, we got interested in LATS1 as a client of Hsp90 

chaperone protein. Indeed, LATS1 kinase expression level and activity are dependent on its 

stabilization by Hsp90. 17-AAG, a potent Hsp90 inhibitor, disrupts LATS1 tumor suppressor 

activity in human cancer cells (Huntoon et al. 2010). Hsp90 mRNA and protein levels were 

not modulated by MG treatment in breast cancer cells. Therefore, we sought to explore 

whether MG could modify Hsp90 thus indirectly impacting on LATS1 stability and 

degradation. The incubation of human recombinant Hsp90 with MG followed by MS analysis 

revealed the modification of several lysine and arginine residues notably yielding to the 

formation of carboxyethyllysine (CEL) and argpyrimidine/MG-H adducts, respectively. Next, 

we examined whether endogenous MG-modified Hsp90 could be detected in MG-treated 

MDA-MB-231 cells. Immunoprecipitation of MG-treated MDA-MB-231 extracts using anti-

argpyrimidine MG adducts and followed by Hsp90 immunoblot analysis led to the detection 

of a basal level of glycated Hsp90 in MDA-MB-231 glycolytic cells that was further enhanced 

upon MG treatment (Figure 41A). Hsp27, which is recognized as a major MG target in cancer 

cells, was also efficiently detected in argpyrimidine immunoprecipitates (Figure 41A). 

Argpyrimidine immunoprecipitates subjected to MS analysis revealed the presence of 

modified Hsp90 on several residues. Glycation hot spots observed on recombinant and 

endogenous Hsp90 are summarized in Figure 41B. The mapping of MG modifications on 

Hsp90 amino-acid sequence indicated that functionally important domains involved in both 

substrate/co-chaperone and ATP binding showed several glycated residues suggesting that 

Hsp90 activity could be affected. Next, we further documented LATS1 binding to Hsp90 in 

the context of MG treatment. LATS1 immunoprecipitates contained detectable Hsp90 

however this interaction was disrupted upon MG treatment in MDA-MB-231 cells (Figure 

41C). Collectively, our findings show that MG relieves LATS1 control on YAP nuclear 

localization through a mechanism identifying for the first time MG-mediated post-translational 

glycation and inactivation of Hsp90 in cancer cells. 
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2.2.7. Glo1-depleted breast cancer cells show an increased tumorigenic and 

metastatic potential in vivo 

Data gathered so far indicate that MG stress favors sustained YAP activity in breast 

cancer cells. Next, we explored the biological relevance of this observation for tumor growth 

and metastases development. Stably Glo1-depleted MDA-MB-231 cells that were grafted 

subcutaneously in mice showed an increased tumor weight and volume which reached 

significance for shGlo1#2-silenced clones (Figure 42A). Further exploration of shGlo1 

experimental tumors using immunoblotting revealed the effective in vivo induction of 

argpyrimidine adducts and a strong inverse relationship between Glo1 silencing and total 

YAP expression (Figure 42B). In Glo1-silenced experimental tumors, we further 

demonstrated a specific increase of YAP in the nucleus of tumor cells using 

immunohistochemistry (Figures 42C). Elevated proportion of Ki67 positive cells in shGlo1 

tumors sustained the observed increased tumor growth (Figure 42C).   

 

Figure 41: MG induces Hsp90 post-translational glycation in breast cancer cells. A. 
Immunoprecipitation of MG adducts on MG-treated MDA-MB-231 cells (300µM, 6h) using a specific 
anti-argpyrimidine monoclonal antibody. Mouse immunoglobulins (IgG) were used as control. Total 
cell lysates (Input) and immunoprecipitates (IP) were immunoblotted for argpyrimidine, Hsp90 and 
Hsp27. B. Schematic representation of Hsp90 protein domains where hot spots (*) of MG-modified 
residues are indicated. C. Co-immunoprecipitation of LATS1 and Hsp90 from MDA-MB-231 cells 
treated with MG 300µM during 24h reveals a decreased interaction between the 2 proteins. Data are 
representative of three independent experiments. 
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In order to explore further the association between high MG, YAP activity and tumor 

growth, we used the in vivo chicken chorioallantoic membrane assay (CAM). Grafted shGlo1 

cells showed increased growth as assessed by the measure of tumor volume and compared 

to control cells (Figure 43A and B). As shown on mice experimental tumors, we observed 

significant YAP nuclear localization in CAM shGlo1 tumors (Figure 43C and D). Remarkably, 

YAP silencing in shGlo1 cells efficiently reverted tumor growth to control levels (Figure 43A 

and B). 

 

Figure 42: Glo1-depleted breast cancer cells show an increased tumorigenic potential in vivo. 
A. MDA-MB-231 shGlo1#1 and #2 and control shNT cells were injected subcutaneously in NOD-SCID 
mice (15 mice/group). After 4 weeks, primary tumors were surgically removed and weighed. Tumor 
weight (mg) and volume (mm³) are shown as mean ± SEM. B. Western blot detection of argpyrimidine, 
Glo1 and YAP in 5 representative experimental primary tumors. β-actin is used for normalization. D. 
Representative YAP and Ki67 IHC staining in experimental primary tumors. Magnification 400x. *** 
p<0.001. 
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Following the assessment of Glo1-silencing impact on tumor growth, we next 

evaluated the metastatic behavior of Glo1-depleted breast cancer cells. After surgical 

removal of the primary tumors, the mice were followed for metastases development during 

an additional period of 6 weeks. The follow-up of the mice showed that lung metastases were 

detectable already after 3 weeks in Glo1-depleted conditions but not in control condition. 

After 6 weeks post-tumor removal, metastasized tumors were observed in the lungs of Glo1-

depleted mice (68%) when compared to control (20%). To evaluate further lung colonization, 

we performed human vimentin immunohistochemical detection that revealed a significant 

increase of both number and size of metastatic foci in Glo1-depleted condition (Figure 44A 

and B). We assessed efficient Glo-1 depletion in the metastatic foci on serial sections (Figure 

44A). These data demonstrate that breast cancer cells undergoing a carbonyl stress show 

enhanced growth and metastatic capacity thus highlighting an unexpected pro-tumoral role 

for MG endogenous accumulation. Finally, to better assess the importance of MG stress on 

metastatic dissemination, shGlo1#1 mice received carnosine (10mM) in drinking water from 

Figure 43: Glo1-depleted breast cancer cells show a YAP-dependent increased tumorigenic 
potential in vivo. A. Glo1-depleted MDA-MB-231 (shGlo1#2) and control shNT cells were transfected 
with YAP siRNAs (siYAP#1 and 2) and grown on the chicken chorioallantoic membrane (CAM). After 7 
days, tumors were collected and measured. Top and profile views of representative experimental CAM 
tumors are shown. B. Tumor volumes are represented as mean ± SEM. C. Representative YAP 
immunostaining on Glo1-depleted CAM experimental tumors. D. Quantification of nuclear YAP IHC 
shown in panel C. Each dot represents one case and bars represent mean ± SEM. * p<0.05 and *** 
p<0.001. 
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the day of primary tumor removal until the end of the experiment (during 6 weeks). We 

observed a significant decrease of lung colonization in shGlo1 mice treated with carnosine 

when compared with control mice (Figure 44C and D). Collectively the data indicate that MG 

stress pro-cancer effects unveiled here are tightly associated with YAP enhanced activity that 

can be efficiently blocked by carnosine scavenger. 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Glo1-depleted breast cancer cells show an increased metastatic potential in a 
mouse xenograft model. A. MDA-MB-231 shGlo1#1 and #2 and control shNT cells were injected 
subcutaneously in NOD-SCID mice (15 mice/group). After 4 weeks, primary tumors were surgically 
removed. Six weeks after tumor removal, mice were sacrificed and lungs were collected. 
Representative human vimentin IHC highlights lung metastatic tumor lesions. Adjacent serial sections 
were used to perform Glo1 IHC staining. Magnifications 100x and 400x. B. Quantification of number 
and size of vimentin positive foci on whole lung sections. C. MDA-MB-231 shGlo1#1 cells were 
injected subcutaneously in NOD-SCID mice (5 mice/group). After 4 weeks, primary tumors were 
surgically removed and mice were treated with carnosine (10mM) in drinking water. Six weeks after 
tumor removal, mice were sacrificed and lungs were collected. Human vimentin IHC staining of whole 
lung sections highlights metastatic tumor lesions. Magnification 100x. D. Quantification of vimentin 
positive foci on whole lung sections. Data are represented as mean ± SEM. * p<0.05 and ** p<0.01. 
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2.3. Conclusions  

In this study, we demonstrated that MG-mediated carbonyl stress interferes with 

LATS1, a major kinase of the Hippo tumor suppressor pathway to induce sustained YAP 

activity. We identified Hsp90 as a novel target protein of MG. We showed for the first time 

that carbonyl stress can have pro-tumoral and pro-metastatic effects. Altogether, these 

results highlight the fact that Hsp90 and Glo1 targeted therapies should be adapted 

depending of the carbonyl stress status of the tumors. MG scavengers like carnosine and 

metformin could be good candidates in therapeutic strategies for triple negative breast 

cancer patients. 
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Metabolic reprogramming toward aerobic glycolysis unavoidably induces methylglyoxal (MG) 

formation in cancer cells. MG mediates the glycation of proteins to form advanced glycation 

end products (AGEs). We have recently demonstrated that MG-induced AGEs are a 

common feature of breast cancer. Little is known regarding the impact of MG-mediated 

carbonyl stress on tumor progression. Breast tumors with MG stress presented with high 

nuclear YAP, a key transcriptional co-activator regulating tumor growth and invasion. 

Elevated MG levels resulted in sustained YAP nuclear localization/activity that could be 

reverted using Carnosine, a scavenger for MG. MG treatment affected Hsp90 chaperone 

activity and decreased its binding to LATS1, a key kinase of the Hippo pathway. Cancer cells 

with high MG stress showed enhanced growth and metastatic potential in vivo. These 

findings reinforce the cumulative evidence pointing to hyperglycemia as a risk factor for 

cancer incidence and bring renewed interest in MG scavengers for cancer treatment. 

INTRODUCTION 

Unlike normal cells, cancer cells 

mainly rely on glycolysis to generate 

energy needed for cellular processes even 

in normoxia conditions. This process 

referred to aerobic glycolysis or the 

"Warburg effect" is considered as a 

hallmark of cancer cells 1. Although 

aerobic glycolysis is less efficient than 

respiration to generate ATP, we know now 

that it effectively supports the anabolic 

requirements associated with cancer cell 

growth and proliferation. One 

underestimated consequence of increased 

glucose uptake and glycolytic flux is the 

accumulation of potent toxic metabolites 

such as reactive carbonyl species. Among 

those, methylglyoxal (MG) is a highly 

reactive α-oxoaldehyde that is primarily 

formed in cells by the spontaneous 

degradation of triose phosphate 

intermediates of glycolysis, 

dihydroxyacetone phosphate and 

glyceraldehyde 3-phosphate 2. Alpha-

oxoaldehydes are up to 20,000-fold more 

reactive than glucose in glycation 

processes 3. MG leads to chemical 

modification of proteins, lipids and 

nucleotides that result in cellular 

dysfunction and mutagenicity. MG 

interaction with amino groups of proteins 

notably leads to the formation of advanced 

glycation end products (AGEs) called 
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hydroimidazolones (MG-H) and 

argpyrimidines 4. All mammalian cells 

possess a detoxifying system constituted 

of glyoxalase 1 and 2 (Glo1 and Glo2, 

respectively), which catalyze the 

conversion of MG to D-lactate 5. The 

disturbance in the balance between 

endogenous reactive carbonyl species 

generation and the ability to counteract 

their harmful effects is defined as the 

carbonyl stress.  

At the molecular level, carbonyl 

stress is a common feature of the 

metabolic dysfunction associated with 

diabetes and cancer. MG-related AGEs 

have been mostly studied and identified in 

the context of diabetes. For example, MG 

post-translational modification of vascular 

basement membrane type IV collagen 6 

and of voltage-gated sodium channel 

Nav1.8 7 have been associated with long-

term diabetic complications.  

Whereas the link between oxidative 

stress, cancer development, progression 

and response to therapy is clearly 

established, carbonyl stress and cancer 

connection remains largely unexplored 

and has never been envisaged as 

potentially interconnected. To the best of 

our knowledge, only one study has 

reported MG-derived AGEs detection in 

malignant tumors 8. Using 

immunohistochemistry, we have recently 

reported the accumulation of argpyrimidine 

MG adducts in breast cancer tumors 9. 

Remarkably, MG-mediated glycation of 

specific target proteins happens to be 

beneficial to cancer progression. For 

example, the formation of argpyrimidine on 

heat shock protein 27 (Hsp27) prevented 

cancer cell apoptosis in lung 10 and 

gastrointestinal 11 cancers. Moreover, 

inhibition of MG modification on Hsp27 

caused sensitization of cancer cells to 

anti-tumoral drugs 12. 

MG has been shown to down 

regulate Hsp90 and Hsc70 expression 

levels in human retinal pigment epithelial 

cells 13. Hsp90 is a molecular chaperone 

that gained great interest over the last 20 

years as a druggable target for cancer 

treatment. Hsp90 stabilizes and activates 

more than 400 proteins, referred to as 

Hsp90 ‘clients’, many of which are 

oncoproteins including transcription factors 

and kinases that are essential for cellular 

signal transduction pathways and adaptive 

responses to stress 14. One such client 

protein is the large tumor suppressor 1 

(LATS1) 15, a key kinase that relays anti-

proliferative signals in the Hippo pathway 

through Yes-associated protein (YAP) 

phosphorylation and inactivation 16. 

Consistent with its fundamental role in the 

control of organ growth and size in 

vertebrates, the dysfunction of the Hippo 

signalization triggers tumorigenesis in 

human 17. As a co-activator of TEAD family 

of transcription factors 18, YAP has been 

notably shown to enhance cancer 

progression through transcriptional 

activation of proliferation promoting genes 

such as c-myc and CTGF 19. Recent 

studies established a link between glucose 

deprivation stress, aerobic glycolysis and 

YAP activation in cancer 20, 21, 22. Thus 

reinforcing the increasing evidence 

indicating that metabolic pathways play 

causative roles in conferring an aggressive 

phenotype upon cancer cells. Because 

spontaneous MG accumulation results 

from the glycolytic flux, we hypothesized 

that MG stress might couple glycolysis to 

YAP activity. In this study, we show that 

MG induces YAP nuclear persistence and 

activity in breast cancer cells and we 

validate a molecular mechanism 

implicating MG-mediated HSP90 

inactivation and subsequent LATS1 kinase 

decrease. Our study establishes for the 

first time the functional significance of 

endogenous MG stress and reveals its 

unexpected connection with cancer cells 

propensity to grow and metastasize. 
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RESULTS 

Methylglyoxal adducts and nuclear YAP 

are positively correlated in human 

breast cancer. At the molecular level, a 

predictable consequence of the glycolytic 

switch in cancer cells is the induction of 

carbonyl stress (Figure 1A). We have 

previously reported MG-mediated carbonyl 

stress, assessed by argpyrimidine adducts 

detection, in a series of breast cancer 

lesions 9. Recent reports highlighted the 

importance of glucose metabolism for the 

regulation of YAP activity in cancer cells 20, 

21, 22. To explore possible links between 

YAP activity and carbonyl stress, we 

performed immunohistochemistry staining 

of YAP on a series of 87 breast tumors 

categorized as high and low to 

intermediate carbonyl stress tumors based 

on their endogenous argpyrimidine level. 

Remarkably, breast cancer lesions with 

high carbonyl stress also showed high 

Figure 1: High carbonyl stress and nuclear YAP are positively correlated in human breast cancer. A. In cancer cells, a 
high glycolytic metabolism and/or a decrease of the MG-detoxifying activity of Glyoxalase 1 (Glo1) lead to high MG level thus 
establishing a carbonyl stress. B. YAP IHC staining in representative low/intermediate and high carbonyl stress human breast 
tumors as assessed by their argpyrimidine level. C. Quantification of nuclear and D. cytoplasmic YAP IHC staining in a series of 
human breast cancer (n=87). Each dot represents one case and bars represent mean ± SEM. Data were analyzed using Mann 
Whitney U test and *** represents p<0.001. 
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YAP expression (Figure 1B). YAP was 

scored for nuclear and cytoplasmic 

staining. Statistical analysis revealed a 

significant difference between nuclear 

YAP staining in low/intermediate and high 

carbonyl stress tumors (Figure 1C). We 

demonstrated a positive correlation 

(Rsp=0.318, p=0.028) between carbonyl 

stress intensity and nuclear YAP 

detection. Cytoplasmic YAP staining 

showed no significant difference between 

high and low/intermediate carbonyl stress 

Figure 2: Methylglyoxal induces YAP persistence in confluent breast cancer cells. A. Immunofluorescence (IF) staining 
shows that YAP (Santa Cruz antibody, H125) is mainly localized in the nucleus at low cellular density (Sparse) and is weakly 
detectable at high cellular density (Confluent) in MDA-MB-231 cells. In contrast, cells treated with increasing doses of MG until 
they reach confluence showed significant YAP cellular accumulation. Zoomed pictures are shown where indicated. 
Magnification 630x. Data are representative of three independent experiments. B. Quantification of panel A experiment reports 
the intensity of YAP staining that colocalized with DAPI staining as described in Materials and Methods section. Nuclear YAP IF 
staining intensity shows a significant dose-dependent increase in presence of MG. Data were analyzed using one-way ANOVA 

followed by Dunnett post-test and shown as the mean values  SEM of three independent experiments. C. YAP and P-YAP 
(ser127) expression in MDA-MB-231 cells treated with MG (300µM) until they reach confluence using western blot. Immunoblot 
data were quantified by densitometric analysis and normalized for β-actin. Numbers represent fold increase relative to the 
condition shown with bold number. D. MDA-MB-231 cells cultured until they reached high density and treated concomitantly with 
MG (300µM) and carnosine (10mM), a MG scavenger, impeded cellular accumulation of YAP. Magnification 630x. Data are 
representative of three independent experiments. E. Quantification of panel D experiment. Data were analyzed using one-way 

ANOVA followed by Bonferroni post-test and are shown as the mean values  SEM of three independent experiments. * p<0.05, 
** p<0.01, *** p<0.001, ns=not significant. 
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breast tumors (Figure 1D).  

Methylglyoxal induces YAP persistence 

in confluent breast cancer cells. 

Deficient contact inhibition is a hallmark of 

invasive cancer cells, yet unexpectedly the 

density at which cancer cells are cultured 

impacts on the Hippo pathway in 

commonly studied cancer cell lines. In 

order to explore further the potential 

connection existing between MG-induced 

carbonyl stress and YAP, we first 

examined cell density dependent YAP 

subcellular localization in MDA-MB-231, 

MDA-MB-468 and MCF7 breast cancer 

cell lines. YAP was mainly localized in the 

nucleus of low-density cultured cancer 

cells as detected by immunofluorescence. 

When breast cancer cells reached 

confluence, YAP was not detectable in the 

nucleus and became generally less visible 

suggesting that it underwent degradation 

(Figure 2A and Supplementary Figures 

S1A, B, D and E). Upon MG treatment, 

MDA-MB-231 cells showed a 

concentration dependent persistence of 

YAP in both the cytoplasm and the 

nucleus despite the cells reached 

confluence (Figure 2A). As a 

transcriptional co-activator, YAP’s function 

is strictly constrained by its subcellular 

localization thus we will essentially focus 

on YAP nuclear localization thereafter. 

Quantification supported that nuclear YAP 

immunodetection was dose dependently 

higher in MG treated cells when compared 

to untreated cells in high density cultures 

(Figure 2B). Nuclear YAP accumulation 

was also found to be significant in MDA-

MB-468 and MCF7 breast cancer cells 

upon 300 and 500μM MG treatments 

(Supplementary Figures S1A, B, D, and 

E). Analysis of YAP expression using 

western blot further demonstrated an 

increase of total YAP in MG-treated cells. 

No significant change in cytoplasmic P-

YAP level was observed thus indicating a 

nuclear YAP accumulation upon MG 

treatment (Figure 2C and Supplementary 

Figure S1C and F). We obtained similar 

results in all three cell lines using a second 

antibody specifically directed against YAP 

(Supplementary Figure S2A, B and C). 

YAP mRNA levels were not significantly 

changed upon MG treatment in the three 

breast cancer cell lines (Figure S1G). 

Data gathered so far indicates that 

MG favors YAP persistence in cancer 

cells. Next, we asked whether the 

blockade of MG-mediated carbonyl stress 

using carnosine, a known MG scavenger 
23, could abolish these effects. When 

MDA-MB-231 cells were concomitantly 

treated with MG and carnosine, YAP 

cellular accumulation in high density 

cultures was significantly returned to 

untreated cells basal level (Figures 2D and 

E) indicating that YAP persistence in 

confluent cells directly or indirectly 

resulted from MG-mediated carbonyl 

stress. Carnosine alone did not affect 

significantly cellular YAP 

immunodetection. After we have validated 

exogenous MG effects, we decided to use 

2 strategies in order to assess high 

endogenous MG impact on YAP in breast 

cancer cells: (a) inhibition of Glo1, the 

main MG-detoxifying enzyme and (b) high 

glucose culture condition. 

High endogenous methylglyoxal 

induces nuclear YAP accumulation in 

breast cancer cells. First, Glo1 inhibition 

was achieved by the use of siRNAs on 

one hand and the use of S-p-

bromobenzylglutathione cyclopentyl 

diester (BBGC), an effective Glo1 inhibitor 

on the other hand 24. MBo, a specific 

fluorescent sensor for MG in live cells 25, 

demonstrated endogenous MG increase 

upon Glo1 expression inhibition and 

BBGC treatment in MDA-MB-231 cells 

(Figure 3A). Consistent with exogenous 

MG treatment experiments, both Glo1-

depleted and BBGC-treated MDA-MB-231  
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Figure 3: High endogenous MG induces YAP nuclear accumulation in breast cancer cells. A. Detection of MG was 
performed using MBo specific fluorescent probe, as described in Materials and Methods section, and showed MG cellular 
increase in MDA-MB-231 cells that were Glo1-depleted using siRNAs (siGlo1#1 and #2) or treated with BBGC Glo1 activity 
inhibitor. Upon Glo1 silencing/inhibition, MDA-MB-231 cells displayed more YAP (Santa Cruz antibody, H125) than control cells 
(siGl3 and BBGC 0µM, respectively). Magnification 630x. Data are representative of three independent experiments. B. 
Quantification of panel A experiment reports the intensity of YAP staining that colocalized with DAPI staining as described in 
Materials and Methods section for Glo1 silencing and BBGC conditions. Data were analyzed using one-way ANOVA followed by 

Dunnett post-test and shown as the mean values  SEM of three independent experiments. C. Lactate level measured using 
1
H-

NMR increased in highly glycolytic MDA-MB-231 cells cultured in high glucose (HG) compared to low glucose (LG) while MCF7 
low glycolytic cells did not. D. and E. MG quantification using both FACS MBo mean fluorescence intensity (MFI) and LC-
MS/MS analysis on conditioned medium in the indicated conditions as described under Material and Methods section. MDA-MB-
231 cells significantly increased their MG production in HG when compared to MCF7. F and H. MG detection and YAP 
immunofluorescence staining (Santa Cruz antibody, H125) in the indicated breast cancer cell line cultured in low and high 
glucose medium. Magnification 630x. Zoomed pictures are shown for high glucose condition. Data are representative of three 
independent experiments. G and I. Quantification of F and H panels, respectively. Data shown in C., D., E., G. and I. were 

analyzed using unpaired Student’s t test for each cell line independently and shown as the mean values  SEM of three 
independent experiments. * p<0.05, ** p<0.01, *** p<0.001 and ns=not significant. 
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cells (Figure 3A and B) displayed nuclear 

YAP persistence in high-density cultures. 

Similar results were obtained under both 

conditions in MDA-MB-468 cells 

(Supplementary Figure S3A and B). 

Efficient Glo1 silencing in breast cancer 

cells was assessed by Glo1 

immunoblotting (Supplementary Figures 

S3C and D). Altogether, these results 

showed that MG stress maintained 

detectable YAP nuclear levels in confluent 

breast cancer cells. Second, we cultured 

MDA-MB-231 (highly glycolytic) and MCF7 

(low glycolytic) cells in low and high 

glucose medium. Lactate measurement 

using 1H-NMR showed that MDA-MB-231 

cells significantly increased their glycolytic 

activity when cultured in high glucose (HG) 

compared to low glucose (LG) (Figure 3C). 

In these cells, HG culture induced 

elevated endogenous MG level that was 

assessed using both FACS detection of 

MBo fluorescent probe (Figure 3D) and 

LC-MS/MS quantification (Figure 3E). 

Similar results were observed using 

another highly glycolytic breast cancer cell 

line, MDA-MB-468 (Supplementary 

Figures S3, E to G). As expected, low 

glycolytic MCF7 cells used for comparison 

did not react to high glucose culture 

condition and kept stable lactate (Figure 

3C). More importantly, MCF7 cells showed 

stable MG levels (Figure 3D and E) thus 

pointing for the first time to MG increase 

as a specific response of glycolytic cancer 

cells to glucose stimulus. After having 

validated the response of breast cancer 

cells to high glucose, we next asked 

whether YAP nuclear persistence occurred 

under glucose-induced elevated 

endogenous MG levels. MDA-MB-231 and 

MDA-MB-468 cells cultured to confluence 

in high glucose demonstrated positive 

nuclear YAP staining (Figure 3F and G 

and Supplementary Figure S3 H and I) 

when compared with cells cultured in low 

glucose. Under the same culture 

conditions, we did not observe any 

significant persistence of YAP in MCF7 

breast cancer cells (Figure 3H and I) as 

expected from their stable glycolytic rate 

and unaffected MG level. It is noteworthy 

that MCF7 cells are able to induce YAP 

accumulation in response to an 

exogenous MG supply (Supplementary 

Figure S1) suggesting that low glycolytic 

cells could be stimulated in a high MG 

environment created by neighboring cells 

for example and this, independently of 

their own glycolytic flux. The observed 

effects of endogenous high MG levels on 

YAP were significantly reversed using 2 

MG scavengers, carnosine and 

aminoguanidine in MDA-MB-231 cells 

(Supplementary Figure S4). Altogether, 

these data demonstrate that the glycolytic 

switch in cancer cells is accompanied by 

high MG levels and YAP nuclear 

persistence and establish a new link 

between glucose utilization, MG stress 

and YAP regulation in cancer cells.  

MG induces YAP co-transcriptional 

activity in breast cancer cells. We next 

explored the functional relevance of MG-

mediated nuclear accumulation of YAP in 

breast cancer cells. For this purpose, we 

used two shRNAs specifically directed 

against Glo1 to stably induce high 

endogenous MG stress in MDA-MB-231 

breast cancer cells. Efficient Glo1 

silencing (shRNAs #1 and #2) at the 

mRNA and protein levels, decreased Glo1 

activity (Supplementary Figures S5A, B 

and C, respectively) and MG increase 

(Supplementary Figure S5D) were 

validated in stably depleted clones. As 

expected, Glo1-depleted MDA-MB-231 

cells showed YAP accumulation in high-

cell density cultures when compared to 

control cells (Supplementary Figures S5E 

and F). Consistently, this effect was 

significantly reversed using carnosine and 

aminoguanidine MG scavengers 

(Supplementary (Supplementary Figure 

S6A and B). Stably depleted Glo1 MDA-
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MB-231 cells were used to assess YAP 

target genes expression based on a 

previously established gene signature 

denoting YAP/TAZ activity 18, 26, 27, 28. 

Among the 14 targets tested and known to 

be regulated positively by YAP, we found 

that 8 genes, including CTGF gene, 

showed a significant increase at the 

mRNA level in Glo1 depleted cells when 

compared to control (Figure 4A). 

Importantly, knock-down of YAP using 

siRNA transfection reversed, at least in 

part, the expression of all the evaluated 

genes thus establishing the link between 

YAP target genes expression and Glo1 

status in cancer cells. Efficient YAP 

silencing in Glo1-depleted MDA-MB-231 is 

shown in Supplementary Figure S7A. This 

result led us to search for a statistical 

association between YAP and Glo1 

expression levels using a gene expression 

dataset of 103 primary mammary tumors 
29. However, global YAP expression did 

not show any significant correlation with 

Glo1. We reasoned that YAP activity, 

rather than its total expression level, would 

better reflect YAP nuclear accumulation 

related to MG stress. Indeed, we found 

that the expression of YAP target genes 

and Glo1 showed a significant inverse 

correlation in breast cancer patients. Top 

12 genes that displayed the highest Rp 

Pearson correlation coefficient are 

reported in Supplementary Figure S7B. 

These data indicate that high carbonyl 

stress driven by low Glo1 expression in 

human malignant mammary tumors is 

significantly associated with an elevated 

YAP activity. 

 Data gathered so far indicate that MG 

favors YAP activity in cancer cells. In order 

to assess more concretely the impact of 

MG stress on breast cancer cells through 

YAP activation, we next focused on CTGF 

gene expression, a well-described YAP 

transcriptional target 18 that has been 

linked to YAP pro-growth and tumorigenic 

functions. We performed chromatin IP 

assays to assess the presence of YAP at 

CTGF promoter in both sparse and 

confluent MDA-MB-231 cells. In low-

density cultured cells YAP was bound to 

CTGF promoter while in confluent cells, 

YAP was not detectable which is 

consistent with YAP absence in the 

nucleus of high-density cells. In contrast, 

YAP was found at CTGF promoter in MG-

treated confluent cells at a comparable 

level to that in sparse cells (Figure 4B). 

Immublot of YAP IP loading are shown in 

Supplementary Figure S7C. CTGF mRNA 

level was not significantly affected by MG 

treatment in MDA-MB-231 cells (Figure 

4C). Smad2/3 collaborate with TEAD and 

YAP to form an active transcriptional 

complex at CTGF promoter in breast 

cancer cells 30, 31. MDA-MB-231 cells 

cultured in presence of MG and treated 

with TGF-β (2.5ng/ml) responded by a 

two-fold increase of CTGF mRNA level 

compared to TGF-β alone confirming the 

requirement of TGF-β pathway activation 

for MG-mediated induction of CTGF 

expression (Figure 4C). Smad2 and 

Smad3 phosphorylation following TGF-β 

treatment in MDA-MB-231 cells was not 

affected by MG treatment (Supplementary 

Figure S8A) indicating that CTGF up-

regulation was linked to YAP accumulation 

in presence of active TGF-β pathway 

effectors. In agreement with this 

deduction, we showed that YAP silencing 

prevented MG-mediated CTGF mRNA 

induction in presence of TGF-β in 

confluent MDA-MB-231 cells (Figure 4D). 

Efficient YAP silencing was shown at the 

mRNA (Supplementary Figure S8B) and 

protein (Supplementary Figure S8C) 

levels.  

  Association with TEAD transcription 

factors is essential in mediating YAP-

dependent gene expression 18. As shown 

in Figure 4E and Supplementary Figure 

S8D, YAP and TEAD1 co-localized in MG- 
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treated confluent MDA-MB-231 cells, and 

in sparse cultured cells used as positive 

control, whereas this co-localization was 

not detected in untreated confluent cells. 

YAP activation stimulates cancer cell 

growth. We next challenged cell 

proliferation induced by MG stress in Glo-1 

depleted MDA-MB-231 cells. The time 

course of Glo1-depleted cells proliferation 

showed a marked difference compared to 

control cells (Supplementary Figure S8E). 

At 72h, this increase in cell proliferation 

was significantly abrogated upon YAP 

silencing indicating that it is required to 

sustain MG-induced pro-growth effect 

(Figure 4F). Western blotting 

demonstrated both YAP increase upon 

Glo1 silencing and efficient YAP silencing 

(Figure 4G).  

 YAP and its paralog TAZ have been 

previously reported to promote EMT in 

human breast epithelial cells 32, 33. To test 

whether MG-induced YAP activation 

launched EMT in breast cancer cells, 

immunoblotting was performed to examine 

the expression of well-characterized EMT 

markers. We observed an increase of 

vimentin and a decrease of E-cadherin 

expression, attesting of an EMT process in 

MDA-MB-468 cells treated with MG 

(Figure 4G). Confirming these results, we 

showed by immunofluorescence that E-

cadherin network was disrupted in MG-

treated cells (Figure 4H). Consistent with 

EMT induction, MG-treated MDA-MB-468 

cells showed an enhanced migration 

potential that was efficiently reversed to 

basal level upon YAP silencing (Figure 4I 

and Supplementary Figure S8F). 

MG favors LATS1 kinase degradation 

through the proteasome in breast 

cancer cells. To gain insight into possible 

mechanisms by which MG regulates YAP 

activity, we first considered that YAP could 

be a direct target of MG glycation. 

However, MG-adducts 

immunoprecipitation in MDA-MB-231 

treated with MG did not allow western blot 

detection of YAP (data not shown). LATS1 

is the main upstream Hippo pathway 

kinase that phosphorylates YAP thus 

preventing its nuclear translocation and 

oncogenic activity (Figure 5A). We 

hypothesized that MG-mediated sustained 

YAP nuclear localization could be related 

to a relaxed LATS1 control notably due to 

Figure 4: MG induces YAP co-transcriptional activity in breast cancer cells. A. Stable knockdown of Glo1 using shGlo1#2 
shRNA in MDA-MB-231 results in upregulation of several YAP target genes (ANKFN1, RIMS3, KCNK1, EMP2, OSBP2, IRAK3, 
WTN5A and CTGF) at the mRNA level as assessed by qRT-PCR. Silencing of YAP using 2 independent siRNAs (siYAP#1 and 
#2, 48h post-transfection) significantly reversed YAP target genes induction in Glo1 depleted cells. Data were analyzed using 

two-way ANOVA followed by Bonferroni post-test and shown as the mean values  SD of one representative experiment (n=4). 
B. Chromatin immunoprecipitation of YAP at the CTGF promoter in sparse and confluent MDA-MB-231 cells treated or not with 
MG. TEAD PCR primers, and not control primers, target TEAD binding site on CTGF promoter (see sequences under Materials 
and Methods section). The use of TEAD primers indicated that YAP was present at the CTGF promoter in sparse cells (positive 
control) and in confluent MG-treated cells when compared to untreated confluent cells. Data were analyzed using one-way 

ANOVA followed by Newman-Keuls post-test and shown as the mean values  SEM of three independent experiments. C. 
CTGF mRNA level assessed by qRT-PCR in MDA-MB-231 cells treated with MG 300µM until confluence and then with TGFβ 
2.5ng/ml during 2h. Data were analyzed using two-way ANOVA followed by Bonferroni post-test and shown as the mean values 

 SEM of five independent experiments. D. MG-mediated CTGF induction in presence of TGFβ is not observed upon YAP 
silencing (siYAP#1 and #2) when compared to control (siGl3) cells. Data were analyzed using two-way ANOVA followed by 

Bonferroni post-test and shown as the mean values  SEM of three independent experiments. E. YAP (Santa Cruz antibody, 
H125) and TEAD1 IF co-localization in MDA-MB-231 cells cultured under low (Sparse) density used as positive control and in 
high density cultured cells (Confluent) in presence of MG. Magnification 630x. F. DNA quantification assay showing an 
increased proliferation of Glo1-silenced MDA-MB-231 (shGlo1#1 and #2) compared to control (shNT) at 72h. Silencing of YAP 
(siYAP#1 and #2) reversed this effect. Data were analyzed using two-way ANOVA followed by Bonferroni post-test and shown 

as the mean values  SEM of four independent experiments. G. Validation of YAP silencing by Western blot in MDA-MB-231 
shGlo1 cells after 72h related to panel F and Supplementary Figure S8E. H. E-cadherin and vimentin EMT markers are down-
regulated and up-regulated, respectively, upon MG treatment in MDA-MB-468 breast cancer cells as shown by western blot. β-
actin is used for normalization. I. High density MDA-MB-468 cells treated with MG demonstrated reduced and disrupted E-
cadherin junctions using immunofluorescence. Magnification 630x. Zoomed pictures are shown where indicated. J. MDA-MB-
468 cells treated with MG until confluence showed a higher migratory capacity compared to control cells as assessed by wound 
healing assay (16h) and not in YAP-silenced conditions. Data were analyzed using two-way ANOVA followed by Bonferroni 

post-test and shown as the mean values  SEM of five independent experiments. E, H and I. are representative of three 
independent experiments. * p<0.05, ** p<0.01, *** p<0.001, ns: not significant. 
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its decreased expression. Indeed we 

demonstrated by western blotting that 

LATS1 was significantly decreased upon 

MG treatment (300 and 500μM) in both 

glycolytic MDA-MB-231 and non-glycolytic 

MCF7 breast cancer cells (Figure 5B). 

Similar results were observed in MDA-MB-

468 (Supplementary Figure S9A). LATS1 

mRNA levels were not affected by MG in 

the three breast cancer cell lines 

(Supplementary Figure S9B). A previous 

study has shown that LATS1 kinase 

degradation occurs through 

polyubiquitination and the 26S proteasome 

pathway in breast cancer cells34. In good 

accordance, the treatment of breast 

cancer cells with MG132 proteasome 

inhibitor induced LATS1 increase (Figure 

5B and Supplementary Figure S9A). Next, 

we verified whether MG favored LATS1 

decrease through proteasome 

degradation. As shown in Figure 5B and 

Supplementary Figure S9A, the use of 

MG132 proteasome inhibitor reverted MG-

induced LATS1 decrease. Next, we 

explored whether this LATS1 decrease 

could explain, at least in part, the 

sustained YAP nuclear localization 

induced by MG. Accordingly, when we 

overexpressed LATS1, we were able to 

revert MG effects on YAP accumulation as 

assessed by immunofluorescence using 2 

anti-YAP antibodies in MDA-MB-231 cells 

(Figure 5C and Supplementary Figure 

S9C), and the other breast cancer cell 

lines analyzed (Supplementary Figures 

S9D and E). LATS1 overexpression is 

shown using anti-Flag antibody 

(Supplementary Figure S9F). Data 

gathered so far indicate that MG 

decreases LATS1 expression in breast 

cancer cells, through the proteasome, 

which leads to sustained activity of YAP in 

the nucleus. 

MG induces post-translational glycation 

of Hsp90 and affects its chaperone 

activity on LATS1. To explore further MG 

mechanism of action on LATS1, we first 

excluded the possibility of a direct 

glycation of LATS1 by MG using 

immunoprecipitation technique (data not 

shown). Then, we got interested in LATS1 

as a client of Hsp90 chaperone protein 15. 

Indeed, LATS1 kinase expression level 

and activity are dependent on its 

stabilization by Hsp90. 17-AAG, a potent 

Hsp90 inhibitor, disrupts LATS1 tumor 

suppressor activity in human cancer cells 
15. Hsp90 mRNA level was not modulated 

by MG treatment in breast cancer cells 

(Supplementary Figure S10A). Therefore, 

we sought to explore whether MG could 

modify Hsp90 thus indirectly impacting on 

LATS1 stability and degradation. The 

incubation of human recombinant Hsp90 

with MG followed by MS analysis revealed 

the modification of several lysine and 

arginine residues notably yielding to the 

formation of carboxyethyllysine (CEL) and 

argpyrimidine/MG-H adducts, respectively 

(Supplementary Table S1). Next, we 

examined whether endogenous MG-

modified Hsp90 could be detected in MG-

treated MDA-MB-231 cells. 

Immunoprecipitation of MG-treated MDA-

MB-231 extracts using anti-argpyrimidine 

MG adducts and followed by Hsp90 

immunoblot analysis allowed us to detect 

a basal level of glycated Hsp90 in MDA-

MB-231 glycolytic cells that was further 

enhanced upon MG treatment (Figure 5D). 

Hsp27, which is recognized as a major 

MG target in cancer cells, was also 

efficiently detected in argpyrimidine 

immunoprecipitates (Figure 5D). 

Consistently, the reverse IP experiment 

using an anti-Hsp90 antibody allowed the 

detection of both argpyrimidine and 

hydroimidazolone MG-adducts of the 

expected molecular weight in MG treated 

cells (Figure 5E). Argpyrimidine 

immunoprecipitates subjected to MS 

analysis revealed the presence of modified 

Hsp90 on several residues 

(Supplementary Table S2). Glycation hot 



 107 

spots observed on exogenous and/or 

Figure 5: MG induces LATS1 kinase decrease and Hsp90 post-translational glycation in breast cancer cells. A. 
Schematic representation of the Hippo pathway focused on LATS1 kinase control of nuclear-cytoplasmic shuttling of YAP co-
transcription factor. B. LATS1 expression in MDA-MB-231 and MCF7 cells treated with MG (300 and 500µM) in presence of 
increasing concentrations of MG132 proteasome inhibitor during 6h using western blot. C. YAP immunofluorescence (Santa 
Cruz antibody, H125) in MDA-MB-231 cells transiently transfected with LATS1 expression vector (+) or empty vector used as 
control (-) and then treated with MG (300µM) until confluence. D. Immunoprecipitation of MG adducts on MG-treated MDA-MB-
231 cells (300µM, 6h) using a specific anti-argpyrimidine monoclonal antibody. Mouse immunoglobulins (IgG) were used as 
control. Total cell lysates (Input) and immunoprecipitates (IP) were immunoblotted for argpyrimidine, Hsp90 and Hsp27. E. 
Under the same conditions as in D, MDA-MB-231 cell lysates were immunoprecipitated using anti-Hsp90. Inputs and IPs were 
immunoblotted using Hsp90 antibody and two specific antibodies directed against MG-adducts (argpyrimidine and 
hydroimidazolone MG-H). F. Schematic representation of Hsp90 protein domains where hot spots (*) of endogenously and/or 
exogenously MG-modified residues are indicated. See also detailed amino acid sequence in Supplementary Figure S8. G. 
Western blot analysis using the indicated antibodies on recombinant human Hsp90 (rhHsp90) incubated in presence of MG ± 

carnosine (10mM) or 17-AAG Hsp90 inhibitor (1M) during 24h. H. Hsp90 ATPase activity was decreased after incubation with 
MG or 17-AAG. This effect is efficiently blocked in presence of carnosine MG scavenger. Data were analyzed using two-way 

ANOVA followed by Bonferroni post-test and shown as the mean values  SEM of five independent experiments. * p<0.05 and 
** p<0.01. I. Co-immunoprecipitation of LATS1 and Hsp90 from MDA-MB-231 cells treated with MG 300µM during 24h reveals a 
decreased interaction between the 2 proteins. Immunoblot data were quantified by densotimetric analysis and normalized for β-
actin. Numbers represent fold increase relative to the condition shown with bold number. All data are representative of three 
independent experiments. 
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endogenous Hsp90 are summarized in 

Figure 5F and detailed amino acid 

sequence is provided in Supplementary 

Figure S10B. The mapping of MG 

modifications on Hsp90 amino-acid 

sequence indicated that functionally 

important domains involved in both 

substrate/co-chaperone and ATP binding 

showed several glycated residues (Figure 

5F) suggesting that Hsp90 activity could 

be affected. Recombinant human Hsp90 

(rhHsp90) was effectively modified by MG 

and was protected by carnosine MG-

scavenger as assessed using both anti-

argpyrimidine and anti-hydroimidazolone 

antibodies in western blot experiments 

(Figure 5G). Using an in vitro enzymatic 

assay, MG decreased rhHsp90 activity to 

an extent that was comparable to that 

seen with 17-AAG, an inhibitor of Hsp90 

(Figure 5H). Incubation of rhHsp90 with 

MG in presence of carnosine efficiently 

reversed this effect indicating for the first 

time that direct MG glycation of Hsp90 

affects its ATPase activity (Figure 5H). 

Furthermore, both MG and 17-AAG 

decreased LATS1 expression in the 3 

breast cancer cell lines under study 

(Supplementary Figure S10C). Next, we 

further documented LATS1 binding to 

Hsp90 in the context of MG treatment. 

LATS1 immunoprecipitates contained 

detectable Hsp90 however this interaction 

was disrupted upon MG treatment in MDA-

MB-231 cells (Figure 5I). Collectively, our 

findings show that MG relieves LATS1 

control on YAP nuclear localization 

through a mechanism identifying for the 

first time MG-mediated post-translational 

glycation and inactivation of Hsp90 in 

cancer cells. 

Glo1-depleted breast cancer cells show 

an increased tumorigenic and 

metastatic potential in a mouse 

xenograft model. Data gathered so far 

indicate that MG stress favors sustained 

YAP pro-proliferative and pro-migratory 

activity in breast cancer cells. Next, we 

explored the biological relevance of this 

observation for tumor growth and 

metastases development. Stably Glo1-

depleted MDA-MB-231 cells that were 

grafted subcutaneously in mice showed an 

increased tumor weight and volume that 

reached significance for shGlo1#2-

silenced clones (Figure 6A). Further 

exploration of shGlo1 experimental tumors 

using immunoblotting revealed the 

effective in vivo induction of argpyrimidine 

adducts and a strong inverse relationship 

between Glo1 silencing and total YAP 

expression (Figure 6B and C). In Glo1-

silenced experimental tumors, we further 

demonstrated a specific increase of YAP 

in the nucleus of tumor cells using 

immunohistochemistry (Figures 6D and E). 

Elevated proportion of Ki67 positive cells 

in shGlo1 tumors sustained the observed 

increased tumor growth, as shown and 

scored in Figure 6D and E, respectively. In 

order to explore further the association 

between high MG, YAP activity and tumor 

growth, we used the in vivo chicken 

chorioallantoic membrane assay (CAM). 

Grafted Glo1-depleted cells on the CAM 

showed increased growth as assessed by 

the measure of tumor volume and 

compared to control cells (Figures 6F and 

G). Remarkably, YAP knockdown with 2 

independent siRNAs further demonstrated 

the causative role of YAP in MG-induced 

tumor growth. Indeed, YAP silencing in 

shGlo1 cells efficiently reverted tumor 

growth to control levels (Figures 6F and 

G). As shown on mice experimental 

tumors, we observed significant YAP 

nuclear localization in CAM shGlo1 tumors 

(Figures 6H and I). YAP silencing was 

maintained for the entire duration of the 

CAM assay experiment (Supplementary 

Figure S11).  
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Figure 6: Glo1-depleted breast cancer cells show an increased tumorigenic potential in vivo. A. MDA-MB-231 shGlo1#1 
and #2 and control shNT cells were injected subcutaneously in NOD-SCID mice (15 mice/group). After 4 weeks, primary tumors 
were surgically removed and weighed. Tumor weight (mg) and volume (mm³) were analyzed using one-way ANOVA followed by 

Dunnett post-test and shown as the mean values  SEM. B. Western blot detection of argpyrimidine, Glo1 and YAP in 5 
representative experimental primary tumors. β-actin is used for normalization. C. Quantification of the western blot shown in 

panel B. Data were analyzed using one-way ANOVA followed by Dunnett post-test and shown as the mean values  SEM. D. 
Representative YAP and Ki67 IHC staining in experimental primary tumors. E. Quantification of IHC shown in panel D. Each dot 
represents one case and bars represent mean ± SEM. Data were analyzed using one-way ANOVA Kruskal-Wallis test followed 
by Dunn post-test (YAP) and one-way ANOVA followed by Dunnett post-test (Ki67). F. Glo1-depleted MDA-MB-231 (shGlo1#2) 
and control shNT cells were transfected with YAP siRNAs (siYAP#1 and 2) and grown on the chicken chorioallantoic membrane 
(CAM). After 7 days, tumors were collected and measured. Top and profile views of representative experimental CAM tumors 
are shown. G. Tumor volumes (4 tumors/condition) were analyzed using two-way ANOVA followed by Bonferroni post-test and 

shown as the mean values  SEM. H. Representative YAP immunostaining on Glo1-depleted CAM experimental tumors. I. 
Quantification of nuclear YAP IHC shown in panel F. Each dot represents one case and bars represent mean ± SEM. Data were 
analyzed using Mann Withney t test. * p<0.05, ** p<0.01 and *** p<0.001. 
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Following the assessment of Glo1-

silencing impact on tumor growth, we next 

evaluated the metastatic behavior of Glo1-

depleted breast cancer cells. After surgical 

removal of the primary tumors, the mice 

were followed for metastases development 

during an additional period of 6 weeks. 

The follow-up of the mice showed that 

lung metastases were detectable already 

after 3 weeks in Glo1-depleted conditions 

but not in control condition. After 6 weeks 

post-tumor removal, metastasized tumors 

were observed in the lungs of Glo1-

depleted mice (68%) when compared to 

control (20%). To evaluate further lung 

colonization, we performed human 

vimentin immunohistochemical detection 

that revealed a significant increase of both 

number and size of metastatic foci in Glo1-

depleted condition (Figure 7A), as 

quantified in Figure 7B. Using serial 

sections, we assessed efficient Glo-1 

depletion on the same metastatic foci 

(Figure 7A). These data demonstrate that 

breast cancer cells undergoing a carbonyl 

stress show enhanced growth and 

metastatic capacity thus highlighting an 

unexpected pro-tumoral role for MG 

endogenous accumulation. Finally, to 

better assess the importance of MG stress 

on metastatic dissemination, shGlo1#1 

mice received carnosine (10mM) in 

drinking water from the day of primary 

tumor removal until the end of the 

Figure 7: Glo1-depleted breast cancer cells show an increased metastatic potential in a mouse xenograft model. A. 
MDA-MB-231 shGlo1#1 and #2 and control shNT cells were injected subcutaneously in NOD-SCID mice. After 4 weeks, primary 
tumors were surgically removed. Six weeks after tumor removal, mice were sacrificed and lungs were collected. We had to 
ethically sacrifice 2 mice in both shGlo1#1 and shGlo1#2 groups before the end of the experiment. Representative human 
vimentin IHC highlights lung metastatic tumor lesions. Adjacent serial sections were used to perform Glo1 IHC staining. B. 
Quantification of number and size of vimentin positive foci on whole lung sections. Data were analyzed using two-way ANOVA 

followed by Newman Keuls or Bonferroni post-test and shown as the mean values  SEM. The number of mice per group is 
indicated on the graph. C. MDA-MB-231 shGlo1#1 cells were injected subcutaneously in NOD-SCID mice (5 mice/group). After 
4 weeks, primary tumors were surgically removed and mice were treated with carnosine (10mM) in drinking water. Six weeks 
after tumor removal, mice were sacrificed and lungs were collected. Human vimentin IHC staining of whole lung sections 
highlights metastatic tumor lesions. Magnification 100x. D. Quantification of vimentin positive foci on whole lung sections. Data 

were analyzed using unpaired Student’s t test and shown as the mean values  SEM. * p<0.05 and ** p<0.01. 
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experiment (during 6 weeks). We 

observed a significant decrease of lung 

colonization in shGlo1 mice treated with 

carnosine when compared with control 

mice (Figure 7C and D). Collectively, our 

data indicate that the pro-cancer effects of 

carbonyl stress unveiled here are tightly 

associated with YAP enhanced activity 

and can be efficiently blocked using a MG 

scavenger. 

DISCUSSION 

Cancer cell metabolism is 

characterized by an enhanced uptake and 

utilization of glucose through aerobic 

glycolysis. This overactive metabolism 

switch leads unavoidably to the formation 

of potent glycating agents such as MG. 

However, the concept of a causal 

relationship between non-enzymatic 

glycation and cancer progression is still in 

its early days. Here, we demonstrate that 

MG-mediated carbonyl stress interferes 

with LATS1, a major kinase of the Hippo 

tumor suppressor pathway to induce 

sustained YAP activity. The 

hypermethylation of the promoter region of 

LATS1 gene (50% of breast tumors) is 

associated with an aggressive breast 

cancer phenotype and poor survival35. We 

show in this study that LATS1 proteasomal 

degradation is favored in presence of MG 

thus bringing to light a new concept 

according to which MG stress could 

directly and/or indirectly participate to the 

control of tumor suppressor genes in 

cancer cells without affecting their 

transcriptional rate.  

YAP is regulated by diverse 

mechanisms including microenvironmental 

factors (cell crowding and ECM stiffness) 

and extracellular signaling (G-coupled 

receptors) (for review 19). Our study meets 

a new trend of thoughts proposing that 

energy metabolism is an additional 

upstream signal that regulates YAP 

oncogenic activity. Three independent 

studies recently established a link between 

the Hippo-YAP pathway and cellular 

energy stress using a glucose deprivation 

strategy 20, 36, 37. These studies are in 

agreement that under low glucose 

condition an AMPK-LATS1 axis inhibits 

YAP activity. Enzo and collaborators 21 

have recently demonstrated that aerobic 

glycolysis impacts on YAP/TAZ 

transcriptional activity through a 

mechanism involving phosphofructokinase 

1 binding to TEAD transcription factors. A 

recent metabolic profiling study using 

breast cancer progression cellular models 

reported the induction of several glycolytic 

enzymes upon constitutive activation of 

TAZ/YAP factors 22. Therefore, it is 

tempting to speculate that MG could 

regulate key glycolytic enzymes 

expression in a YAP-dependent manner 

thus creating a mutual regulatory loop 

where glycolysis-induced MG stress favors 

YAP activity, which in turn activates 

glycolysis. Considering that glucose 

metabolism inevitably leads to MG 

formation, one might speculate that any 

signaling pathway favoring the Warburg 

effect, e.g the Wnt signaling 38, will 

ultimately feed MG carbonyl stress in 

cancer cells.  

We show for the first time that 

Hsp90 is post-translationally glycated by 

MG. Although several post-translational 

modifications have been previously 

reported to affect Hsp90 stability and 

chaperone function, our study importantly 

uncovers that a natural metabolite derived 

from glycolysis is involved in regulating 

Hsp90 in cancer cells. Decreasing Hsp90 

client binding has been considered as an 

attractive anti-cancer therapy because of 

its role in stabilizing the active form of a 

wide range of client oncoproteins and 

several synthetic Hsp90 inhibitors are now 

in clinical trials 39. Nevertheless, 

cumulative evidence tends to prove that 

Hsp90-directed therapy also induces pro-
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cancer effects. For example, Hsp90 

inhibition promotes prostate cancer growth 

through Src kinase activation 40 and favors 

breast cancer bone metastases formation 
41. It is generally estimated that over sixty 

percent of all cancers are glycolytic. This 

study showing that an endogenous 

glycolysis metabolite interferes with Hsp90 

activity even more crucially raises 

significant concerns about the use of 

Hsp90 inhibitors as cancer treatment. The 

above-mentioned tumor-promoting effects 

related to Hsp90 inhibition could be 

potentially recapitulated under MG-

mediated carbonyl stress condition in 

cancer cells. Consistent with this 

hypothesis and our data, LATS1 

signalization in the Hippo pathway is 

rendered ineffective in ovarian cancer 

xenograft tumors from mice treated with 

an Hsp90 inhibitor 15.  

MG is a potent cytotoxic compound 

and was first viewed as a potential 

therapeutic agent in cancer 42. However, 

the recent identification of MG-modified 

proteins with pro-tumorigenic potential 

indicated that MG could also support 

tumor progression. Three independent 

groups have shown that Hsp27 heath 

shock protein is switched from a pro-

apoptotic to an anti-apoptotic factor upon 

MG glycation and facilitates cancer cell 

evasion from caspase dependent cell 

apoptosis 10, 11, 12. These data and ours 

point to an important regulatory role of MG 

stress on Hsps which have been 

particularly shown to be overexpressed in 

a wide range of tumors and are associated 

with a poor prognosis and resistance to 

therapy43. 

Glo1 appears to be a dual mediator 

for growth regulation in cancer as it has 

been described both as an oncogene and 

a tumor suppressor. On one hand, the 

search for copy number changes on a 

large set of cancer cell lines revealed that 

Glo1 is amplified in many types of human 

cancer with breast tumors (22%) and 

sarcomas (17%) showing the highest rates 
44. Most of the recent studies aimed at the 

inhibition of Glo1 to induce a toxic MG 

accumulation effectively showed a 

decreased tumor growth. These studies 

generally depicted Glo1 as an amplified 

and/or overexpressed oncogene and as a 

bad prognosis marker in different types of 

malignant tumors 45, 46, 47, 48, 49. On the 

other hand, a study aimed at functionally 

identifying tumor suppressor genes in liver 

cancer identified and validated Glo1 as a 

tumor suppressor gene which knockdown 

using shRNAs increased tumor growth in a 

mouse model50. Using stably depleted 

Glo1 xenografts in vivo, we have also 

demonstrated the pro-tumorigenic and 

pro-metastatic role of endogenous MG 

accumulation in breast cancer cells. These 

results are consistent with (a) enhanced 

nuclear YAP and increased Ki67-positive 

proliferating cells in vivo, (b) increased 

YAP oncogenic activity including the 

induction of growth factors expression 

such as CTGF and the initiation of EMT 

process observed in vitro and (c) the 

positive correlation between high MG-

adducts detection and nuclear YAP in 

human primary mammary tumors thus 

supporting the clinical relevance of our 

findings.  

Therefore, it can be expected that 

different cancer types, with different 

backgrounds and for instance different MG 

detoxification rates would react differently 

to MG stress. Remarkably, cell lines with 

Glo1 amplification44 or high Glo1 

expression51 are reported to be much 

more sensitive to Glo1 inhibitors such as 

BBGC than those without. Thus 

suggesting that a high Glo1 activity, 

putatively associated with high MG 

production, is necessary for their survival. 

In our hands, Glo1 knockdown or inhibition 

using BBGC did not induce any significant 

cell apoptosis and hence conferred pro-
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growth and pro-metastatic advantages to 

breast cancer cells. These apparently 

controversial results could be potentially 

ascribed to differences in the cell lines and 

animal models used. No doubt that the 

validation of Glo1 as a target for cancer 

therapy will need a better characterization 

of those breast tumors that are more likely 

to be sensitive. 

Many chemotherapeutic drugs 

used to treat cancer have been shown to 

exert their biologic activity through 

induction of oxidative stress. However, 

compelling experimental and clinical 

evidence indicates that this latter is 

diverted by cancer cells to promote their 

growth and resistance to apoptosis. Such 

promoting effect of carbonyl stress in 

cancer is inferred for the first time from our 

data and certainly awaits more 

comprehensive studies before 

confirmation. In a non-tumoral context, MG 

dual effect has been shown recently for 

neurons where MG is favorable to neurons 

development and activity while high MG 

levels are toxic 52. 

Elevated blood concentrations of 

MG have been reported in type 2 diabetic 

patients 53 and plasma MG-derived 

hydroimidazolone was higher in type 1 

diabetics as compared with non diabetics 
54. Future studies will have to assess the 

potential use of circulating MG and/or 

specific MG adducts as cancer 

biomarkers. Recent studies indicated that 

cancer in diabetic patients presents with a 

higher incidence and a poorer prognosis 

than in non-diabetic persons 55, 56. Our 

study hereby provides with a potential 

molecular mechanism for cancer-diabetes 

connection. A better understanding of MG 

pro-cancer effects could lead to the 

development of preventive and therapeutic 

strategies based on the scavenging of 

MG. Interestingly, both MG scavengers 

metformin and carnosine have been 

shown to exert anti-tumoral effects 57, 58 

and metformin proved efficient to reduce 

systemic MG levels in diabetic patients 59. 

DeRan and collaborators 20 reported that 

metformin, and its more potent analog 

phenformin, inhibited YAP activity through 

AMPK signaling. Metformin is better 

known as a mitochondrial complex I 

inhibitor and a potent AMPK inducer and it 

is somehow overlooked for its MG 

scavenging capacities. Accordingly, it is 

not excluded that metformin could have 

also exerted, at least in part, its inhibitory 

activity on YAP function through its MG 

scavenging properties. In support of this 

hypothesis, we have shown that high MG 

stress-tumor xenografts showed a 

significantly lower propensity to 

metastasize in animals supplemented with 

carnosine in their drinking water. The 

crucial role of glucose metabolism in 

aggressive tumors has logically directed 

cancer therapy research towards the use 

of anti-diabetic drugs as effective anti-

cancer agents and metformin is actually 

tested in several anti-cancer clinical 

trials60. 

 Studies using mass spectrometry 

and antibodies directed against MG 

specific AGEs are currently underway in 

our laboratory in order to identify other 

targets of MG that will hopefully contribute 

to bring to light the critical position of MG-

mediated carbonyl stress in cancer.  

MATERIALS AND METHODS 

Cell culture and reagents. Human breast 

cancer cell lines MDA-MB-231 and MCF7 

were obtained from the American Type 

Culture Collection (ATCC). Human breast 

cancer cell line MDA-MB-468 was kindly 

provided by Dr. C. Gilles (Laboratory of 

Tumor and Development Biology, 

University of Liège, Belgium). Cells were 

either cultured in high glucose DMEM 

(standard glucose concentration of 4.5g/L, 

Lonza) or in DMEM medium with a 
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glucose concentration of 1g/L (low glucose 

medium) both containing 10% fetal bovine 

serum (FBS, ThermoFisher Scientific) and 

2mM L-glutamine (Lonza). One g/L 

glucose level is physiological and reflects 

the in vivo concentrations in human 

serum. Conversely, the routine culture 

media concentration of 4.5g/L (high 

glucose medium) corresponded to a 

diabetic condition. In our experimental 

model, sparse cells are defined as low 

glucose cultured cells seeded at low 

density (for example, for a 6-wells plate: 

MDA-MB-231, MCF7 and MDA-MB-468 

were seeded at 2x105 cells/well). 

Confluent cells were obtained by seeding 

the same number of cells as indicated 

above and cultured for 3 days until they 

reached confluence. During these 3 days, 

cells were treated where indicated with 

methylglyoxal (MG, cat#M0252, Sigma-

Aldrich) at micromolar concentrations 

every day. We excluded the presence of 

significant formaldehyde contamination 

(<3%) in MG (lot: BCBF6939V) by NMR 

analysis. The natural anti-glycation 

dipeptide L-carnosine (C9625), the MG 

scavenger aminoguanidine (396494), the 

proteasome inhibitor MG132 (C2211) and 

the Hsp90 inhibitor 17-AAG (A8476) were 

obtained from Sigma-Aldrich. TGF-β was 

obtained from Roche. Human recombinant 

Hsp90α (rhHsp90) was obtained from 

Enzo Life Sciences. S-p-

bromobenzylglutathione cyclopentyl 

diester (BBGC), a cell-permeable inhibitor 

of Glo1, was synthesized as previously 

described61. Anti-argpyrimidine antibody 

(mAb6B) specificity has been previously 

confirmed by competitive ELISA and it has 

been shown to not react with other MG-

arginine adducts such as 5-hydro-5-

methylimidazolone and 

tetrahydropyrimidine62. 

Clinical tumor samples. Human breast 

tumor tissues (n=87) were obtained from 

the Pathology Department of the 

University Hospital of Liège in agreement 

with ethical guidelines of the University of 

Liège (Belgium).  

Immunohistochemistry (IHC). Formalin-

fixed paraffin embedded sections were 

dewaxed and rehydrated. Sections were 

treated with 3% hydrogen peroxide in 

methanol for 30min to block endogenous 

peroxidase activity. Antigen retrieval was 

performed in 10mM sodium citrate buffer 

pH6 at 95°C for 40min. To block non-

specific binding sites, tissues were 

incubated with 1.5% normal serum (Vector 

Laboratories) for 30min. Next, they were 

incubated with mouse anti-Argpyrimidine 

(mAb6B, 1:2000), rabbit anti-YAP (Santa 

Cruz, H125, 1:100), mouse anti-Ki67 

(Dako, 1:100), mouse anti-Glo1 (BioMac, 

1:100) and mouse anti-vimentin (Ventana, 

Roche, 1:4) antibodies overnight at 4°C 

followed by incubation with an anti-mouse 

or anti-rabbit biotinylated secondary 

antibody (Vector Laboratories) for 30min 

at room temperature (RT). Sections were 

then stained with avidin-biotin-peroxidase 

complex (Vectastain ABC Kit, Vector 

Laboratories) for 30min followed by 

staining with 3,3’ diaminobenzidine 

tetrachloride (DAB). Slides were finally 

counterstained with hematoxylin, 

dehydrated and mounted with DPX 

(Sigma-Aldrich). Tissue sections incubated 

without primary antibody showed no 

detectable immunoreactivity.  

Evaluation of immunohistochemical 

staining. The immunostaining was 

reviewed and scored by two examiners 

including an anatomopathologist (E.B). As 

we previously described 63, scoring of the 

staining was done according to the 

intensity of the staining (0, 1+, 2+, 3+) and 

the percentage of positive cancer cells 

within the tumor (0-25%, 25-50%, 50-75%, 

75-100%). The results obtained with the 2 

scales were multiplied together, yielding a 

single score with steps of 0, 1+, 2+, 3+, 
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4+, 6+ and 9+. For argpyrimidine staining, 

scores of 0 to 2+ were considered as low 

to intermediate staining (low/intermediate 

carbonyl stress) and scores from 3+ to 9+ 

were considered as high staining (high 

carbonyl stress). Expression status of YAP 

in tumor cells was assessed using the 

same scoring as described above 

according to YAP cellular compartment 

(nucleus and cytoplasmic). Ki67 

immunostaining was evaluated as the 

percentage of nucleus positive cells 

present in experimental tumor tissue 

sections. Human vimentin detection was 

used to quantify (a) the total number of 

positive foci and (b) the number of cells 

per foci categorized as follows: <10 and 

≥10 vimentin positive cells. Metastatic foci 

number and size were counted in one 

whole lung section per mice.  

Immunofluorescence (IF) and 

evaluation of nuclear YAP staining. 

MDA-MB-231, MDA-MB-468 and MCF7 

cells were plated on coverslips in 24-well 

plates. Sparse cells were seeded at 4x104 

cells/well. Confluent cells were obtained 

by seeding the same number of cells as 

indicated above and treated for 3 days 

with MG until they reached confluence. 

For YAP and/or TEAD1 staining, cells 

were fixed with 3% paraformaldehyde 

(PAF) for 20min and then permeabilized 

with 1% Triton X-100. After blocking (3% 

BSA for 30min), slides were incubated 

with rabbit anti-YAP (Santa Cruz, H125 or 

Cell Signaling, 4912, 1:100) and/or mouse 

anti-TEAD1/TEF1 (BD Biosciences, 1:100) 

antibodies diluted in 1% BSA overnight at 

4°C. After washing with PBS, slides were 

incubated with anti-rabbit IgG 

AlexaFluor488 or anti-mouse IgG 

AlexaFluor633 conjugated secondary 

antibodies (Life Technologies, 1:1000) for 

1h at RT. AlexaFluor568 Phalloidin 

(Invitrogen) was used to stain actin 

filaments. For E-cadherin and YAP co-

staining, cells were fixed in cold methanol 

for 10min at -20°C. After rehydratation in 

PBS, slides were blocked in 3% BSA for 

30min and stained with mouse E-cadherin 

antibody (BD Biosciences, 1:200) and/or 

YAP antibody (Santa Cruz, H125, 1:100) 

diluted in 1% BSA for 1h at RT. After a 

washing step, slides were incubated with 

anti-mouse IgG AlexaFluor488 and/or anti-

rabbit IgG AlexaFluor546 (Invitrogen). 

Nuclei were stained using DAPI (EMD 

Chemicals). Coverslips were mounted on 

glass slides using Mowiol (Sigma-Aldrich) 

and observed using confocal microscope 

(Leica SP5). All microscope settings were 

kept the same for sparse and confluent 

cells imaging. To quantify the intensity of 

YAP nuclear staining, at least 5 

pictures/condition (magnification 630x) 

were used. Using ImageJ software 64 the 

intensity of YAP staining that colocalized 

with DAPI staining was measured. A mean 

of YAP staining intensity per nucleus was 

obtained. All the data are presented as the 

mean ± SEM of three independent 

experiments.  

Western Blot. Cells were extracted in 

SDS 1% buffer containing protease and 

phosphatase inhibitors (Roche). Tissues 

samples were extracted in RIPA buffer 

(150mM NaCl, 0.5% Na+-deoxycholate, 

1% Triton X-100, 0.1% SDS, 50mM Tris-

HCl pH7.5 and protease/phosphatase 

inhibitors). After incubation under rotation 

at 4°C during 30 min, tissues lysates were 

centrifuged at 14000g for 15 min at 4°C. 

Protein concentrations were determined 

using the bicinchoninic acid assay 

(Pierce). Twenty or 30µg of proteins were 

separated by 7.5% to 12.5% SDS-PAGE 

and transferred to PVDF or nitrocellulose 

membranes. After blocking in TBS-Tween 

0.1% containing 5% nonfat dried milk (Bio-

Rad), membranes were incubated with 

primary antibodies overnight at 4°C. 

Antibodies are listed in Supplementary 

Table S3. Then, the membranes were 

exposed to appropriate secondary 
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antibody at RT for 1 hour. The 

immunoreactive bands were visualized 

using ECL Western Blotting substrate 

(Pierce). Immunoblots were quantified by 

densitometric analysis and normalized for 

β-actin using ImageJ software. A 

representative western blot of three 

independent biological replicates is shown. 

siRNA transfection. YAP and Glo1 small 

interfering RNAs (siRNA) and siGl3 

irrelevant used as control were 

synthesized by Eurogentec. Sequences 

are detailed in Supplementary Table S4. 

Calcium phosphate-mediated transfections 

were performed using 20nM of each 

siRNA. 

RNA isolation and quantitative reverse 

transcription-PCR (qRT-PCR). RNA 

extraction was performed according to the 

manufacturer’s protocol (NucleoSpin RNA, 

Macherey-Nagel). Reverse transcription 

was done using the Transcription First 

Strand cDNA Synthesis Kit (Roche). 

Hundred ng of cDNA were mixed with 

primers, probe (Universal ProbeLibrary 

System, Roche) and 2x FastStart 

Universal Probe Master Mix (Roche) or 

Fast Start SYBR Green Master Mix 

(Roche). Q-PCR were performed using the 

7300 Real Time PCR System and the 

corresponding manufacturer’s software 

(Applied Biosystems). Relative gene 

expression was normalized to 18S rRNA. 

Primers were synthesized by IDT and their 

sequences are detailed in Supplementary 

Table S5. Three technical replicates of 

each samples have been performed and 

data are presented as mean ± SEM or ± 

SD (as indicated in figure legends) of 

minimum 3 biological replicates. 

Cellular MG quantification. MBo (Methyl 

diaminobenzene-BODIPY) was used to 

detect endogenous MG in different 

conditions. The cells were treated with 

5µM MBo in complete medium as 

previously described 25 . After 1h, the cells 

were washed with PBS and incubated in 

low or high glucose medium for 6 (FACS) 

and 24h (confocal microscopy). Cells were 

either trypsinized and analyzed by flow 

cytometry (BD Biosciences FACSCanto), 

or fixed with PAF and prepared for 

confocal microscope visualization as 

described above.  

Nuclear Magnetic Resonance (NMR) 

analysis. Five hundred microliters of 

conditioned culture media (24h) were 

supplemented with 100μl of deuterated 

phosphate buffer (pH7.4), 100μl of a 

35mM solution of maleic acid and 10μl of 

TMSP. The solution was distributed into 5-

mm tubes for NMR measurement. 1H NMR 

spectra were acquired using a 1D NOESY 

sequence with presaturation. The 

Noesypresat experiment used a RD-90°-

t1-90°-tm-90°-acquire sequence with a 

relaxation delay of 4sec, a mixing time tm 

of 10msec and a fixed t1 delay of 4µsec. 

Water suppression pulse was placed 

during the relaxation delay (RD). The 

number of transient is 32 (64K data points) 

and a number of 4 dummy scans is 

chosen. Acquisition time is fixed to 

3.2769001sec. Lactate dosages were 

achieved by integrations of the lactate 

signal at 1.34ppm using maleic acid as 

internal standard. Deuterium oxide 

(99.96% D) and trimethylsilyl-3-propionic 

acid-d4 (TMSP) were purchased from 

Eurisotop (St-Aubin, France), phosphate 

buffer powder 0.1M and maleic acid were 

purchased from Sigma-Aldrich. The NMR 

spectra were recorded at 298K on a 

Bruker Avance spectrometer operating at 

500.13MHz for proton and equipped with a 

TCI cryoprobe. Deuterated water was 

used as the internal lock. The data have 

been processed with Bruker TOSPIN 3.0 

software with standard parameter set. 

Phase and baseline correction were 

performed manually over the entire range 

of the spectra and the δ scale was 



 117 

calibrated to 0ppm using the internal 

standard TMSP. 

 Methylglyoxal measurement in cell 

culture medium. MG level was 

determined in 48h-conditioned culture 

media of breast cancer cells (85-90% 

confluence). The culture media were 

collected, centrifugated at 1000rpm for 

5min and immediately stored at -20°C. 

Attached cells were trypsinized and 

counted to normalize the MG dosage. 

Samples preparation and LC-MS/MS 

analysis were performed as previously 

described 65 with some adaptations. 

Briefly, 20μl aliquot of culture medium was 

treated with ice-cold 20% TCA/0.9% saline 

(Sigma-Aldrich) and 5μl of 5-MQX (Sigma-

Aldrich) internal standard were added. 

Samples were incubated on ice for 10 min 

and after centrifugation at 10,000g for 

10min at 4°C, 35μl of supernatant were 

collected and used for the analysis. Then, 

5μl of sodium azide (Sigma-Aldrich) were 

added to the 35μl of samples and mixed. 

The derivatization step was performed by 

adding 1,2-diaminobenzene (Acros 

Organics, ThermoFisher Scientific) to the 

samples and incubating for 4h in the dark 

at RT. A calibration curve with 2-MQX was 

prepared in the range of 0-16pmoles with 

2pmoles of internal standard. HPLC 

analyses of 2-MQX and 5-MQX were 

performed on an Acquity UPLC I-Class 

system (Waters, Milford, USA) with a Xevo 

TQ-S mass spectrometry detector 

(Waters, Milford, USA). The column was a 

BEH C18, 1.7µm particle size, 2.1x50mm 

(Waters, Milford, USA) at 40°C. The 

mobile phases were 0.1% formic acid (v/v) 

in water as solvent A and 0.1% formic acid 

(v/v) in acetonitrile as solvent B. The initial 

conditions, 5% of solvent B, were 

maintained for 1min followed by a linear 

gradient of 4min to 100% of solvent B, the 

column was then washed for 1min with 

100% solvent B and then re-equilibrated 

for 4min with 5% of solvent B. The 

injection volume was 9μl. 2-MQX and 5-

MQX were detected by electro-spray 

positive-ion selected reaction monitoring 

(SRM). Five MRM mass transitions were 

recorded for analyte and internal standard. 

MRM mass transition and collision energy 

(in brackets) were as follows: 2-MQX – 

145.20 > 65.20 (22.0), 145.20 > 77.10 

(22.0), 145.20 > 92.20 (20.0), 145.20 > 

104.30 (20.0), 145.20 > 118.20 (20.0) and 

5-MQX - 145.20 > 65.03 (30.0), 145.20 > 

91.20 (22.0), 145.20 > 102.50 (25.0) (not 

used), 145.20 > 104.20 (12.0) (not used), 

145.20 > 118.20 (20.0), 145.20 > 128.10 

(22.0). Quantification was based on 

transition 145.20 > 118.20 for 2-MQX and 

145.20 > 91.20 for the internal standard. 

For secure identification of 2-MQX, ion 

ratios were checked to be within 10% of 

that of 2-MQX standard. Limits of 

detection (LOD) and of quantification 

(LOQ) were established as previously 

reported 66. LOD and LOQ were 

respectively 0.589 and 1.262pmoles. 

shRNA transfection. Lentiviral vectors 

(rLV) were generated with the help of the 

GIGA Viral Vectors platform (University of 

Liège). Briefly, Lenti-X 293T cells 

(Clontech) were co-transfected with a 

pSPAX2 (a gift of Dr D. Trono, Addgene 

plasmid #12260) and a VSV-G encoding 

vector 67 along with a shRNA transfer 

lentiviral plasmid (Glo1 shRNAs plasmids : 

Sigma-Aldrich, TRCN0000118627 (#1) 

and TRCN0000118631 (#2) or non-target 

(NT, anti-eGFP) shRNA plasmid (Sigma-

Aldrich, SHC005)). Forty-eight, 72 and 96h 

post transfection, viral supernatants were 

collected, filtrated and concentrated 100x 

by ultracentrifugation. The lentiviral 

vectors were then titrated with qPCR 

Lentivirus Titration Kit (ABM). MDA-MB-

231 cells were stably transduced with 

shGlo1#1, shGlo1#2 and shNT and 

selected with puromycin (0.5µg/ml, Sigma-

Aldrich).  
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Glo1 activity assay. The activity of Glo1 

was performed as previously described 9. 

Briefly, proteins were extracted with RIPA 

buffer, quantified and mixed with a pre-

incubated (15min at 25°C) equimolar 

(1mM) mixture of MG and GSH (Sigma-

Aldrich) in 50mM sodium phosphate 

buffer, pH6.8. S-D-lactoylglutathione 

formation was followed 

spectrophotometrically by the increase of 

absorbance at 240nm at 25°C. Glo1 

activity data are expressed as arbitrary 

units (A.U.) of enzyme per mg of proteins. 

Three technical replicates of each samples 

have been performed and data are 

presented as mean ± SEM of 5 biological 

replicates. 

Chromatin Immunoprecipitation (ChIP). 

Formaldehyde was added directly to cell 

culture media to a final concentration of 

1% at RT. Ten minutes later, glycine was 

added to a final concentration of 0.125M 

for 5min at RT. The cells were then 

washed with ice-cold PBS, scraped, and 

collected in cold PBS followed by 

extraction in cell lysis buffer (20mM 

Tris/HCl pH8, 85mM KCl, 0.5% NP-40, 

protease inhibitor). Nuclei were pelleted by 

centrifugation at 2600g for 5min at 4°C, 

suspended in nuclei lysis buffer (50mM 

Tris/HCl pH8, 10mM EDTA, 1% SDS, 

protease inhibitor) and sonicated with 

Bioruptor (Diagenode). Samples were 

centrifuged at 14000g for 15min at 4°C. 

Supernatant were diluted in ChIP dilution 

buffer (0.01% SDS, 1.1% Triton X-100, 

1.1mM EDTA, 20mM Tris/HCl pH8, 

167mM NaCl, protease inhibitor) to obtain 

a SDS final concentration of 0.2% and 

incubated with anti-YAP antibody (Santa 

Cruz, H125) or rabbit control IgG (Zymed 

Laboratories) overnight at 4°C. Protein G 

magnetic beads were blocked with BSA 

0.1mg/ml and salmon sperm DNA 

0.1mg/ml overnight at 4°C and then 

washed with ChIP dilution buffer. Beads 

were added to the lysate and incubated 

under rotation at 4°C. Four hours later, the 

beads were washed with low (0.1% SDS, 

1% Triton X-100, 2mM EDTA, 20mM 

Tris/HCl pH8, 150mM NaCl), high (0.1% 

SDS, 1% Triton X-100, 2mM EDTA, 20mM 

Tris/HCl pH8, 450mM NaCl) salt wash 

buffer and LiCl wash buffer (0.5M LiCl, 1% 

NP-40, 1% deoxycholate, 20mM Tris/HCl 

pH8). Next, the beads were incubated in 

elution buffer (50mM NaHCO3, 1% SDS) 

during 20min under agitation. NaCl was 

added to a final concentration of 0.2M and 

samples were heated at 67°C overnight to 

reverse crosslinking. DNA was purified by 

phenol/chloroform extraction. The ChIP-

enriched DNA was subjected to qPCR 

using connective tissue growth factor 

(CTGF) promoter TEAD binding site-

specific primers sense, 5′-

ATATGAATCAGGAGTGGTGCG-3′ and 

antisense, 5′-

CAACTCACACCGGATTGATCC-3′31. 

Primers (sens, 5’-

AGACAAACCAAATCCAATCCACA-3’, 

antisens, 5’-

CTGTGTTGGGTAGGTAGGGG-3’) 

targeting a more distal region on CTGF 

promoter were used as negative control. 

All qPCR data are normalized to Input and 

IgG controls and are presented as mean ± 

SEM of 3 biological replicates. 

Wound closure migration assay. MDA-

MB-468 cells were transfected with 2 

siRNAs against YAP and were grown to 

high density with MG 300µM treatment. 

Multiple uniform streaks were made on the 

monolayer culture with 10µl pipette tips. 

The cells were then washed to remove 

detached cells. Immediately after 

wounding and 16h later, each wound was 

photographed under a phase-contrast 

microscope. The distance between the 

wound edges was measured. Mean 

wound width was determined and a wound 

closure percentage was calculated for 

each condition. Sixteen wounds were 

measured per condition and the 
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experiment was repeated twice. Data are 

expressed as the mean ± SEM.  

Cell growth assay. Equal numbers of 

cells were seeded, transfected with 2 

siRNAs targeting YAP and treated with 

MG until confluence. Cell number was 

indirectly assessed using Hoechst 

incorporation at the indicated time period 

and cell growth was expressed based on 

cellular DNA content (µg/ml). Three 

technical replicates of each samples have 

been performed and data are presented 

as mean ± SEM of 4 biological replicates. 

Mass spectrometry – MG adducts 

localization. As previously described 6, 68, 

69, 5µg of human recombinant Hsp90α 

(rhHsp90, Enzo Life Sciences, ADI-SPP-

76D) were minimally modified with MG 

500µM in PBS 100mM pH7.4 at 37°C 

during 24h. Proteins were reduced and 

alkylated, placed in 50mM ammonium 

bicarbonate (buffer exchange was 

performed using an Amicon-3k from 

Millipore) and then digested using a 

protease mixture. Peptides (15pmoles 

injected) were separated by reverse phase 

chromatography (UPLC® Waters 

nanoAcquity) in one dimension on a BEH 

C18 analytical column (25cm length, 75µM 

ID) with an increasing ratio of 

acetonitrile/water (5%-40% in 85min) at a 

250nL/min flow rate. The chromatography 

system was coupled to a hybrid 

Quadrupole-Orbitrap Mass Spectrometer 

(Q Exactive, Thermo Fisher Scientific), 

operated in data-dependent acquisition 

mode. Survey scans were acquired at 

70,000 resolving power (full width at half 

maximum, FWHM). Mass range was set 

from 400 to 1750m/z in MS mode, and 

1E6 ions were accumulated for the survey 

scans. After each survey scan, the 10 

most intense ions were selected to do 

MS/MS experiments. Higher energy 

Collision Dissociation (HCD) fragmentation 

was performed at NCE 25 after isolation of 

ions within 2amu isolation windows. A 

dynamic exclusion of 10sec was enabled. 

Database searches were performed using 

Proteome Discoverer 1.4 (Thermo 

Scientific) in a Swissprot database (2014-

05, 20339 human sequences) restricted to 

human taxonomy. MS and MS/MS 

tolerances were respectively set at 5ppm 

and 20mmu. Argpyrimidine (+ 80.026Da, 

R), hydroimidazolone (+ 54.010Da, R), 

dihydroxyimidazolidine (+ 72.021Da, R) 

and carboxyethyllysine (+ 72.021Da, K) 

were set as variable modifications while 

carbamidomethylation (+57.021Da, C) was 

set as fixed modification.  

Mass spectrometry – MG adducts 

detection on endogenous Hsp90. Based 

on the experiments conducted using 

rhHsp90, a targeted method was set up to 

reach enough sensitivity to detect 

endogenous Hsp90 adducts in MDA-MB-

231 MG-treated cells. Modified rhHsp90 

as described above was first digested 

using Lys-C protease (in Tris-HCl 25mM, 

pH8.5, 1mM EDTA overnight at 37°C; first 

step at 1/40 sample/protease and then 

addition of 1/50 sample/protease in 50% 

acetonitrile for 4h). Resulting peptides 

were separated by reverse phase 

chromatography (UPLC® Waters M Class) 

in one dimension on a HSS T3 C18 

analytical column (25cm length, 75µM ID) 

with an increasing ratio of 

acetonitrile/water (2%-40% in 32min) at a 

600nL/min flow rate. The system was 

coupled to the mass spectrometer 

described above. A shortlist of 54 peptides 

were manually selected and used in 

further targeted experiments. Two “Parallel 

Reaction Monitoring” or PRM (i.e. targeted 

full MS/MS) methods were set up in order 

to obtain at least 12 data points in 

chromatographic peaks and they were run 

consecutively for each sample. Data were 

then analyzed using Skyline 3.1 and were 

manually validated. For these 

experiments, protein extract from MDA-
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MB-231 treated or not with MG 300µM 

during 6h were immunoprecipitated with 

argpyrimidine antibody. These samples 

were prepared in a slightly different way 

than rhHsp90: whole samples were 

reduced, alkylated and then purified using 

the 2D Clean-up kit (GE Healthcare). The 

samples were then resuspended in the 

proteolysis buffer and the digestion was 

performed assuming an amount of 5µg to 

be digested. The following steps were the 

same as for the recombinant protein.  

Immunoprecipitation and co-

immunoprecipitation. MDA-MB-231 were 

treated with MG 300µM during 6h. Then, 

argpyrimidine (mAb6B) and Hsp90 (anti-

Hsp90 antibody, ab13492, Abcam) and 

mouse IgG (Zymed Laboratories) 

immunoprecipitations were performed 

using the “Crosslink IP” kit (#26147, 

ThermoFischer Sicentific) according to 

manufacturer instructions. For 

LATS1/Hsp90 co-immunoprecipitation, 

MDA-MB-231 were treated with MG 

300µM during 24h. Proteins were 

extracted in Tris-HCl pH8 20mM, NaCl 

137mM, NP-40 1%, EDTA 2mM and 

protease inhibitors. After incubation under 

rotation at 4°C during 30 min, cell lysates 

were centrifuged at 14000g for 15 min at 

4°C. Five hundred µg of proteins were 

incubated with 2µg of LATS1 (Bethyl) or 

rabbit IgG (Zymed Laboratories) 

antibodies overnight and then 2h with 

Protein G magnetic beads at 4°C. After 

several washes, proteins were eluted and 

analyzed by western blot. A representative 

western blot of three independent 

biological replicates is shown.  

Plasmids. pcDNA3.1-LATS-3xFlag and 

pcDNA3.1-3xFlag (empty vector) were 

kindly provided by Prof. Xiaolong Yang, 

Department of Pathology and Molecular 

Medicine, Queen’s University, Kingston, 

Ontario K7L 3N6, Canada70. Cell 

transfection was performed using 

Lipofectamine (ThermoFisher Scientific) 

according to manufacturer’s instructions.  

Hsp90 ATPase activity. Hsp90 ATPase 

activity assay was performed as previously 

described71 using Transcreener ADP2 FI 

assay (BellBrook Labs). Briefly, 1µM of 

rhHsp90 was preincubated with MG 

500µM ± carnosine 10mM or 17-AAG 1µM 

during 24h at 37°C in Hepes pH7.4 50mM, 

KCl 20mM, EGTA 2mM, MgCl2 4mM and 

Brij-35 0.01%. ATP was added at a final 

concentration of 100µM and incubated 3h 

at 37°C. The reaction was stopped and 

ADP was detected by adding ADP2 

Antibody-IRDye QC-1 at a final 

concentration of 93.7µg/ml and ADP 

Alexa594 Tracer at a final concentration of 

4nM. This mix was incubated 1h at RT in a 

96 well black half area plates (Greiner, 

#675076). Readings were performed on a 

Filter Max F5 plate reader (Molecular 

Devices). Three technical replicates of 

each samples have been performed and 

data are presented as mean ± SEM of 5 

biological replicates. 

In vivo mice experiments. All animal 

experimental procedures were performed 

according to the Federation of European 

Laboratory Animal Sciences Associations 

(FELASA) and were reviewed and 

approved by the Institutional Animal Care 

and Ethics Committee of the University of 

Liege (Belgium). Animals were housed in 

the GIGA-accredited animal facility of the 

University of Liege. For human xenografts, 

MDA-MB-231 shNT, shGlo1#1 and 

shGlo1#2 cells were suspended in 10% 

FBS supplemented medium and Matrigel 

(BD Biosciences) (50% v/v). Cell 

suspensions (106cells/100µl) were 

inoculated subcutaneously in one flank of 

five week old female NOD-SCID mice 

(n=15 per condition). After 4 weeks, 

tumors were surgically removed, weighted 

and measured with a caliper. Tumor 

volume (V) was assessed using the 
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formula 𝑉 =
4

3
× 𝜋 ×

𝐻

2
×
𝐿

2
×
𝑊

2
 where H, L 

and W denote height, length and width, 

respectively. One piece was collected and 

embedded in paraffin for IHC and the rest 

was frozen in liquid nitrogen for total 

protein extraction. The animals were 

sutured, allowed to recover and further 

monitored for six weeks for metastases 

development. Due to animal ethics 

protocol, we had to sacrifice 2 mice in both 

shGlo1#1 and shGlo1#2 groups before the 

end of the experiment. A parallel 

experiment was conducted on shGlo1#1 

mice (n=10) where they received 

carnosine (10mM) in drinking water 

refreshed every 3 days from the day of 

primary tumor removal until the end of the 

experiment (for 6 weeks). Drinking volume 

was monitored and found to be similar 

between treated and non-treated mice. 

The mice were sacrificed and lung 

metastases were collected and processed 

as described for the primary tumors.  

Chicken chorioallantoic membrane 

(CAM) tumor assay. MDA-MB-231 

shGlo1 were transfected with 2 different 

siRNAs directed against YAP (siYAP#1 

and #2). On chicken embryonic day 11, 

100μl of a suspension of 2x106 of MDA-

MB-231 cells in culture medium mixed 

(1:1) with Matrigel (BD Biosciences) were 

deposited in the center of a plastic ring on 

the chicken embryo chorioallantoic 

membrane (n=5). Tumors were harvested 

on embryonic day 18, and were fixed in 

4% paraformaldehyde solution (30 

minutes) for IHC analysis. Tumor volume 

was measured using a caliper and 

assessed using the formula described 

above. Parallel cultures of transfected 

cells were used to assess by western blot 

that YAP silencing was maintained for the 

entire duration of the CAM assay 

experiment. 

Correlation analysis using YAP activity 

signature. The signature of YAP 

modulated genes was described in 

previous studies 18, 26, 27, 28 and their mRNA 

levels were correlated to Glo1 gene 

expression using publicly available 

GDS4057 dataset of 103 breast cancer 

patients 29. 

Statistical analysis. Both technical and 

biological replicates were performed 

where indicated in figure legends. 

Technical replicates are considered as 

taking one sample and analysing it several 

times in the same experiment. Biological 

replicates represent the analysis of 

samples from independent experiments. 

All results were reported as means with 

standard deviation (SD) or Standard Error 

Mean (SEM) as indicated in figure 

legends. Two group comparisons were 

performed using unpaired Student’s t-test 

with or without Welsch’s correction 

according to homoscedasticity. When an 

experiment required comparisons between 

more than 2 groups, statistical analysis 

was performed using one-way or two-way 

ANOVA depending on the number of 

grouping factors. Dunnet’s test was 

applied for simple comparisons while 

Student-Newman-Keul’s (one-way 

ANOVA) or Bonferroni’s (two-way 

ANOVA) tests were used for multiple 

comparisons. In the case of discrete 

variables (scores) or non-normally 

distributed variables the comparison 

between groups was performed by Mann-

Whitney’s U test or a Kruskal-Wallis 

ANOVA followed by a Dunn’s test 

according to the number of groups. 

Correlation between scores was assessed 

by the Spearman’s rank correlation 

coefficient (Rsp) and correlation between 

continuous variables was assessed by a 

Pearson correlation coefficient (Rp). 

Outliers were detected using whisker box 

plots. In all cases, a bilateral p<0.05 was 

considered as statistically significant with a 

95% confidence interval. All experiments 
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were performed as several independent 

biological replicates.  
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Supplementary Figure S1 (related to Figure 2): Methylglyoxal induces YAP accumulation in confluent breast cancer 

cells. A. and D. Immunofluorescence staining shows that YAP (Santa Cruz antibody, H125) is mainly localized in the nucleus at 

low cellular density (Sparse) and is weakly detectable at high cellular density (Confluent) in MDA-MB-468 and MCF7 cells. In 

contrast, cells treated with increasing doses of MG until they reach confluence showed YAP cellular accumulation. Magnification 

630x. Zoomed pictures are shown where indicated. Data are representative of three independent experiments. B and E. 

Quantification of panel A and C experiments reports the intensity of YAP staining that colocalized with DAPI staining as 

described in Materials and Methods section. Nuclear YAP IF staining intensity shows a significant dose-dependent increase in 

presence of MG. Data were analyzed using one-way ANOVA followed by Dunnett post-test and shown as the mean values  

SEM of three independent experiments. C and F. YAP and P-YAP (ser127) expression in MDA-MB-468 and MCF7 cells treated 

with MG (300µM) until they reach confluence using western blot. Immunoblot data were quantified by densitometric analysis and 

normalized for β-actin. Data are representative of three independent experiments. E. qRT-PCR analysis of YAP gene in the 

indicated breast cancer cells treated with MG. Data were analyzed using unpaired Student’s t test for each cell line and shown 

as the mean values  SEM of three independent experiments. * p<0.05, ** p<0.01 and *** p<0.001. 
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Supplementary Figure S2 (related to Figure 2 and S1): Methylglyoxal induces YAP accumulation in confluent breast 

cancer cells. A., B. and C. Immunofluorescence (IF) staining shows that YAP (Cell Signaling antibody, 4912) is mainly 

localized in the nucleus at low cellular density (Sparse) and is weakly detectable at high cellular density (Confluent) in MDA-MB-

231, MDA-MB-468 and MCF7 cells. In contrast, cells treated with increasing doses of MG until they reach confluence showed 

significant YAP cellular accumulation. Magnification 630x. Data are representative of three independent experiments. 
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Supplementary Figure S3 (related to Figure 3): High endogenous MG induces YAP localization in breast cancer cells. 

A. Detection of MG was performed using MBo specific fluorescent probe, as described in Materials and Methods section, and 

showed MG cellular increase in MDA-MB-468 cells that were Glo1-depleted using siRNAs (siGlo1#1 and #2) or treated with 

BBGC Glo1 activity inhibitor. Upon Glo1 silencing/inhibition, MDA-MB-468 cells displayed more YAP (Santa Cruz antibody, 

H125) than control cells (siGl3 and BBGC 0µM, respectively). Magnification 630x. Data are representative of three independent 

experiments. B. Quantification of panel A experiment reports the intensity of YAP staining that colocalized with DAPI staining as 

described in Materials and Methods section for Glo1 silencing and BBGC conditions. Data were analyzed using one-way 

ANOVA followed by Dunnett post-test and shown as the mean values  SEM of three independent experiments. C and D. 

Western blot validation of Glo1 silencing in MDA-MB-231 and MDA-MB-468 cells, respectively. Immunoblot data were 

normalized for β-actin and are representative of three independent experiments. E. Lactate level measured using 
1
H-NMR 

increased in highly glycolytic MDA-MB-468 cells cultured in high glucose (HG) compared to low glucose (LG). F. and G. MG 

quantification using both FACS MBo mean fluorescence intensity (MFI) and LC-MS/MS analysis on conditioned medium in the 

indicated conditions as described under Material and Methods section. MDA-MB-468 cells significantly increased their MG 

production when cultured in HG. E., F. and G. Data were analyzed using unpaired Student’s t test and shown as the mean 

values  SEM of three independent experiments. H. MG detection and YAP immunofluorescence staining (Santa Cruz antibody, 

H125) in MDA-MB-468 cells cultured in low and high glucose medium. Magnification 630x. Zoomed pictures are shown for high 

glucose condition. Data are representative of three independent experiments. I. Quantification of panel H experiments. Data 

were analyzed using unpaired Student’s t test with Welch’s correction and shown as the mean values  SEM of three 

independent experiments. * p<0.05 and ** p<0.01. 
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Supplementary Figure S4 (related to Figure 3): Carnosine and aminoguanidine MG scavengers reverse YAP 

accumulation in MDA-MB-231 cultured in high glucose medium. MDA-MB-231 cells cultured in high glucose condition until 

they reached high density and treated with carnosine (10mM) or aminoguanidine (10mM) impeded cellular accumulation of 

YAP. Magnification 630x. Data are representative of 2 independent experiments. 
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Supplementary Figure S5 (related to Figures 4, 6 and 7): YAP cellular accumulation in shGlo1 MDA-MB-231 clones. A. 

Glo1 mRNA, B. protein and C. activity level in MDA-MB-231 shNT control and shGlo1#1 and #2. D. Quantification of MG levels 

in conditioned medium using LC-MS/MS indicated a significant increase in shGlo1#1 and #2 cells. E. YAP immunofluorescence 

(Santa Cruz antibody, H125) in MDA-MB-231 silenced for Glo1 (shGlo1#1 and #2) cultured from low to high density. Detection 

of MG was performed using MBo specific fluorescent probe. Data are representative of three independent experiments. 

Magnification 630x. Zoomed pictures are shown when indicated. F. Quantification of nuclear YAP corresponding to E 

experiment. All data were analyzed using one-way ANOVA followed by Dunnett post-test and shown as the mean values  SEM 

of at least three independent experiments. * p<0.05, ** p<0.01 and *** p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 



130 
 

 

Supplementary Figure S6 (related to Figure S5): Carnosine and aminoguanidine MG scavengers reverse YAP 

accumulation in Glo1-depleted MDA-MB-231. MDA-MB-231 silenced for Glo1 (shGlo1#1 and #4) cells cultured until they 

reached high density and treated with carnosine (10mM) or aminoguanidine (10mM) impeded cellular accumulation of YAP. 

Magnification 630x. Data are representative of 2 independent experiments. 
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Supplementary Figure S7 (related to Figure 4): Inverse correlation between Glo1 and YAP target genes expression. A. 

Validation of YAP silencing (siYAP#1 and #2) in shGlo1 MDA-MB-231 cells 48h post-transfection by qRT-PCR. Data were 

analyzed using two-way ANOVA followed by Bonferroni post-test and shown as the mean values  SD of one representative 

experiment (n=4). ** p<0.01 and *** p<0.001 B. Inverse correlation between the expression of Glo1 and 12 representative YAP 

target genes in breast cancer patients (n=103). Rp: Pearson correlation coefficient. C. Western blot detection of YAP in MDA-

MB-231 cells under the indication conditions. Immunoblot is representative of three independent experiments. 
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Supplementary Figure S8 (related to Figure 4): MG induces YAP co-transcriptional activity in breast cancer cells. A. 

Western blot of Phospho-Smad2/3 and Smad2/3 in MDA-MB-231 treated with MG until confluence and then with TGF-β during 

2h. β-actin is used for normalization. B. and C. YAP mRNA and protein level assessed by qRT-PCR and Western blot, 

respectively, in MDA-MB-231 cells silenced for YAP (siYAP#1 and #2) and treated in the same conditions as in Figure 4D. Data 

were analyzed using two-way ANOVA followed by Bonferroni post-test and shown as the mean values ± SEM of three 

independent experiments. D. YAP (Cell Signaling, 4912) and TEAD1 IF co-localization in MDA-MB-231 cells cultured under low 

(Sparse) density used as positive control and in high density cultured cells (Confluent) in presence of MG. Magnification 630x. 

Data are representative of two independent experiments. E. Proliferation assay on Glo1-depleted MDA-MB-231 (shGlo1#1 and 

#2) silenced or not for YAP (siYAP#1 and #2) at different time points. Data (72h) were analyzed using two-way ANOVA followed 

by Bonferroni post-test and shown as the mean values ± SEM of three independent experiments. F. Validation of YAP silencing 

by Western blot in MDA-MB-231 shGlo1 cells after 72h related to panel D and Figure 4F. G. Validation of YAP silencing in 

MDA-MB-468 in the same conditions than Figure 4I. All immunoblots are representative of three independent experiments. *** 

p<0.001. 
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Supplementary Figure S9 (related to Figure 5): MG leads to YAP cellular accumulation through LATS1 expression 

decrease. A. LATS1 expression in MDA-MB-468 and MCF7 cells treated with MG (300 and 500µM) in presence or not of 

MG132 proteasome inhibitor at the indicated concentrations during 6h by western blot. Immunoblot loading was normalized for 

β-actin. B. MG treatment from low to high density did not affect LATS1 mRNA levels as assessed by qRT-PCR in the indicated 

cell lines. Data were analyzed using unpaired Student’s t test and shown as the mean values ± SEM of three independent 

experiments. C. YAP immunofluorescence (Cell Signaling antibody, 4912) in MDA-MB-231 cells transiently transfected with 

LATS1 (+) or empty vector (-) and then treated with MG (300µM) until confluence. D. and E. YAP immunofluorescence 

detection (Santa Cruz antibody, H125 and Cell Signaling antibody, 4912) in MDA-MB-468 and MCF7 cells, respectively, 

transiently transfected with LATS1 (+) or empty vector (-) and then treated with MG (300µM) until confluence. F. Validation of 

LATS1 overexpression in breast cancer cells by western blot using Flag antibody. β-actin is used for normalization. 

Magnification 630x. All Data are representative of three independent experiments. 



134 
 

 

Supplementary Figure S10 (related to Figure 5): MG induces Hsp90 post-translational glycation. A. MG treatment from 

low to high density did not affect Hsp90 mRNA levels as assessed by qRT-PCR in the indicated cell lines. Data were analyzed 

using unpaired Student’s t test and shown as the mean values ± SEM of three independent experiments. B. MG-modifications 

represented on Hsp90α amino acid sequence. Underlined amino acids represent ATP binding site. Magenta and blue amino 

acids represent MG-modifications observed on recombinant and endogenous Hsp90, respectively. Red amino acids represent 

MG-modifications found in both conditions. C. LATS1 expression is decreased in breast cancer cells treated with MG (300µM) 

or 17-AAG (1µM) during 24h. β-actin is used for normalization. Western blot are representative of three independent 

experiments. 
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Supplementary Figure S11 (related to Figure 6): Glo1-depleted breast cancer cells show an increased tumorigenic 

potential in vivo. Validation of YAP silencing in Glo1-depleted MDA-MB-231 cells at different time points during tumor 

development on chicken chorioallantoic membrane described in Figures 6F-I.  
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Supplementary Table S1 (related to Figure 5): MG modifications on human recombinant Hsp90.  Peptides identified by 

mass spectrometry of MG-Hsp90 enzymatic digests. Modification sites are underlined. CEL: Carboxyethyllysine. 

Start End Peptide sequence Modifications 

38 47 
YSNKEIFLRE Dihydroxyimidazolidine 

47 61 
ELISNSSDALDKIRY Hydroimidazolone, Dihydroxyimidazolidine, Argpyrimidine, CEL 

48 61 
LISNSSDALDKIRY Hydroimidazolone, Dihydroxyimidazolidine 

49 61 
ISNSSDALDKIRY Dihydroxyimidazolidine 

52 61 
SSDALDKIRY Hydroimidazolone 

59 76 
IRYESLTDPSKLDSGKEL Dihydroxyimidazolidine 

63 76 
ESLTDPSKLDSGKEL CEL 

71 89 
DSGKELHINLIPNKQDRTL Dihydroxyimidazolidine 

75 89 
ELHINLIPNKQDRTL Hydroimidazolone 

76 89 
LHINLIPNKQDRTL Dihydroxyimidazolidine, CEL 

78 89 
INLIPNKQDRTL Dihydroxyimidazolidine 

84 98 
KQDRTLTIVDTGIGM CEL 

84 100 
KQDRTLTIVDTGIGMTK Dihydroxyimidazolidine 

99 112 
TKADLINNLGTIAK CEL 

101 116 
ADLINNLGTIAKSGTK CEL 

143 153 
LVAEKVTVITK CEL 

163 182 
ESSAGGSFTVRTDTGEPMGR Dihydroxyimidazolidine 

171 182 
TVRTDTGEPMGR Hydroimidazolone 

186 202 
VILHLKEDQTEYLEERR Hydroimidazolone, Dihydroxyimidazolidine 

189 202 
HLKEDQTEYLEERR Dihydroxyimidazolidine 

280 292 
IKEKYIDQEELNK CEL 

298 313 
TRNPDDITNEEYGEFY Dihydroxyimidazolidine 

314 329 
KSLTNDWEDHLAVKHF CEL 

330 340 
SVEGQLEFRAL Dihydroxyimidazolidine 

338 345 
RALLFVPR Dihydroxyimidazolidine 

346 352 
RAPFDLF Hydroimidazolone 

367 380 
RVFIMDNCEELIPE Dihydroxyimidazolidine 

383 396 
NFIRGVVDSEDLPL Dihydroxyimidazolidine 

385 401 
IRGVVDSEDIPLNLSRE Dihydroxyimidazolidine 

459 466 
LSELLRYY Hydroimidazolone, Dihydroxyimidazolidine 

465 483 
YYTSASGDEMVSLKDYCTR CEL 

467 489 
TSASGDEMVSLKDYCTRMKENQK Hydroimidazolone, Dihydroxyimidazolidine, CEL 

474 483 
MVSLKDYCTR CEL 

493 511 
YITGETKDQVANSAFVERL CEL, Dihydroxyimidazolidine 

500 512 
DQVANSAFVERLR Argpyrimidine, Hydroimidazolone, Dihydroxyimidazolidine 

511 520 
LRKHGLEVIY CEL 

529 541 
CVQQLKEFEGKTL CEL 

535 546 
EFEGKTLVSVTK CEL 

538 564 
GKTLVSVTKEGLELPEDEEEKKKQEEK CEL 

586 597 
VVVSNRLVTSPC Dihydroxyimidazolidine 

605 614 
GWTANMERIM Hydroimidazolone, Dihydroxyimidazolidine 

613 627 
IMKAQALRDNSTMGY Dihydroxyimidazolidine 

616 628 
AQALRDNSTMGYM Dihydroxyimidazolidine 

632 647 
KHLEINPDHSIIETLR CEL 

673 689 
SSGFSLEDPQTHANRIY Dihydroxyimidazolidine 

677 689 
SLEDPQTHANRIY Argpyrimidine, Dihydroxyimidazolidine 

694 732 
LGLGIDEDDPTADDTSAAVTEEMPPLEGDDDTSRMEEVD Dihydroxyimidazolidine 

715 732 
EMPPLEGDDDTSRMEEVD Hydroimidazolone, Dihydroxyimidazolidine 
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Supplementary Table S2 (related to Figure 5): MG modifications on endogenous Hsp90.  Peptides identified by mass 

spectrometry of argpyrimidine immunoprecipitate from MDA-MB-231 treated with MG (300µM) during 6h. Modification sites are 

underlined.  

Start End Peptide sequence Modifications 

42 58 
EIFLRELISNSSDALDK 

Hydroimidazolone, 
Dihydroxyimidazolidine 

59 69 
IRYESLTDPSK 

Hydroimidazolone, 
Dihydroxyimidazolidine 

85 100 
QDRTLTIVDTGIGMTK 

Hydroimidazolone, 
Dihydroxyimidazolidine 

295 314 
PIWTRNPDDITNEEYGEFYK 

Hydroimidazolone, 
Dihydroxyimidazolidine 

500 513 
DQVANSAFVERLRK Hydroimidazolone 

633 649 
HLEINPDHSIIETLRQK 

Hydroimidazolone, 
Dihydroxyimidazolidine 
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Supplementary Table S3: Antibodies and dilution used for Western Blot experiments. 

Protein targeted Source Reference Dilution (WB) 

Argpyrimidine Oya et al. JBC 1999 mAb6B 1/6000 

β-actin Sigma-Aldrich (St Louis, MO, USA) A5441 1/5000 

E-cadherin BD Biosciences (Franklin Lakes, NJ, USA) 610181 1/1000 

Flag Sigma-Aldrich (St Louis, MO, USA) F3165 1/1000 

Glyoxalase 1 BioMAC (Leipzig, Germany) #02-14 1/1000 

Hsp27 Cell Signaling (Danvers, MA, USA) #2402 1/1000 

Hsp90 Cell Signaling (Danvers, MA, USA) #4877 1/1000 

LATS1 Bethyl (Montgomery, TX, USA) A300-477A 1/1000 

MG-H (3D11) Cell Biolabs (San Diego, CA, USA) STA-011 1/2000 

Phospho-Smad2 

(Ser465/467)/Smad3 

(Ser423/425) 

Cell Signaling (Danvers, MA, USA) #8828 1/500 

P-YAP (Ser127) Cell Signaling (Danvers, MA, USA) #13008 1/1000 

SMAD2/3 Cell Signaling (Danvers, MA, USA) #8685 1/1000 

Vimentin Sigma-Aldrich (St Louis, MO, USA) v6389 1/1000 

YAP Santa Cruz (Santa Cruz, CA, USA) sc-15407 1/1000 
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Supplementary Table S4: siRNA sequences. 

Name Sequence 

siYAP#1 

5’-AAAUAAAGCCAUUUCUGGUUUGCUCCU-3’ 

5’-AGGAGCAAACCAGAAAUGGCUUUAUUU-3’ 

siYAP#2 

5’-ACUGGCAAAUUAUAGGCACUCCUUCCA-3’ 

5’-UGGAAGGAGUGCCUAUAAUUUGCCAGU-3’ 

siGlo1#1 

5’-CUUGGCUUAUGAGGAUAAA-3’ 

5’-UUUAUCCUCAUAAGCCAAG-3’ 

siGlo1#2 

5’-GAUGGCUACUGGAUUGAAA-3’ 

5’-UUUCAAUCCAGUAGCCAUC-3’ 

siGl3 

5’-CUUACGCUGAGUACUUCGA-3’ 

5’-UCGAAGUACUCAGCGUAAG-3’ 
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Supplementary Table S5: Primer sequences used for quantitative reverse transcription-PCR (qRT-PCR). 

Name Fw/Rv Sequence Probe (UPL, Roche) 

CTGF 

Fw 5’-CCTGCAGGCTAGAGAAGCAG-3’ 

85 

Rv 5’-TGGAGATTTTGGGAGTACGG-3’ 

YAP 

Fw 5’-ATCCCAGCACAGCAAATTCT-3’ 

47 

Rv 5’-TGGATTTTGAGTCCCACCAT-3’ 

LATS1 

Fw 5’-GGCACAAACACCATTAGAAACA-3’ 

31 

Rv 5’-AGAAGCTTCAGGACTGAGTTTAGC-3’ 

Hsp90 

Fw 5’-GTCCTGTGCGGTCACTTAGC-3’ 

25 

Rv 5’-AAAGGCGAACGTCTCAACC-3’ 

ANKFN1 

Fw 5’-CCAGTGTGTTGAGGTGCATT-3’ 

64 

Rv 5’-GCCCGAGAAAGTCCACACT-3’ 

RIMS3 

Fw 5’-GTCTCCCCAGACGATCACC-3’ 

37 

Rv 5’-AGCAGGCTCTGCTCTTTGAC-3’ 

KCNK1 

Fw 5’-CTGACAAGGGCACGGTGT-3’ 

22 

Rv 5’-GTCCTTCTTCGGCAGCAC-3’ 

EMP2 

Fw 5’-CCGCAATCATGACACACAG-3’ 

42 

Rv 5’-GAAGCAGGGAGAGAGGTTTG-3’ 

OSBP2 

Fw 5’-CGTCGTCCCCAGAGTCAT-3’ 

1 

Rv 5’-CCTCAAGGCCAGCTCAGA-3’ 

IRAK3 

Fw 5’-GCTGCTTGAAAGTCTCTCTGC-3’ 

26 

Rv 5’-AGAGCTCTGCGCTGTTGTG-3’ 

WTN5A 

Fw 5’-CCCCCTTATAAATGCAACTGTTC-3’ 

48 

Rv 5’-ATTGTACTGCAGGTGTACCTTAAAAC-3’ 

18S 

Fw 5’-CTTCCACAGGAGGCCTACAC-3’ 

46 

Rv 5’-CGCAAAATATGCTGGAACTTT-3’ 

Glo1 

Fw 5’-TGGCTTATGAGGATAAAAATGACA-3’ 

SYBR Green 

Rv 5’-CAGCTCAAGTGTAGCTTTTCTGG-3’ 
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3. Methylglyoxal increases the metastatic potential 

of human breast cancer cells 
 

3.1.   Introduction 

In the previous study, we observed an increase of tumor growth and 

metastases formation in lung after injection of Glo1-silenced MDA-MB-231 cancer 

cells in mice. When the same cells were grafted on the chicken chorioallantoic 

membrane (CAM assay), they grew as tumors presenting a significantly bigger 

volume than Glo1 expressing control cells. The silencing of YAP in shGlo1 cells 

efficiently reverted tumor growth to control levels suggesting that nuclear 

accumulation of YAP in Glo1-depleted cells contributed, at least in part, to increased 

tumor growth and metastatic potential in vivo.  
Our results indicate that Glo1 acts as a tumor suppressor in breast cancer. A 

study aimed at functionally identifying tumor suppressor genes in liver cancer 

identified Glo1 as a tumor suppressor gene, which knockdown using shRNAs 

increased tumor growth in a mouse model (Zender et al. 2008). However, most of the 

recent studies aimed at the inhibition of Glo1 to induce a cytotoxic MG accumulation 

effectively showed a decreased tumor growth. These studies generally depicted Glo1 

as an amplified and/or overexpressed oncogene and as a bad prognosis marker in 

different types of malignant tumors (Sakamoto et al. 2001, Cheng et al. 2012, 

Fonseca-Sanchez et al. 2012, Antognelli et al. 2013, Zhang et al. 2014, Hosoda et al. 

2015). The search for copy number changes on a large set of cancer cell lines 

confirmed that Glo1 is amplified in many types of human cancer (Santarius et al. 

2010). We undertook this study in order to better understand the dual role attributed 

to Glo1 in cancer.  

3.2. Results 

3.2.1. RNA sequencing analysis on Glo1-depleted MDA-MB-231 breast cancer 

cells highlighted a pro-metastatic signature 

In order to better characterize the effects mediated by a high carbonyl stress 

on cancer cells, we performed a RNA sequencing analysis on Glo1-silenced MDA-

MB-231 breast cancer cells. Alignment of transcripts to the genome indicated that 

11653, 11910 and 11813 genes were expressed in the control (shNT) and Glo1-

depleted MDA-MB-231 cells shGlo1#1 and #2, respectively. For differential gene 
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expression, absolute fold change >2 and q-value < 0.05 filters were applied. We 

found 655 and 584 genes significantly upregulated in shGlo1#1 and #2, respectively, 

when compared to control cells. In addition, 481 and 426 genes were significantly 

downregulated in shGlo1#1 and #2, respectively. Among these genes, 328 genes 

were common between the three conditions (Figure 45A). The ten most up- and 

down-regulated genes are listed in Tables 4 and 5, respectively. The expression of 2 

genes used as calibrators was not significantly affected (GAPDH: 0.9 and 1.1 and 

ACTB: 0.8 and 0.9 for shGlo1#1 and #2, respectively). As expected, Glo1 level was 

decreased by 4.9 and 22.6 fold in shGlo1#1 and #2 cells compared with control cells. 

Figure 45: Gene expression analysis by RNA-seq in Glo1-depleted MDA-MB-231 breast cancer 
cells. A. Heat map displaying 328 differentially expressed common genes between Glo1-depleted 
(shGlo1#1 and #2) and control (shNT) MDA-MB-231 cells. RNA-seq was performed on three different 
RNA isolations for each conditions. B. Heat map displaying 47 differentially expressed common genes 
from the pro-metastatic signature between Glo1-depleted (shGlo1#1 and #2) and control (shNT) MDA-
MB-231 cells. RNA-seq were performed on three different RNA isolations for each conditions. Z-
scores are represented through the color scale where blue is used for low expression and red for high 
expression. 
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Table 4: TOP 10 of significantly up-regulated common genes in Glo1-silenced MDA-MB-231 

cells compared to control cells (shNT). 

Table 5: TOP 10 of significantly down-regulated common genes in Glo1-silenced MDA-MB-231 

cells compared to control cells (shNT). 
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Gene ontology analyses were performed using the ToppFun Suite software. 

The 5 most significantly affected biological processes for each Glo1-depleted clone 

are listed in Table 6. Interestingly, these analyses revealed that important biological 

processes related to cancer progression such as cell adhesion, migration and 

extracellular matrix organization are affected by Glo1-silencing. Thus the molecular 

changes occurring in Glo1-depleted breast cancer cell are in good accordance with 

our previous results linking Glo1 inhibition to tumor growth and metastasis 

development. We found 140 and 120 significantly modulated genes linked to 

“migration” in shGlo1#1 and #2, respectively. We regrouped the 188 modulated 

genes linked to cell adhesion and migration, under the name of the pro-metastatic 

signature of Glo1-depleted cells. A heatmap representing the 47 common genes from 

the pro-metastatic signature is shown in Figure 45B.  

 

 

 

 

Table 6: TOP 5 of biological processes (BP) significantly modulated in Glo1-silenced MDA-MB-
231 cells compared to control cells (shNT). 
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Figure 46: Transcriptional network associated to the pro-metastatic signature.  A and C. 
Schematic representation of the transcriptional network significantly associated to the pro-metastatic 
signature in shGlo1#1 (A) and shGlo1#2 (C) compared to control MDA-MB-231 cells. The nodes 
represent proteins in the network. The nodes are coloured in cyan when the protein is a transcription 
factor, in grey when the protein has significant interactions with the identified transcription factors or in 
green when the protein is a kinase/phosphatase having substrates that are enriched in the network. 
The size of the nodes depends on how many interactions each node has within the network (node 
degree). B and D. List of pathway significantly and with the highest score associated to the pro-
metastatic signature for shGlo1#1 (B) and #2 (D). TGFβ signalling pathway components and 
especially Smad3 represent the major regulator of the pro-metastatic genes in both Glo1-depleted 
cells. 
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3.2.2. Pro-metastatic signature is mediated through Transforming Growth 

Factor β (TGFβ) signaling pathway in Glo1-depleted cells 

In order to determine which molecular pathways are involved in the pro-

metastatic signature observed in Glo1-silenced MDA-MB-231 cells, we performed an 

in silico pathway analysis in collaboration with Dr. Steven van Laere (Antwerp 

University). A significant association with the highest score was found for both 

shGlo1 clones between the 188 genes of the pro-metastatic signature candidate 

genes and TGFβ signaling pathway (Figure 46A, B, C and D). Among the TGFβ 

pathway components, Smad3 appeared to be the master regulator of the pro-

metastatic signature. Experiments are ongoing to confirm the implication of TGFβ 

signaling pathway and Smad3 in the metastatic potential of Glo1-depleted cells. 

Among the pro-metastatic signature, we selected 3 candidates CD24, Tenascin C 

and Lumican which are known to be linked to TGFβ (Figure 47A). Indeed, Tenascin 

C is a well-known pro-metastatic target gene of the TGFβ signaling pathway in 

cancer cells (Kalembeyi et al. 2003, Maschler et al. 2004, Minn et al. 2005, 

Oskarsson et al. 2011). CD24 is also linked to TGFβ in the regulation of invasiveness 

properties of cancer cells (Kitaura et al. 2011, Lee et al. 2012). TGFβ also regulates 

Lumican expression, notably, in osteosarcoma. It has been demonstrated that 

Lumican decrease the availability of TGFβ for cancer cells by binding it in the 

extracellular compartment (Nikitovic et al. 2008, Nikitovic et al. 2011). This suggests 

that by decreasing Lumican expression, Glo1-depleted cells favor TGFβ signaling 

activity. RT-qPCR analyses were performed to confirm the expression level of these 

up- or down-regulated genes on independent mRNA samples of Glo1-silenced MDA-

MB-231 cells. As shown in Figure 47B, CD24 and Tenascin C mRNA levels were 

significantly increased in Glo1-depleted cells while Lumican mRNA was significantly 

decreased in these cells. Interestingly, the treatment of shGlo1#1 cells with the MG 

scavenger aminoguanidine reverted Lumican decreased expression to its basal level 

(Figure 47C). However, aminoguanidine had no effect on Lumican expression in 

shGlo1#2 (Figure 47C) while aminoguanidine decreased the global level of MG-H1 

adducts in these cells (Figure 47D). We are currently validating the increased 

expression of other Smad3 target genes up-regulated in the RNA-seq data. We are 

also analyzing the expression and/or the level of phosphorylation of several 

components of the TGFβ pathway such as TGFβ receptors 1/2 and Smad2/3 in basal 
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conditions and in response to TGFβ treatment. Finally, we will consider the use of 

specific kinase inhibitors of p38 mitogen-activated protein kinase, Jun N-terminal 

kinase (JNK) and IκB kinase (IKK) to get more insights about TGFβ pathway activity 

in Glo1-depleted breast cancer cells. 

Figure 47: Validation of 3 candidate genes of the pro-metastatic signature obtained from RNA-
seq analysis. A. Fold change obtained from RNA-seq analysis of 3 genes (CD24, Tenascin C and 
Lumican) of the pro-metastatic signature in Glo1-depleted MDA-MB-231 compared to control. B. qRT-
PCR analysis confirmed the increase of CD24 and Tenascin C mRNA levels as well as the decrease 
of Lumican mRNA level in Glo1-depleted cells. RNA-seq analysis and validation were performed on 
distinct RNA isolations. C. Lumican mRNA level in Glo1-depleted MDA-MB-231 cells treated with 
aminoguanidine (0-10-20 mM) during 3 days. D. MG-H1 accumulation in MDA-MB-231 cells treated 
with aminoguanidine (0-10-20 mM) during 3 days using western blot. Immunoblotted data were 
quantified by densitometric analysis and normalized for β-actin. Data are represented as mean ± SEM 
of three independent experiments. * p<0.05, ** p<0.01, *** p<0.001.  
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High endogenous MG level increases migratory and invasiveness 

abilities of breast cancer cells in vitro  

To explore further the functional aspects of the pro-metastatic signature in 

Glo1-depleted cancer cells, we performed migration, invasion and adhesion assays. 

Glo1 silencing significantly increased up to 2.5 fold the migratory ability of MDA-MB-

231 cells (Figure 48A and B). The pre-treatment (3 days) with the MG scavenger 

aminoguanidine decreased the migratory capacity of Glo1-depleted cells to its basal 

level (Figure 48A and B). These results suggest that increased MG level induced by 

Glo1 silencing is responsible of the enhanced migratory ability of MDA-MB-231 cells. 

As shown in Figure 48C and D, Glo1-depleted cells also showed a significantly 

increased invasiveness in invasion assays that was efficiently blocked by 

aminoguanidine pre-treatment. We next analyzed the capacity of Glo1-silenced MDA-

MB-231 cells to adhere on collagen, an important component of the extracellular 

matrix. After 1h, the attachment of shGlo1 cells was significantly reduced compared 

to control cells (Figure 48E and F). Altogether our data indicate that Glo1 depletion in 

breast cancer cells resulted in increased migration and invasion and reduced 

adhesion responses that are compatible with the acquisition of a pro-metastatic 

phenotype. 
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Figure 48: High endogenous MG level increases migratory and invasiveness abilities of breast 
cancer cells in vitro. A. Increased number of migrating cells after 16h of migration toward serum in 
Go1-depleted MDA-MB-231 cells. Aminoguanidine treatment (20mM) 3 days before migration assay 
reversed migratory capacity enhancement in shGlo1 cells. White bar represent 1mm. B. Quantification 
of panel A according to the area covered by cells. C. Increased number of invading cells after 24h of 
invasion through matrigel coated insert in Go1-depleted MDA-MB-231 cells. Aminoguanidine 
treatment (20mM) 3 days before invasion assay reversed invasiveness capacity enhancement in 
shGlo1 cells. White bar represent 1mm. D. Quantification of panel B according to the area covered by 
cells. E. Decreased number of attached cells to collagen after 1h in Glo1-silenced conditions 
compared to control. White bar represent 2mm. F. Quantification of panel E. Data are represented as 
mean ± SEM of three independant experiments. * p<0.05, ** p<0.01, *** p<0.001.  
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3.3. Conclusions and perspectives 

 

Our preliminary data suggest that carbonyl stress modulates expression of 

genes implicated in migration and adhesion processes in cancer cells through the 

regulation of TGFβ signaling pathway. As mentioned above, ongoing experiments will 

help to confirm the implication of this pathway in the pro-metastatic phenotype of 

Glo1-depleted cancer cells. We will also test inhibitors of the TGFβ signaling pathway 

on the expression/phosphorylation of TGFβ pathway components as well as their 

effects on the enhanced migratory and invasiveness capacities of Glo1-silenced 

cells.  

As we demonstrated that Glo1 depletion enhances the migratory and 

invasiveness abilities and decreases adhesion to extracellular matrix component, in 

vivo experiments are ongoing to confirm these in vitro results. After injection in the tail 

vein of Glo1-depleted MDA-MB-231 cells in mice, the development of lung 

metastasis will be followed by bioluminescence imaging and assessed by vimentin 

immunostaining of lung sections. These experiments should confirm results obtained 

in the second part where after primary tumor removal, Glo1-depleted cells formed 

more lung metastatic foci in mice.  

The main cause of death in breast cancer patients is the development of 

secondary tumors at distant organ sites. Nowadays, it is not possible to precisely 

predict the risk of metastasis development in breast cancer patients. Therefore, more 

than 80% of these patients receive adjuvant chemotherapy while only 40% of the 

patients will relapse and ultimately die of metastatic breast cancer (Weigelt et al. 

2005). Many women who would be cured by surgery and radiotherapy will be “over-

treated” and suffer the toxic side effects of chemotherapy unnecessarily. New 

prognostic markers are needed to identify patients who are at the highest risk for 

developing metastases. We plan to perform the immunostaining of MG adducts and 

Glo1 in breast cancer tissues from patient with or without metastases. The measure 

of circulating MG levels will be also tested as a readout of MG stress in breast cancer 

patients. These experiments will allow us to demonstrate the potential correlation 

between carbonyl stress and metastasis development and eventually organ specific 

metastases. Once validated, the evaluation of carbonyl stress, either by MG dosage 

in blood or MG-adducts specific detection in primary tumors, could represent a 
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promising way to identify cancer patients at high risk of metastatic disease and that 

will benefit from adjuvant treatment. 
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Tumor cells use glycolysis rather than mitochondria respiration to produce their energy 

(Warburg effect). Methylglyoxal (MG), a highly reactive glycolysis by-product, is thus 

accumulated in tumor cells where it glycates lipids, proteins and nucleic acids, thereby 

inducing a carbonyl stress. All mammalian cells developed a detoxifying system, composed 

of 2 enzymes, glyoxalase 1 and 2 (Glo1-2), transforming MG into D-lactate. In this study, we 

aim to investigate the molecular mechanisms underlying the acquisition of a metastatic 

phenotype by breast cancer cells under high MG endogenous stress. For this purpose, we 

performed RNA sequencing on Glo1-silenced MDA-MB-231 cells and we found an increased 

expression of pro-metastatic genes and a decreased expression of anti-metastatic genes. 

We have validated these RNA-seq results at the mRNA levels. Further analysis also 

identified TGFβ signaling pathway regulation in Glo1-depleted cells. Next, we tested the 

migratory and invasiveness capacity of shGlo1 clones in vitro. We observed a significant 

increase of migrating and invading cells in shGlo1 condition compared with control, which 

was reverted by treatment with aminoguanidine, a potent MG scavenger. Altogether, our 

data suggest a new role for MG as a promoter of the metastatic cascade. 

 

INTRODUCTION 

Tumor cells are characterized by a 

metabolic shift from mitochondrial 

respiration to aerobic glycolysis. This 

metabolic pattern is called the Warburg 

effect. Methylglyoxal (MG), a highly 

reactive glycolysis by-product, is thus 

accumulated in tumor cells. This α-

oxoaldehyde is formed after the fifth step 

of glycolysis by the spontaneous 

dephosphorylation and degradation of 

dihydroxyacetone phosphate and 

glyceraldehyde-3-phosphate 1. MG is a 

dicarbonyl compound that glycates lipids, 

proteins and nucleic acids. The reaction 

between MG and the amino group of 

proteins leads to the formation of 

advanced glycation end-products (AGEs) 

such as hydroimidazolones (MG-H) and 

argpyrimidines 2. All mammalian cells 

developed a detoxifying system composed 

of 2 enzymes, glyoxalase 1 and 2 (Glo1 

and Glo2) able to transform MG into D-

lactate 3. A deregulation between MG 

production and its degradation by the 

glyoxalase system induces carbonyl 

stress. 

Carbonyl stress has been mainly 

studied in the context of diabetes and its 

vascular complications. In cancer, the link 

between MG, Glo1 and cancer remains 

largely unexplored. Two studies reported 

MG-AGEs accumulation in human tumor 

samples 4,5. In our recent study, we 

observed an increase of tumor growth and 

metastases formation in lung after 

injection of Glo1-silenced MDA-MB-231 

breast cancer cells in mice. We attributed 
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this increased tumor growth and 

metastatic potential in vivo to the nuclear 

accumulation of Yes-associated protein 

(YAP) in Glo1-depleted cells. Our results 

indicate that Glo1 acts as a tumor 

suppressor in breast cancer. A study 

aimed at functionally identifying tumor 

suppressor genes in liver cancer identified 

Glo1 as a tumor suppressor gene, which 

knockdown using shRNAs increased 

tumor growth in a mouse model 6. 

However, most of the recent studies aimed 

at the inhibition of Glo1 to induce a 

cytotoxic MG accumulation effectively 

reported a decreased tumor growth. These 

studies generally depicted Glo1 as an 

amplified and/or overexpressed oncogene 

and as a bad prognosis marker in different 

types of malignant tumors 7-12. The search 

for copy number changes on a large set of 

cancer cell lines confirmed that Glo1 is 

amplified in many types of human cancer 
13. We undertook this study in order to 

characterize the metastatic phenotype of 

Glo1-depleted cells and to contribute to a 

better understanding of the dual role 

attributed to Glo1 in cancer. 

Figure 1: Gene expression analysis by RNA-seq in Glo1-depleted MDA-MB-231 breast cancer cells. A. Heat map 
displaying 328 differentially expressed common genes between Glo1-depleted (shGlo1#1 and #2) and control (shNT) MDA-MB-
231 cells. RNA-seq were performed on three different RNA isolations for each conditions. B. Heat map displaying 47 
differentially expressed common genes from the pro-metastatic signature between Glo1-depleted (shGlo1#1 and #2) and 
control (shNT) MDA-MB-231 cells. RNA-seq were performed on three different RNA isolations for each conditions. Z-scores are 
represented through the color scale where blue is used for low expression and red for high expression. 
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Table 1: TOP 10 of significantly up-regulated common genes in Glo1-silenced MDA-MB-231 cells compared to control 

cells (shNT). 

Table 2: TOP 10 of significantly down-regulated common genes in Glo1-silenced MDA-MB-231 cells compared to 
control cells (shNT). 
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RESULTS 

RNA sequencing analysis on Glo1-

depleted MDA-MB-231 breast cancer 

cells highlighted a pro-metastatic 

signature. In our previous study, we 

engineered stable Glo1-depleted MDA-

MB-231 cells using shRNAs and we 

observed a significant increase of MG 

level in these cells. In order to better 

characterize the effects of MG on cancer 

cells, messenger RNAs (mRNA) from 

shGlo1#1 and #2 as well as control (shNT) 

MDA-MB-231 cells were sequenced using 

next-generation sequencing analysis. The 

average number of reads approached or 

exceeded 20 million in both samples. 

Alignment of transcripts to the genome 

indicated that 11653, 11910 and 11813 

genes were expressed in the control 

(shNT) and Glo1-depleted MDA-MB-231 

cells shGlo1#1 and #2, respectively. For 

differential gene expression, absolute fold 

change >2 and q-value < 0.05 filters were 

applied. We found 655 and 584 genes 

significantly upregulated in shGlo1#1 and 

#2, respectively, when compared to 

control cells. In addition, 481 and 426 

genes were significantly downregulated in 

shGlo1#1 and #2, respectively. Among 

these genes, 328 genes were common 

between the three conditions (Figure 1A). 

The ten most up- and down-regulated 

genes are listed in Table 1 and 2, 

respectively. The expression of 2 genes 

used as calibrators was not significantly 

affected by Glo1 affected by Glo1 

depletion (GAPDH: 0.9 and 1.1 and ACTB: 

0.8 and 0.9 for shGlo1#1 and #2, 

respectively). As expected, Glo1 level was 

decreased by 4.9 and 22.6 fold in 

shGlo1#1 and #2 cells compared with 

control cells. 

Gene ontology analyses were 

performed using the ToppFun Suite 

software. The 5 most significantly affected 

biological processes for each Glo1-

depleted clone are listed in Table 3. 

Interestingly, these analyses revealed that 

important biological processes related to 

cancer progression such as cell adhesion, 

migration and extracellular matrix 

organization are affected by Glo1- 

Table 3: TOP 5 of biological processes (BP) significantly modulated in Glo1-silenced MDA-MB-231 cells compared to 
control cells (shNT). 
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Figure 2: Validation of 3 candidate genes of the pro-metastatic signature obtained from RNA-seq analysis. A. Fold 
change obtained from RNA-seq analysis of 3 genes (CD24, Tenascin C and Lumican) of the pro-metastatic signature in Glo1-
depleted MDA-MB-231 compared to control. B. qRT-PCR analysis confirmed the increase of CD24 and Tenascin C mRNA 
levels as well as the decrease of Lumican mRNA level in Glo1-depleted cells. RNA-seq analysis and validation were performed 
on distinct RNA isolations. C. Lumican mRNA level in Glo1-depleted MDA-MB-231 cells treated with aminoguanidine (0-10-20 
mM) during 3 days. D. MG-H1 accumulation in MDA-MB-231 cells treated with aminoguanidine (0-10-20 mM) during 3 days 
using western blot. Immunoblotted data were quantified by densitometric analysis and normalized for β-actin. Data are 
represented as mean ± SEM of three independent experiments. * p<0.05, ** p<0.01, *** p<0.001.  
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silencing. Thus the molecular changes 

occurring in Glo1-depleted breast cancer 

cells are in good accordance with our 

previous results linking Glo1 inhibition to 

tumor growth and metastasis 

development. We found 140 and 120 

significantly modulated genes linked to 

migration and adhesion processes in 

shGlo1#1 and #2, respectively. We 

regrouped the 188 modulated genes 

linked to cell adhesion and migration, 

under the name of the pro-metastatic 

signature of Glo1-depleted cells. A 

heatmap representing the 47 common 

genes from the pro-metastatic signature is 

shown in Figure 1B. Among these genes, 

we selected 2 candidates CD24 and 

Tenascin C as well as a third one, 

Lumican, related to extracellular matrix 

organization biological process (Figure 

2A). RT-qPCR analyses were performed 

to confirm the expression level of these 

up- or down-regulated genes on 

independent mRNA samples of Glo1-

silenced MDA-MB-231 cells. As shown in 

Figure 2B, CD24 and Tenascin C mRNA 

Figure 3: Transcriptional network associated to the pro-metastatic signature.  A and C. Schematic representation of the 
transcriptional network significantly associated to the pro-metastatic signature in shGlo1#1 (A) and shGlo1#2 (C) compared to 
control MDA-MB-231 cells. The nodes represent proteins in the network. The nodes are coloured in cyan when the protein is a 
transcription factor, in grey when the protein has significant interactions with the identified transcription factors or in green when 
the protein is a kinase/phosphatase having substrates that are enriched in the network. The size of the nodes depends on how 
many interactions each node has within the network (node degree). B and D. List of pathway significantly and with the highest 
score associated to the pro-metastatic signature for shGlo1#1 (B) and #2 (D). TGFβ signalling pathway components and 
especially Smad3 represent the major regulator of the pro-metastatic genes in both Glo1-depleted cells. 
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levels were significantly increased in Glo1-

depleted cells while the mRNA level of 

Lumican was significantly decreased in 

these cells. Interestingly, the treatment of 

shGlo1#1 cells with the MG scavenger 

aminoguanidine reverted Lumican 

decreased expression to its basal level 

(Figure 2C). However, aminoguanidine 

had no effect on Lumican expression in 

shGlo1#2 (Figure 2C) while 

aminoguanidine decreased the global level 

of MG-H1 adducts in these cells (Figure 

2D). 

Pro-metastatic signature is mediated 

through Transforming Growth Factor β 

(TGFβ) signaling pathway in Glo1-

depleted cells. In order to determine 

which molecular pathways are involved in 

the pro-metastatic signature observed in 

Glo1-silenced MDA-MB-231 cells, we 

performed an in silico pathway analysis as 

described under Materials and Methods 

section. A significant association with the 

highest score was found for both shGlo1 

clones between the 188 genes of the pro-

metastatic signature candidate genes and 

TGFβ signaling pathway (Figure 3A, B, C 

and D). Among the TGFβ pathway 

components, Smad3 appeared to be the 

master regulator of the pro-metastatic 

signature.  

High endogenous MG level increases 

migratory and invasiveness abilities of 

breast cancer cells in vitro. To explore 

further the functional aspects of the pro-

metastatic signature in Glo1-depleted 

cancer cells, we performed migration, 

invasion and adhesion assays. Glo1 

silencing significantly increased up to 2.5 

fold the migratory ability of MDA-MB-231 

cells (Figure 4A and B). The pre-treatment 

(3 days) with the MG scavenger 

aminoguanidine decreased the migratory 

capacity of Glo1-depleted cells to its basal 

level (Figure 4A and B). These results 

suggest that increased MG level induced 

by Glo1 silencing is responsible of the 

enhanced migratory ability of MDA-MB-

231 cells. As shown in Figure 4C, Glo1-

depleted cells also showed a significantly 

increased invasiveness in invasion assays 

that was efficiently blocked by 

aminoguanidine pre-treatment. We next 

analyzed the capacity of Glo1-silenced 

MDA-MB-231 cells to adhere on collagen, 

an important component of the 

extracellular matrix. After 1h, the 

attachment of shGlo1 cells was 

significantly reduced compared to control 

cells (Figure 4E and F). Altogether our 

data indicate that Glo1 depletion in breast 

cancer cells resulted in increased 

migration and invasion and reduced 

adhesion responses that are compatible 

with the acquisition of a pro-metastatic 

phenotype. 

DISCUSSION 

In this study, we report for the first 

time that carbonyl stress modulates 

expression of genes implicated in 

migration and adhesion processes in 

cancer cells, potentially through a 

regulation of the TGFβ signaling pathway. 

Metastasis formation is a multistep 

process where cancer cells breakthrough 

the basement membrane, enter and resist 

in the circulation, extravasate in a new 

organ and proliferate again. In this study, 

we demonstrated that carbonyl stress 

enhanced migratory and invasive potential 

of breast cancer cells. Increased motility 

and invasiveness are important features of 

cancer cells to metastasize. Our results 

also indicate that adhesion to extracellular 

matrix substrate is affected by MG. Loss of 

cellular adhesion is the first step of cancer 

cells in the metastatic process while 

adhesion to endothelial cells is essential 

for homing and extravasation of circulating 

cancer cells 14,15. Diverse alterations in 

attachment abilities allow cancer cells to 

disobey the rules of tissue architecture 
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and to advance in their malignant 

progression 16. Depending on time and 

location context during the metastatic 

process, adhesion properties of cancer 

cells can be increased or decreased. It 

could be interesting to analyze the 

adhesion capacity of cancer cells at 

different steps of the metastatic process 

(primary tumor, circulating and metastasis) 

and to correlate it with MG levels.  

Metastasis is the final step of tumor 

progression and could be responsible for 

up to 90% of deaths associated with solid 

tumors 17. It has been demonstrated that 

metastasis formation is not a random 

Figure 4: High endogenous MG level increases migratory and invasiveness abilities of breast cancer cells in vitro. A. 
Increased number of migrating cells after 16h of migration toward serum in Go1-depleted MDA-MB-231 cells. Aminoguanidine 
treatment (20mM) 3 days before migration assay reversed migratory capacity enhancement in shGlo1 cells. White bar represent 
1mm. B. Quantification of panel A according to the area covered by cells. C. Increased number of invading cells after 24h of 
invasion through matrigel coated insert in Go1-depleted MDA-MB-231 cells. Aminoguanidine treatment (20mM) 3 days before 
invasion assay reversed invasiveness capacity enhancement in shGlo1 cells. White bar represent 1mm. D. Quantification of 
panel B according to the area covered by cells. E. Decreased number of attached cells to collagen after 1h in Glo1-silenced 
conditions compared to control. White bar represent 2mm. F. Quantification of panel E. Data are represented as mean ± SEM of 
three independant experiments. * p<0.05, ** p<0.01, *** p<0.001.  
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process. For example, breast cancer cells 

preferentially colonize bones, lungs, liver 

and brain. Therefore, specific mutations or 

signaling pathways regulate the 

acquisition of the metastatic phenotype 

and the choice of the target organs. TGFβ 

signaling pathway has been implicated in 

the dissemination of cancer cells into the 

body (for review 18). However, the role of 

TGFβ signaling pathway is controversial. 

Indeed, this pathway is considered as a 

tumor promoting pathway. Increased 

expression of TGFβ has been correlated 

with tumor progression 19-22. In contrast, 

several studies demonstrated that some 

components of TGFβ pathway are 

inactivated through mutation or deletion in 

several cancer types 23-26. In breast 

cancer, few mutations of the key 

components of the TGFβ pathway have 

been reported suggesting that this 

pathway could procure a selective 

advantage to these cancer cells 18. In 

particular, TGFβ pathway activation has 

been associated with lung and bone 

metastasis 27,28. Minn and colleagues 

established a TGFβ response signature 

comprising a set of genes whose 

expression changes upon TGFβ 

treatment. Interestingly, this signature 

correlated with lung metastasis 

development in breast cancer patients 29. 

Among the genes in this TGFβ response 

signature, Tenascin C was one of the most 

regulated genes. Therefore, it is tempting 

to hypothesize that MG, by regulating key 

components of the TGFβ signaling 

pathway such as Smad3, could be an 

important regulator of the metastatic 

process. Further experiments are required 

to understand the molecular mechanism(s) 

through which MG could regulate TGFβ 

pathway signalization. 

MATERIALS AND METHODS 

Cell culture. Human breast cancer cell 

line MDA-MB-231 was obtained from the 

American Type Culture Collection (ATCC). 

Cells were cultured in DMEM (Lonza) 

containing 10% fetal bovine serum (FBS, 

ThermoFisher Scientific) and 2mM of L-

glutamine (Lonza) and grown in an 

incubator at 37°C with 5% CO2. 

Aminoguanidine (AG) treatment. The 

MG scavenger, aminoguanidine, was 

obtained from Sigma-Aldrich. Glo1-

depleted MDA-MB-231 cells were treated 

with AG 10 and 20mM 3 days with 

refreshing medium every day.  

RNA sequencing analysis. RNA libraries 

and sequencing were performed on total 

RNA samples at the GIGA Genomics 

facility, University of Liège, Belgium. Three 

biological replicated of each clones (shNT, 

shGlo1#1 and shGlo1#2) were analyzed. 

The quality of RNA was checked with 

BioAnalyser 2100 (Agilent technologies, 

CA, USA) that indicated a RQI score >8. 

The libraries were prepared with Truseq® 

mRNA Sample Prep kit (Illumina, CA, 

USA) from 1 microgram of total RNA 

following manufacturer’s instructions. 

mRNAs were isolated by poly-A selection 

and fragmented (8 minutes at 94°C). 

Fragmented mRNAs (around 170 

nucleotide-long in average) were used for 

reverse-transcription in the presence of 

Superscript II (Invitrogen, Oregon, USA) 

and random primers. After second strand 

synthesis, end-repair, Atailing and 

purification, the double strand cDNA 

fragments were ligated to Truseq® 

adapters containing the index sequences. 

Fifteen cycles of PCR in the presence of 

dedicated PCR primers and PCR master 

mix were applied to generate the final 

libraries. Libraries were sequenced in pair-

end sequencing runs on the Illumina 

NextSeq500 in multiplexed 2 × 76 base 

protocols. The raw data was generated 

through CASAVA 1.6 suite (Illumina). 

TopHat 

(http://ccb.jhu.edu/software/tophat/index.s
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html) software was used to align RNA-Seq 

reads to the reference genome (hg19, 

UCSA) and discover transcript splice sites. 

Cufflinks (http://cole-

trapnelllab.github.io/cufflinks/) used the 

resulting alignment files to quantify the 

gene expression levels, identify up- and 

down-regulated transcripts. Lists of genes 

differentially expressed were imported in 

the ToppGene Suite for analysis 30. 

RNA extraction and quantitative reverse 

transcription-PCR (qRT-PCR). RNAs 

from cultured cells were isolated using the 

NucleoSpin RNA kit (Macherey-Nagel) 

according to manufacturer’s protocol. 

Reverse transcription was done using the 

RevertAid First Strand cDNA Synthesis Kit 

(ThermoFisher Scientific). One or three 

(for CD24) hundred ng of cDNA were 

mixed with primers, probe (Universal 

ProbeLibrary System, Roche) and 2x 

Takyon Master Mix (Eurogentec). Q-PCR 

experiments were performed using the 

7300 Real Time PCR System and the 

corresponding manufacturer’s software 

(Applied Biosystems). Relative gene 

expression was normalized to 18S rRNA. 

Primers were synthesized by IDT and their 

sequences are detailed in Supplementary 

Table S1. All data are presented as the 

mean ± SEM of four independent 

experiments. 

Western Blot. Cells were extracted in 

SDS 1% buffer containing protease and 

phosphatase inhibitors (Roche). Protein 

concentrations were determined using the 

bicinchoninic acid assay (Pierce). Thirty µg 

of proteins were separated by 10% SDS-

PAGE and transferred to PVDF 

membranes. After blocking in TBS-Tween 

0.1% containing 5% nonfat dried milk (Bio-

Rad), membranes were incubated with 

primary antibodies overnight at 4°C. Anti-

MG-H1 antibody (3D11, 1/2000) and anti-

β-actin antibody (1/5000) were purchased 

from Cell Biolabs and Sigma-Aldrich, 

respectively. Then, the membranes were 

exposed to anti-mouse secondary 

antibody (Dako) at RT for 1 hour. The 

immunoreactive bands were visualized 

using ECL Western Blotting substrate 

(Pierce). Immunoblots were quantified by 

densitometric analysis and normalized for 

β-actin using ImageJ software 31. 

Driving signaling networks. The driving 

signaling networks were established in 

collaboration with Prof. Steven van Laere 

(Antwerp University, Belgium) as 

previously described 32. Briefly, a 

phenome-interactome network was 

constructed and used to calculate an 

association score for each candidate gene 

from RNA sequencing data. Then, 

association between candidate genes and 

potential regulators were ranked according 

to their scores. The phenome-interactome 

network is established by integrating a 

phenotype similarity profile, a protein-

protein interactions (PPI) network and 

known association between genes and 

diseases 32. 

Migration and invasion assays. MDA-

MB-231 cells (2x105 cells) were 

suspended in serum-free DMEM medium 

(0.1% BSA, 1% penicillin/streptomycin) 

and seeded into the upper part of a 

Transwell filter (diameter 6.5mm, pore size 

8μm, Costar) for migration assay or a 

Transwell filter precoated with Matrigel for 

invasion assay (BD Biosciences). The 

lower compartment was filled with an 

attracting medium composed of DMEM 

containing 1% BSA, 1% pen/strep and 

10% BSA. After 16 or 24 hours incubation 

at 37°C for migration and invasion, 

respectively, migrating cells were fixed and 

stained with Diff-Quick kit (Medion 

Diagnostics). Each insert were scanned at 

a 10X magnification using the Eclipse Ti 

microscope (Nikon). The area covered by 

the migrating/invading cells was further 

quantified by densitometry using the 
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ImageJ software. Data are expressed as 

relative migration/invasion ability 

compared to control cells. Three biological 

replicates with two wells per condition 

were analyzed.  

Adhesion assay. Twenty thousand MDA-

MB-231 cells were placed in pre-coated 

96-well low adherent plate (Greiner) and 

let to adhere for 1 hour at 37 °C. The 

coating of the wells was performed using 

10μl of collagen (Sigma-Aldrich, 10 μg/ml). 

Plates were incubated 16h at 4°C and 

then dried at room temperature. Each well 

was blocked with a Tris 0.1M pH 7.8 and 

1% BSA solution. Subsequently, the cells 

were washed with PBS and fixed in a 

0.5% crystal violet in 20% methanol 

solution for 5 minutes. Stained cells were 

rinsed with water and air-dried. Pictures of 

each insert were taken at a 2X 

magnification using the EVOS microscope 

(ThermoFisher Scientific). The colored 

cells were lysed in 1:1 mixture of absolute 

ethanol and 0.1M Na-citrate buffer. The 

cell attachment was evaluated using the 

Filter Max F5 plate reader (Molecular 

Devices) at 560 nm. All data are presented 

as the mean ± SEM of three biological 

replicates. 
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Supplementary Table 1: Primer sequences and probe used for qRT-PCR 

experiment.   

 

Gene Fw/Rv Sequence 
Probe (UPL, 

Roche) 

CD24 

Fw 5’-TGGATTTGACATTGCATTTGA -3’ 

37 

Rv 5’-TGGGGGTAGATTCTCATTCATC-3’ 

Tenascin C 

Fw 5’-CCGGACCAAAACCATCAGT-3’ 

76 

Rv 5’-GGGATTAATGTCGGAAATGGT-3’ 

Lumican 

Fw 5’-GAAAGCAGTGTCAAGACAGTAAGG-3’ 

72 

Rv 5’-GGCCACTGGTACCACCAA-3’ 
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IV. Discussion and perspectives 

 Cancer cells prefer to use aerobic glycolysis rather than oxidative 

phosphorylation to produce their energy. The elevated glycolytic rate leads 

unavoidably to an increased MG production. This highly reactive dicarbonyl is mainly 

detoxified by glyoxalase enzymes into D-lactate. In our study, we have used a 

silencing Glo1 strategy that strongly suggested a pro-tumorigenic and pro-metastatic 

role of endogenous MG accumulation in vivo. Consistently, a study aimed at 

functionally identifying tumor suppressor genes in liver cancer identified and validated 

Glo1 as a tumor suppressor gene. Indeed, the knockdown of Glo1 using shRNAs 

increased tumor growth in a mouse model (Zender et al. 2008). However, in light of 

recent studies, Glo1 appears to be a dual mediator for growth regulation in cancer. In 

2014, Glo1 knockdown using doxycycline-inducible shRNAs significantly reduced 

hepatocellular tumor volume in a xenograft mouse model (Zhang et al. 2014). Using 

intraperitoneal injection of BBGC (a Glo1 inhibitor), Sakamoto and colleagues 

(Sakamoto et al. 2001) demonstrated a significant decrease of lung and prostate 

cancer cell growth in vivo. As the only function reported to date for Glo1 is the 

detoxification of MG, both studies attributed tumor volume reduction to the cytotoxic 

and pro-apoptotic accumulation of MG in cancer cells. Indeed, it is noteworthy that 

MG was first viewed as a potential therapeutic agent in cancer based on animal 

studies (Apple and Greenberg 1967, Jerzykowski et al. 1970). Due to high adverse 

toxic effects of MG, another strategy using Glo1 inhibitors has been suggested for the 

treatment of cancer patients (Lo and Thornalley 1992, Edwards et al. 1996). In our 

study, the silencing of Glo1 in breast cancer cells also increased MG level but not to 

a toxic level. We have associated the increased pro-tumorigenic and pro-metastatic 

potential of Glo1-depleted breast cancer cells to the accumulation of MG because 

these effects were abrogated by carnosine. Therefore, long-term Glo1-targeting 

therapies may select for aggressive cancer cells that will acquire resistance to 

apoptosis. To experimentally validate this hypothesis, it would be interesting to 

design inducible Glo1-shRNAs in order to compare acute and chronic exposure of 

cancer cells to high endogenous MG stress.  

We next hypothesized that MG follows a hormetic dose or adaptive stress 

response principle. Hormesis has been defined as “a process in which exposure to a 
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low dose of a chemical agent or environmental factor, that is damaging at higher 

doses, induces an adaptive beneficial effect on the cell or organism” (Figure 49A) 

(Mattson 2008). This concept was, at least in part, postulated in the 16th century 

when Paracelsus, the founder of toxicology, observed that “the dose makes the 

poison”. Ongoing experiments conducted in our Laboratory showed that low doses of 

MG are stimulating and beneficial to the proliferation of cancer cells while at higher 

concentrations, MG becomes cytotoxic (Figure 49B). These observations have been 

made by growing U87-MG human glioblastoma cancer cells on the chicken 

chorioallantoic membrane (CAM assay) in presence of different concentrations of MG 

(Nokin et al., unpublished data). Ongoing mass spectrometry analysis will help to 

determine the mechanism(s) through which MG exhibits both pro and anti-tumor 

effects. In a non-tumoral context, MG dual role has been demonstrated for neurons 

where low MG levels are favorable to neurons viability and excitability while high MG 

levels are cytotoxic (Radu et al. 2012). In our hands, different cancer cell types 

(breast, brain and colon) presented with extreme values of inhibitory concentrations 

(IC50) ranging from 250 to 3000 µM of MG. These preliminary data suggest that 

different cancer types with diverse phenotype, particularly Glo1 detoxification abilities 

and energetic metabolic balance may respond differently to MG exposition. This 

hypothesis is supported by our observation that highly glycolytic cancer cells reacted 

to MG by increasing their basal expression and activity of Glo1 while non glycolytic 

cells did not. A large scale genomic study revealed that Glo1 is amplified in many 

human cancer cell lines and primary tumors with breast tumors (22%) showing the 

highest rate (Santarius et al. 2010). If this amplification is associated with high Glo1 

expression/activity, it is tempting to speculate that the cells will be more resistant to 

MG accumulation. Accordingly, it has been demonstrated that cancer cells 

overexpressing Glo1 are more sensitive to Glo1 inhibition (Sakamoto et al. 2001, 

Santarius et al. 2010, Zhang et al. 2014). Therefore, Glo1 gene amplification might 

be a promising biomarker to discriminate those patients that would benefit from Glo1 

inhibition therapies.  
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This dual role of MG stress reminds clearly the one established for oxidative 

stress in cancer cells. At low to moderate levels, Reactive Oxygen Species (ROS) 

facilitates carcinogenesis notably through acting as signaling molecules or by 

promoting oncogenic mutation of genomic DNA. At high levels, ROS induce severe 

cellular damage and cell death. Therefore, cancer cells develop a high antioxidant 

capacity that maintains ROS to a level beneficial for their proliferation and escape 

from apoptosis (for review (Gorrini et al. 2013)). Moreover, oxidative stress and 

carbonyl stress are tightly linked together and may work in tandem to influence tumor 

development and progression (Figure 50). The formation of ROS and AGEs 

generates a sequence of reactions mutually enhancing each other in cancer cells (for 

review, (Kalapos 2008)). Several groups have shown that MG treatment leads to an 

increase of the levels of various ROS in many cell types (Kalapos et al. 1993, Kikuchi 

et al. 1999, Du et al. 2001, Chang et al. 2005, Wu 2005). Additionally, 

overexpression of Glo1 decreased ROS formation in yeast (Morcos et al. 2008) and 

in human endothelial cells (Yao and Brownlee 2010). Globally, the increased 

production of ROS by MG has been associated with diabetes and its complications 

(Rosca et al. 2005, Yao and Brownlee 2010, Vulesevic et al. 2016). More largely, the 

glycation of proteins is also responsible of ROS generation (Yim et al. 1995, 

Shumaev et al. 2009). MG reacts with GSH and forms a hemithioacetal intermediate 

before its detoxification into D-lactate. MG can deplete the amount of GSH, a 

Figure 49: The hormetic model and MG. A. Theoretical graphical representation of the hormesis 
process where x axis correspond to the level of stressor and y axis correspond to the effect on cell or 
organism. Hormesis is defined as a biphasic dose response to an agent characterized by low dose 
stimulation or beneficial effects and high dose inhibitory or toxic effects. B. U87-MG cancer cells were 
grown on CAM and treated every day with different concentrations of MG. The graph of tumor volume 
against MG concentration adopts the curve profile of the hormetic model (Nokin et al., Unpublished 
data). 
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powerful antioxidant, at least during short periods of time (Kalapos et al. 1992). As 

mitochondria are the major source of ROS in cells, increased ROS formation induced 

by MG could be explained by direct glycation and alteration of mitochondrial 

respiratory chain proteins (Rosca et al. 2005, Morcos et al. 2008). An inhibition of the 

activity of antioxidant enzymes such as catalase and superoxide dismutase (SOD) 

has been shown upon MG treatment in different models (Choudhary et al. 1997, Wu 

2005). SOD was found to be highly susceptible to carbonyl-mediated glycation (Arai 

et al. 1987, Takamiya et al. 2003). Furthermore, ROS are known to favor glucose 

uptake notably through HIF1α activation and the subsequent increase of glucose 

transporters expression (Shi et al. 2009, Liemburg-Apers et al. 2015). This increased 

glycolytic flux inevitably leads to MG production. In cancer cells, the tight control of 

this vicious cycle between MG and ROS likely may favor tumor progression and 

metastases development.  

 

 

 

Figure 50: Oxidative stress and carbonyl stress generate a sequence of reactions mutually 
enhancing each other. 
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Recent studies indicate that metabolic energy pathways interfere with major 

signalization routes in cancer cells (DeRan et al. 2014, Enzo et al. 2015). Our data 

demonstrated for the first time that MG, an endogenously produced metabolite, 

interferes with the Hippo pathway to confer an aggressive phenotype upon cancer 

cells. In agreement with this new linked established between carbonyl stress and 

oncogenic signaling pathways, it is noteworthy that activation of TGFβ pathway 

components such as Smad3 were observed by high-throughput sequencing analysis 

of high carbonyl stress cancer cells. The identification and validation of the key target 

genes affected by MG will contribute to a better understanding of the molecular 

mechanisms leading the acquisition of a metastatic phenotype by cancer cells 

exposed to carbonyl stress.  

Because MG has been reported to glycate several enzymes involved in 

glycolysis (Gomes et al. 2006), it was expected that it may affect the glycolytic flux. 

We observed that high carbonyl stress decreased pyruvate kinase M2 (PKM2) 

activity in breast cancer cells (Nokin et al., unpublished data). PKM2 acts as a central 

hub for determining whether glucose is used for ATP generation or building blocks 

synthesis. It will be critical to understand how MG could favor mitochondrial 

respiration or the pentose phosphate pathway and to identify the potential direct 

targets of MG glycation in this context.  

Identifying MG-modified proteins in cancer cells represents a major challenge. 

Our data have shown that MG adducts accumulation is a constant feature of breast 

cancer cells when compared to non-tumoral counterparts. Our next objective will be 

to identify MG-modified proteins associated with malignancy. Until now, only Hsp27 

has been identified as a target of MG in different cancer cell types. Hsp27 is 

considered as the major argpyrimidine-modified protein and its MG-modification has 

been associated with inhibition of apoptosis in cancer cells (Sakamoto et al. 2002, 

van Heijst et al. 2006, Bair et al. 2010, Oya-Ito et al. 2011). In our study, we observed 

MG-modifications on Hsp90 and its subsequent decreased activity in breast cancer 

cells. Hsp90 is overexpressed in several cancer types and is implicated in the correct 

folding and activity of more than 400 “clients”, many of which are oncoproteins. Our 

results indicate that LATS1 kinase expression is indirectly affected by MG and 

suggest that the activity of other kinases may also be regulated under high carbonyl 

stress conditions. Besides Hsp27 and Hsp90, one may speculate that protein 
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chaperones could be preferentially targeted by MG. Interestingly, 

immunohistochemical staining of MG adducts in breast cancer tissues highlighted 

their accumulation in the nucleus. Cytoplasmic/nuclear protein extraction of different 

cancer cell lines confirmed the high level of both argpyrimidine and MG-H1 adducts 

in the nuclear fraction. These results are in good accordance with a previous study 

showing argpyrimidine adducts in the nucleus of neurons (Nakadate et al. 2009). In 

order to identify the nuclear MG-modified proteins, we performed 

immunoprecipitation of nuclear extracts from cancer cells using anti-argpyrimidine 

antibody followed by mass spectrometry analysis. Our preliminary results suggest 

that important regulators of mRNA splicing could be targets of MG glycation (Nokin et 

al., unpublished data). Since the last decade, the role of alternative splicing in cancer 

has gained an increased interest (Chen and Weiss 2015). To our knowledge, the 

regulation of the splicing machinery by a glycolytic intermediate has never been 

demonstrated. Globally, the identification of MG-modified proteins in cancer will 

contribute to our understanding of the pro- and anti-tumor roles of MG.  

Obesity and diabetes represent an alarming global epidemic. In 2014, it has 

been estimated that over 600 million and 422 million adults were obese and diabetic, 

respectively, worldwide (World Health Organization). There is growing body of 

evidence to support a connection between diabetes (principally type 2), obesity and 

cancer. Both obesity and diabetes have been shown to be associated with increased 

risk of cancer and mortality (LeRoith et al. 2008). As mentioned previously, the link 

between carbonyl stress with diabetes and its complications is clearly established 

(Schalkwijk 2015). Obesity is also more and more associated with carbonyl stress. 

Indeed, a decrease of Glo1 activity in erythrocytes as well as an increase of MG 

concentration in whole blood was found in leptin-deficient obese mice compared to 

controls (Atkins and Thornalley 1989). In visceral adipose tissue of high fat diet 

feeding mice, an increase of MG level associated with a decrease of Glo1 activity 

have been demonstrated. These effects were reverted by treatment with MG 

scavenger pyridoxamine (Maessen et al. 2016). High fat diet feeding of rats 

increased body weight and serum MG-adducts level (Li et al. 2005). In human, Glo1 

gene was added to the obesity gene map updated in 2005 (Rankinen et al. 2006). 

Incubation of adipocytes with MG results in an increased proliferation rate suggesting 

that MG carries on the expansion of adipose tissue in obesity (Jia et al. 2012). 
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Plasma MG concentration was increased of about 35% in obese subjects compared 

to non-obese healthy subjects placed on an isocaloric diet for 2 weeks (Masania et 

al. 2016). Interestingly, these MG levels were intermediate between those found in 

non-obese healthy subjects and type 2 diabetic patients (Rabbani and Thornalley 

2014). In obese subjects, the increase of circulating MG could be responsible of 

protein and DNA glycation throughout the body thus creating a breeding ground for 

diabetic complications and cancer progression.   

Recent studies indicated that cancer in diabetic patients presents with a higher 

incidence and a poorer prognosis than in non-diabetic subjects (for review (Garg et 

al. 2014). The association between diabetes and cancer risk and/or mortality was 

notably shown for breast cancer patients (Michels et al. 2003, Wolf et al. 2006, 

Larsson et al. 2007, Barone et al. 2008, Duggan et al. 2011, Erickson et al. 2011, De 

Bruijn et al. 2013). The increased cancer risk has been related to: (a) hyperglycemia, 

(b) hyperinsulinemia and (c) inflammation linked to increased visceral fat (for review 

(Gallagher and LeRoith 2015)). Due to the high avidity of cancer cells for glucose, 

hyperglycemia could have an additive effect on tumor growth and progression. 

Hyperglycemia could also contribute to AGEs formation. Through interaction with the 

receptor for AGEs (RAGE) present at the surface of cancer cells, AGEs lead to 

oxidative stress and inflammation which promote tumor growth, angiogenesis and 

metastasis (Rojas et al. 2011). Hyperinsulinemia associated with diabetes could 

impact upon tumor growth either directly through the activation of insulin-mediated 

proliferation signaling pathways or indirectly by increasing levels of bioactive insulin 

growth factor 1, a growth-promoting factor in cancer. Adipocytes release a range of 

pro-inflammatory cytokines such as TNF-α and IL-6. IL-6 has notably been linked 

to the transformation of breast cancer cells to a more invasive phenotype (Iliopoulos 

et al. 2009). Both excess of adiposity and insulin resistance may lead to increased 

levels of free hormones (estrogens and testosterone) which favor tumor growth 

(Gallagher and LeRoith 2015).  

Recent studies reported that anti-diabetic therapies might also modify the risk 

of cancer (Quinn et al. 2013). Metformin is the most commonly used hypoglycemic 

therapy in patients with type 2 diabetes. It is noteworthy that diabetic patients treated 

with metformin have a lower risk of cancer development. Metformin decreased about 

20% the incidence of invasive breast cancer compared to other diabetic medications 
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in type 2 diabetes patients (Bosco et al. 2011). The anti-tumor properties of 

metformin raised the possibility of its potential use in the non-diabetic population. 

Indeed, there are currently more than 100 ongoing clinical trials assessing the role of 

metformin for cancer prevention and therapy (Kasznicki et al. 2014). Metformin may 

reduce tumor progression by improving systemic metabolism through lowering 

circulating insulin and glucose levels, or by direct effects on cancer cells. These 

latters were mainly associated with metformin-mediated inhibition of mitochondrial 

complex 1 of the respiratory chain, decrease of ATP synthesis and activation of AMP 

kinase (AMPK). The potent activation of AMPK leads to the inhibition of mTOR pro-

proliferation signaling pathway in cancer cells (Chiang and Abraham 2007). 

Remarkably, Ishibashi and co-workers have shown that metformin inhibits 

AGE/RAGE effects on tumor cell proliferation by suppressing RAGE expression 

(Ishibashi et al. 2013). Although metformin proved efficient to reduce systemic MG 

levels in diabetic patients (Beisswenger et al. 1999), it has been somehow 

overlooked for its MG scavenging capacities. Recently, carnosine, another MG 

scavenger, has also been reported to exert anti-tumoral effects (Shen et al. 2014). In 

our second study, we have shown that the sole supplementation with carnosine 

significantly lowered the propensity of high MG stress-tumors to metastasize in 

animals. Our in vitro experiments using both carnosine and aminoguanidine provided 

with an original molecular mechanism implicating MG-mediated induction of YAP 

oncogenic activity in breast cancer cells. Interestingly, DeRan and collaborators 

reported that metformin, and its more potent analog phenformin, inhibited YAP 

activity through AMPK signaling (DeRan et al. 2014). Accordingly, it is not excluded 

that metformin could have also exerted, at least in part, its inhibitory activity on YAP 

function through its MG scavenging properties. A multidisciplinary approach is 

needed to explore the molecular bases that support increased cancer risk for diabetic 

patients. More studies on the induction of diabetes by specific anti-neoplastic 

treatments should also be conducted. 

Several studies reported that Glo1 expression and activity are increased in 

different cancer cell types compared to their non-tumoral counterparts (Ranganathan 

and Tew 1993, Rulli et al. 2001, Wang et al. 2012, Hu et al. 2014). Glo1 has also 

been considered as a bad prognosis marker (Romanuik et al. 2009, Bair et al. 2010, 

Cheng et al. 2012, Fonseca-Sanchez et al. 2012). Glo1 overexpression has also 
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been associated with multidrug resistance in cancer. In response to some anti-tumor 

agents, cancer cells activate processes of DNA repair which depletes cells of NAD+, 

a cofactor for GAPDH enzymatic activity, and increases levels of glycolytic 

triosephosphates (Godbout et al. 2002). As MG is mainly formed by triosephosphate 

spontaneous degradation, a consequent dramatic cytotoxic accumulation of MG is 

expected. However, in response to MG accumulation, aggressive cancer cells 

increase Glo1 expression/activity which maintains MG at a subtoxic level thus 

favoring their resistance to chemotherapeutic agents. Remarkably, the combination 

of chemotherapy and Glo1 inhibitors significantly sensitized chemo-resistant 

leukemic cells to anti-tumor agents such as Etoposide (Sakamoto et al. 2000). Before 

starting clinical trials using Glo1 inhibitors, more work is needed to better understand 

in which specific conditions they could synergize with the cytotoxic activity of anti-

tumor drugs by increasing MG concentration in cancer cells.  

 

Figure 51: MG and Glo1 in cancer, a summary of what was known at the start of this thesis 
(past), what we contributed with our original data (present) and what represents the 
perspectives (future). 
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In conclusion, going from the existing information available at the start of my 

thesis and based on the original data that we have generated, new perspectives 

(Figure 51) are opened up to pursue our contribution to the exciting field of carbonyl 

stress and cancer. 
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Summary 

everal epidemiological, clinical and experimental studies reported the key role of impaired 

energy metabolism in cancer. This has led us to study methylglyoxal (MG), a glycolysis by-

product. This highly reactive dicarbonyl metabolite contributes to the formation of advanced 

glycation end products (adducts) involved in the development and progression of many diseases such 

as diabetes and premature aging. Through glycation process, MG modifies the function and/or the 

stability of proteins, lipids and DNA. All these effects are grouped under the term "carbonyl stress". In 

order to limit these molecular damages, cells have developed a mechanism for effective MG 

detoxification composed of two enzymes, the glyoxalases 1 and 2. These enzymes convert MG into D-

lactate in presence of reduced glutathione. Similar to oxidative stress, which is well-known to be 

involved in tumor development, cancer cells could benefit from carbonyl stress to promote 

tumorigenesis. In a descriptive study using a large cohort of breast adenocarcinoma, we have first 

demonstrated a strong accumulation of argpyrimidine adducts in cancer cells compared to non-

tumoral tissue. These latter results suggest the potential involvement of MG in the development of 

breast cancers. Several recent studies have established a link between glucose metabolism and the 

transcription cofactor Yes-associated protein (YAP). In a second study, we demonstrated that MG 

induces nuclear accumulation of YAP in breast cancer cells through the glycation of the chaperone 

protein, heat shock protein 90. The nuclear accumulation of this oncoprotein has been correlated with 

both tumor progression and metastatic dissemination in vivo. In the continuity of this work, we have 

identified a pro-metastatic gene signature in breast cancer cells displaying a high carbonyl stress. 

Ongoing experiments will help to better understand the role of carbonyl stress in cancer progression 

and could lead to innovative and original anti-cancer therapeutic approach. 

Résumé 

e nombreuses études épidémiologiques, cliniques et expérimentales démontrant le rôle clé de 

l’altération du métabolisme énergétique dans le cancer nous ont conduits à l’étude d’une 

molécule dérivant de la glycolyse : le méthylglyoxal (MG). Ce dicarbonyl hautement réactif 

contribue à la formation des produits terminaux de glycation avancée (adduits) impliqués dans le 

développement et l’aggravation de nombreuses pathologies comme le diabète et le vieillissement 

prématuré. Le MG inflige des glycations modifiant la fonction et/ou la stabilité des protéines, des 

lipides et de l’ADN. Tous ces effets sont regroupés sous le terme de « stress carbonyle ». Pour limiter 

ces agressions moléculaires, la cellule a mis en place un mécanisme enzymatique de détoxification 

efficace du MG, les glyoxalases 1 et 2. Ces enzymes transforment, en présence de glutathion réduit, 

le MG en D-lactate qui est inoffensif pour la cellule. A l’instar du stress oxydant, dont l’implication dans 

le développement tumoral n’est plus à démontrer, les cellules cancéreuses pourraient tirer profit du 

stress carbonyle pour promouvoir la tumorigenèse. Lors de notre première étude immunohistologique 

sur une large cohorte d’adénocarcinomes de sein, nous avons mis en évidence une forte 

accumulation d’adduits argpyrimidine dans les cellules cancéreuses par rapport aux tissus sains 

associés. Ces résultats suggèrent la participation du MG dans le développement des cancers 

mammaires. Plusieurs études récentes ont établi un lien entre le métabolisme du glucose et le co-

facteur de transcription Yes-associated Protein (YAP). Lors de notre seconde étude, nous avons 

démontré que le MG entraine une accumulation nucléaire de YAP dans les cellules cancéreuses 

mammaires via la glycation de la heat shock protein 90. L’accumulation nucléaire de cette 

oncoprotéine a été corrélée à une augmentation de la croissance tumorale et au développement de 

métastases in vivo. Dans la continuité de ces travaux, nous avons identifié une signature de gènes 

pro-métastatiques au sein de cellules cancéreuses mammaires présentant un haut stress carbonyle. 

Des travaux en cours permettront de mieux comprendre le rôle du MG au cours de la progression 

cancéreuse et métastatique. Enfin, l’étude de l’implication du stress carbonyle dans le développement 

et la progression des cancers pourrait aboutir à une approche thérapeutique anti-cancéreuse 

innovante et originale. 
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