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ABBREVIATIONS 

 

2,3-BPG    2,3-bisphosphoglycerate 

4E-BP1    Eukaryotic initiation factor 4E-binding protein-1 

 

AK    Adenylate kinase 

AMPK     AMP-activated protein kinase 

APC/C     Anaphase-promoting complex/cyclosome 

AR     Androgen receptor 

AS160     Akt substrate of 160 kDa 

ATF     Activating transcription factor 

 

BAD    Bcl-2-associated death promoter 
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cAMP     Cyclic 3’,5’-adenosine monophosphate 

c-myc v-myc avian myelocytomatosis viral oncogene 

cellular homolog 

ConA     Concanavalin A 

CREB     Cyclic AMP response element-binding protein 

 

Elk-1    Ets-like transcription factor 1 

eNOS     Endothelial nitric oxide synthase 

ERK     Extracellular-signal-regulated kinase 

 

FBPase-1   Fructose-1,6-bisphosphatase 

FBPase-2    Fructose-2,6-bisphosphatase 
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FOXO     Forkhead box, Class O 

Fru-1,6-BP    Fructose-1,6-bisphosphate 

Fru-2,6-BP    Fructose-2,6-bisphosphate 

Fru-6-P    Fructose-6-phosphate 

 

GAP     GTPase activating protein 

GAPDH   Glyceraldehyde-3-phosphate dehydrogenase 

Glu-6-P    Glucose-6-phosphate 

GLUT     Glucose transporter 

GOT1    Glutamic oxaloacetate transaminase 1 

GSK-3    Glycogen synthase kinase-3 

 

HGF     Hepatocyte growth factor 

HIF    Hypoxia-induced factor 

HK     Hexokinase 

HMIT1    H+/myoinositiol co-transporter 1 

 

IGF-1     Insulin-like growth factor 1 

IKK    IκB kinase 

IL-2     Interleukin-2 

IL-2R     Interleukin-2 receptor 

 

Jak     Janus tyrosine kinase 

JNK     c-Jun N-terminal kinase 

 

LDHA    Lactate dehydrogenase A 

 

MACC1    Metastatis associated in colon cancer 1 

MAPK Mitogen-activated protein kinase 
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MDH1 Malate dehydrogenase 1 

MDM2 Mouse double minute 2 homolog 

MEK  Mitogen-activated protein kinase/extracellular-

signal-regulated kinase kinase 

MNK    MAPK-interacting kinase 

mTOR     mammalian target of rapamycin 

mTORC1    mammalian target of rapamycin complex 1 

mTORC2    mammalian target of rapamycin complex 2 

 

NO     Nitric oxide 

 

OxPhos    Oxidative phosphorylation 

 

p53     Tumour protein 53 

p38MAPK   p38 mitogen-activated protein kinase 

p90Rsk    90-kDa ribosomal S6 kinase 

PDK1     Phosphoinositide-dependent kinase-1 

PDK2     Pyruvate dehydrogenase kinase isoform 2 

PEP     Phosphoenolpyruvate 

PFK-1     6-phosphofructo-1-kinase 

PFK-2     6-phosphofructo-2-kinase 

PFKFB  6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase isoenzyme 

PHA Phytohemagglutinin 

PI3K     Phosphatidylinositol-3-kinase 

PK     Pyruvate kinase 

PKA     cAMP-dependent protein kinase 

PKB     Protein kinase B 

PKC     Protein kinase C 



	

4 

PPi:PFK  Pyrophosphate-dependent 6-phosphofructo-1-

kinase 

PPP    Pentose phosphate pathway 

PRAS40    Proline-rich Akt/PKB substrate 40 kDa 

PtdIns-4,5-P2    Phosphatidylinositol-4,5-bisphosphate 

PtdIns-3,4,5-P3    Phosphatidylinositol-3,4,5-triphosphate 

PTEN  Tumor suppressor phosphatase and tensin homolog 

deleted on chromosome 10 

 

Rheb     Ras homologue enriched in brain 

ROS     Reaction oxygen species 

 

S6K1     p70 ribosomal protein S6 kinase-1 

SAPK     Stress-activated protein kinase 

SGK3     Serum and glucocorticoid-inducible kinase-3 

SH2    Src Homology 2 

STAT     Signal transducer and activator of transcription 

 

TCA Tricarboxylic acid 

TIGAR  Tumour protein 53-induced glycolysis and 

apoptosis regulator 

TSC1  Tuberous sclerosis protein 1 (hamartin) 

TSC2  Tuberous sclerosis protein 2 (tuberin) 

 

VEGF     Vascular endothelial growth factor  
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SUMMARY 
 

Proliferating cells increase glucose metabolism to generate ATP and to supply 

precursors for macromolecular biosynthesis. Despite the fact that aerobic 

respiration produces more ATP, cancer cells convert most of their glucose to 

lactate under aerobic conditions, a phenomenon known as the “Warburg effect”, 

but which is not restricted to cancer cells. Fructose-2,6-bisphosphate (Fru-2,6-BP) 

is the most potent positive allosteric effector of 6-phosphofructo-1-kinase (PFK-1), 

and hence of glycolysis. Fru-2,6-BP is synthesized and degraded by a bifunctional, 

homodimeric enzyme, called 6-phosphofructo-2-kinase (PFK-2)/fructose-2,6-

bisphosphatase (FBPase-2). Four PFK-2/FBPase-2 isoenzymes, designated 

PFKFB1-4, have been identified in mammals encoded by four genes and each gene 

generates several isoforms by alternative splicing.  Previous studies showed that 

Fru-2,6-BP concentrations in cancer cells can reach levels 10 – 100 times higher 

than required to stimulate PFK-1. Therefore, we investigated whether Fru-2,6-BP 

might play a role in coupling glycolysis to cell proliferation and protein synthesis.  

Freshly isolated rat thymocytes were chosen as a non-cancerous model to study the 

metabolic changes that occur during the transition from the resting to the 

proliferating state. Mitogen stimulation of rat thymocytes with concanavalin A 

(ConA) induced time-dependent increases in medium lactate accumulation (6-

fold), Fru-2,6-BP content (4-fold), expression of PFKFB3 and PFKFB4 

isoenzymes (~2-fold  and ~15-fold, respectively) and rates of cell proliferation 

(~40-fold) and protein synthesis (~10-fold) after 68 h of incubation compared with 

resting cells. In parallel, increased expression and phosphorylation of translation 

factors, such as eukaryotic initiation factor-4E-binding protein-1 (4E-BP1) and 

ribosomal protein S6 (rpS6), were observed in ConA-stimulated thymocytes. In a 

parallel in vitro study, protein kinase B (PKB) was shown to phosphorylate 

PFKFB3 at Ser461, leading to PFK-2 activation. However, in ConA-stimulated 
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cells, only a slight increase in PFKFB3 Ser461 phosphorylation was detected. 

Therefore, although PFKFB3 is expressed in many proliferating and cancer cells, 

the importance of PKB-induced PFKFB3 phosphorylation is unclear. Treatment of 

ConA-stimulated thymocytes with low doses of PKB inhibitor (MK-2206) resulted 

in reduced levels of the PFKFB3 and PFKFB4 proteins, suggesting regulation of 

expression of the two PFKFB isoenzymes by PKB. In parallel, we also showed that 

MK-2206 induced significant decreases in Fru-2,6-BP content, medium lactate and 

rates of cell proliferation and protein synthesis in ConA-stimulated thymocytes. As 

expected, treatment with the PFK-2 inhibitor (3PO) reduced Fru-2,6-BP content 

and medium lactate accumulation, without affecting PFKFB3 and PFKFB4 

expression in ConA-stimulated cells. Surprisingly, rates of cell proliferation and 

protein synthesis were also significantly decreased by exposure of ConA-

stimulated cells to low doses of 3PO. These data were confirmed by siRNA 

knockdown of PFKFB3, PFKFB4 and PKB α/β in the more easily transfectable 

Jurkat E6-1 cell line. The findings suggest that increased PFKFB3 and PFKFB4 

expression, but not increased PFKFB3 Ser461 phosphorylation, plays a role in 

stimulating glycolysis in ConA-stimulated thymocytes and implicate PKB in the 

upregulation of PFKFB3 and PFKFB4 expression.  

Taken together, the findings support a role of Fru-2,6-BP in the control of 

glycolysis, cell proliferation and protein synthesis in mitogen-stimulated 

thymocytes, through a mechanism involving PKB.  
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RÉSUMÉ 
 

Les cellules en prolifération augmentent considérablement le métabolisme du 

glucose en lactate pour générer de l'ATP et fournir des précurseurs de la 

biosynthèse de macromolécules. Bien que la production d’ATP soit plus efficace 

en aérobiose, les cellules cancéreuses utilisent majoritairement la fermentation 

lactique même en présence d’oxygène, un phénomène appelé l’effet Warburg, qui 

n’est pas limité aux cellules cancéreuses. Le fructose-2,6-bisphosphate (Fru-2,6-

BP) est l'effecteur allostérique positif le plus puissant de la 6-phosphofructo-1-

kinase (PFK-1), et donc de la glycolyse. Le Fru-2,6-BP est synthétisé et dégradé 

par une enzyme homodimérique bifonctionnelle, appelée 6-phosphofructo-2-kinase 

(PFK-2)/fructose-2,6-bisphosphatase (FBPase-2). Quatre isoenzymes de la PFK-

2/FBPase-2, désignées PFKFB1-4, ont été identifiées chez des mammifères et sont 

codées par quatre gènes, chacun générant plusieurs isoformes par épissage 

alternatif. Des études précédentes ont montré que les concentrations de Fru-2,6-BP 

dans les cellules cancéreuses peuvent être 10 à 100 fois supérieures à celles 

requises pour stimuler la PFK-1. Par conséquent, nous avons investigué si le Fru-

2,6-BP pourrait jouer un rôle dans le couplage de la glycolyse à la prolifération 

cellulaire ainsi qu’à la synthèse protéique. 

Des thymocytes fraîchement isolés de rat ont été choisis comme modèle cellulaire 

non cancéreux afin d’étudier les adaptations métaboliques induites par une 

stimulation mitogénique par la concanavaline A (ConA). Par rapport aux cellules 

quiescentes, les thymocytes stimulés par la ConA augmentent l’accumulation de 

lactate dans le milieu de culture (6 fois), la concentration en Fru-2,6-BP (4 fois), 

l'expression des isoenzymes PFKFB3 et PFKFB4 (2 fois et 15 fois, 

respectivement) et les vitesses de prolifération cellulaire (40 fois) et de synthèse 

protéique (10 fois) après 68 h d'incubation. Parallèlement, l'expression et la 

phosphorylation de facteurs de traduction, telles que la protéine liée au facteur 
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d’initiation eucaryote 4E (4E-BP1) et la protéine ribosomale S6 (rpS6), sont 

augmentées. Dans une étude réalisée in vitro, nous avons montré que la protéine 

kinase B (PKB) phosphoryle le résidu Ser461 de la PFKFB3, conduisant ainsi à 

l'activation de la PFK-2. Cependant, l’augmentation de la phosphorylation de la 

Ser461 détectée dans les cellules stimulées par la ConA était faible. Dès lors, bien 

que l’isoenzyme PFKFB3 soit exprimée dans de nombreuses cellules en 

prolifération et cellules cancéreuses, la signification et l'importance de la 

phosphorylation de la PFKFB3 induite par la PKB reste à clarifier. Le traitement 

de thymocytes stimulés par la ConA en présence de faibles doses de l’inhibiteur de 

la PKB (MK-2206) a provoqué une diminution de l’expression de la PFKFB3 et 

PFKFB4, suggérant un contrôle de l'expression de ces deux isoenzymes par PKB. 

Parallèlement, nous avons également montré que, dans des thymocytes stimulés 

par la ConA, MK-2206 a réduit significativement la concentration de Fru-2,6-BP, 

l’accumulation de lactate dans le milieu et les vitesses de prolifération cellulaire et 

de synthèse protéique. Comme attendu, l'inhibiteur de la PFK-2 (3PO) a diminué la 

concentration en Fru-2,6-BP et l'accumulation de lactate dans le milieu de culture 

des cellules stimulées par ConA, et ceci sans affecter l'expression des isoenzymes 

PFKFB3 et PFKFB4. De façon intéressante, les vitesses de prolifération cellulaire 

et de synthèse protéique ont également été significativement réduites dans des 

cellules stimulées par ConA en présence de faibles doses de 3PO. Ces résultats ont 

été confirmés au moyen d’ARN interférents (siRNA) ciblant la PFKFB3, la 

PFKFB4 ou la PKB α/β dans des cellules Jurkat E6-1, lignée cellulaire facilement 

transfectable. Les résultats suggèrent que l'augmentation de l’expression des deux 

isoenzymes PFKFB3 et PFKFB4, mais pas l’augmentation de la phosphorylation 

de la Ser461 de la PFKFB3, joue un rôle dans la stimulation de la glycolyse dans 

des thymocytes stimulés par des mitogènes et impliquent PKB dans la régulation 

de l’expression de la PFKFB3 et PFKFB4.  
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Ainsi, les résultats confirment le rôle de la Fru-2,6-BP dans le contrôle de la 

glycolyse, de la prolifération cellulaire et de la synthèse protéique dans les 

thymocytes stimulés par des mitogènes, par un mécanisme impliquant la PKB.  
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I. Glycolysis 
 

I.1. Introduction 

 

Glycolysis is the metabolic pathway that transforms glucose into pyruvate while 

generating two ATPs per glucose molecule consumed. Further metabolism of 

pyruvate depends on oxygen availability. Under aerobic conditions, pyruvate can 

be completely oxidized to CO2 by the tricarboxylic acid (TCA) cycle coupled to 

the mitochondrial respiratory chain, which generates maximum 38 ATPs for each 

molecule of glucose oxidized. Under anaerobic conditions, glycolysis becomes the 

sole source of ATP and is greatly enhanced to provide the cell with sufficient ATP. 

Pyruvate is reduced to lactate to regenerate NAD+, which is required to allow 

glycolytic flux to proceed via glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Besides its energetic role, glycolysis can also provide precursors for 

biosynthetic processes, such as lipid and nucleic acid biosynthesis. 

In the presence of oxygen, glycolysis is inhibited, a phenomenon discovered by 

Louis Pasteur and known as the Pasteur effect. Glycolysis can also be modulated 

by energy demand, substrate availability, hormones and nutritional status. In 

addition, in cancer cells and in rapidly-proliferating cells, glycolysis is greatly 

increased and prevails even in the presence of oxygen. This characteristic feature is 

known as the Warburg effect and is further discussed below (see section I.4.) 

 

I.2.  Control points in the glycolytic pathway. 
 

Glycolytic flux is controlled at the following steps: (i) glucose transport by glucose 

transporters (GLUTs); (ii) phosphorylation of glucose by hexokinases 

(HKs)/glucokinase; (iii) phosphorylation of fructose-6-phosphate (Fru-6-P) to 
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fructose-1,6-bisphosphate (Fru-1,6-BP) catalyzed by 6-phosphofructo-1-kinase 

(PFK-1); and (iv) the last reaction catalyzed by pyruvate kinase (PK).  

 

Glucose	
	
	
	

Glucose-6-phosphate 	 		
	
	
	

Fructose-6-phosphate	
	
	
	

Fructose-1,6-bisphosphate	
	
	
	

Glyceraldehyde-3-phosphate	
	
	
	
	

1,3-bisphosphoglycerate	
	
	
	

3-phosphoglycerate	
	
	
	

2-phosphoglycerate	
	
	
	

Phosphoenolpyruvate	
	
	
	

Pyruvate	
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Dihydroxyacetone	phosphate	

Ribose-5-phosphate	

	
	

Glycerol-3-phosphate
		

	

LIPID	BIOSYNTHESIS	
	

	

Acetyl-CoA	
	
	

Serine	

Glycine	 Cysteine	

AMINO	ACID		
BIOSYNTHESIS	

Lactate	

Glucose	transporter	
	

Pentose	phosphate	pathway	
NUCLEOTIDE		
BIOSYNTHESIS	

ATP	

ADP	
Hexokinase	

Glucose	6-phosphate	
isomerase	

6-phosphofructo-1-
kinase	

ATP	

ADP	

Aldolase	
Aldolase	

Triose	phosphate	
isomerase	

Glyceraldehyde-3-phosphate	
dehydrogenase	

Phosphoglycerate	
kinase	

Phosphoglycerate	
mutase	

Enolase	

Pyruvate	kinase	
ADP	

ATP	

ADP	

ATP	

NAD+	

NADH	

Pi	

Pyruvate									Acetyl-CoA																Citrate	

Figure 1. Glycolytic pathway and its contribution to the supply of biosynthetic precursors. 

Enzymes that control critical steps are underlined in bold. 
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I.2.1. Glucose transporters 

 

Glucose transport across cell membranes is mediated by specific GLUTs, via ATP-

independent, facilitative diffusion. GLUTs are encoded by different genes and 

belong to a family of thirteen transmembrane proteins called GLUT1-12 and 

H+/myoinositiol co-transporter 1 (HMIT1) (Joost and Thorens, 2009). These 

diverse transporters display different specificities and affinities for sugars as well 

as different tissue distributions and physiological functions (Wood and Trayhurn, 

2003). The main GLUTs, namely GLUT1, 2 and 4, will only be considered here.  

GLUT1 is ubiquitously distributed. It is highly expressed in many foetal and adult 

tissues (such as brain, erythrocytes and endothelial cells), in most immortalized cell 

lines and in a variety of human malignant tumours (Brown and Wahl, 1993; 

Noguchi et al., 2000; Wang et al., 2000; Yamamoto et al., 1990). Overexpression 

of GLUT1 gene seems to be one of the first effects of oncogenesis essential for 

tumour growth (Flier et al., 1987). GLUT2 is mainly expressed in liver, kidney 

cortex and small intestine. Its high KM together with its high activity in liver favor 

either glucose uptake or release depending on the glucose gradient across the liver 

plasma membrane: uptake when the concentration of blood glucose rises as after a 

meal, or glucose production during glycogen breakdown and gluconeogenesis in 

the fasted state. GLUT4 has a high affinity for glucose and its activity depends on 

its concentration at the cell surface. It is present in insulin sensitive tissues (such as 

adipose tissue, heart and skeletal muscle), where this hormone promotes the rapid 

recruitment of GLUT4 from intracellular vesicles to the plasma membrane, thereby 

stimulating glucose entry and its subsequent phosphorylation. 

 

I.2.2. Hexokinase 

	
Phosphorylation of glucose to glucose-6-phosphate (Glu-6-P) by ATP is catalyzed 

by HK and glucokinase. This reaction maintains a glucose concentration gradient 
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that facilitates its entry into cells and the initiation of all major pathways of glucose 

utilization. Also, Glu-6-P is located at a metabolic crossroad in the cell. It is the 

starting point of glycolysis, the pentose phosphate pathway (PPP) and glycogen 

synthesis. Four hexokinase isoenzymes encoded by distinct genes are expressed in 

mammals, named HKI, HKII, HKIII and HKIV (also known as glucokinase). The 

four HK isoenzymes display differences in kinetic properties, regulation, 

intracellular distribution and tissue expression. HKI, HKII and HKIII have high 

affinity for glucose (50 – 100 µM) and are inhibited by the reaction product Glu-6-

P. However, HKIII is distinguishable from the other two high affinity HKs by 

inhibition via physiological concentrations of glucose (Wilson, 2003). By contrast 

with the other isoenzymes, HKIV, which is expressed in liver and pancreatic beta 

cells, presents a low affinity for glucose (5 -10 mM) and is not inhibited by Glu-6-

P (Postic et al., 2001; Robey and Hay, 2006). HKI is constitutively expressed in 

most mammalian adult tissues. HKII is mainly expressed in muscles and adipose 

tissue (Wilson, 2003). Nevertheless cancer cells express high levels of HKII 

(Mathupala et al., 2001; Shinohara et al., 1994), unlike normal cells, which could 

explain increased glycolysis. HKIII is also widely expressed, but not in a 

predominant manner. Interestingly both HKI and HKII are associated with the 

mitochondrial membrane where they might preferentially utilize ATP provided by 

oxidative phosphorylation. Also, mitochondrial location of both HKI and HKII 

could play a role in cell survival (Gottlob et al., 2001; Majewski et al., 2004). 

 

I.2.3. Phosphofructo-1-kinase 

 

PFK-1 catalyzes the phosphorylation of Fru-6-P to Fru-1,6-BP using ATP and 

represents the first committed step of glycolysis (Marshall et al., 1978; Weber, 

1977). In mammals, there are three PFK-1 genes, each encoding a different 

isoenzyme. PFK-M is mainly expressed in muscle, PFK-L is predominant in liver 

and PFK-P is expressed in brain, platelets and other tissues. PFK-1 exists as homo-



 

 

 

 

 
 

	

15 

tetramers or as hetero-tetramers depending on cell type (Moreno-Sanchez et al., 

2007). PFK-1 is a key multi-modulated enzyme controlling glycolysis. Indeed 

PFK-1 plays a central role in adjusting glycolytic flux to environmental conditions 

and cellular metabolic requirements. Its activity is controlled by its substrates and a 

variety of ligands. Allosteric inhibitors include ATP, citrate, long-chain fatty acids 

and protons (Jenkins et al., 2011; Van Schaftingen et al., 1981). Allosteric 

stimulators are Fru-6-P, AMP and notably fructose-2,6-bisphophate (Fru-2,6-BP). 

PFK-1 activity is finely tuned to adapt glycolytic flux to cellular needs. By 

stimulating PFK-1, a rise in AMP helps to maintain the energy status of the cell, 

when ATP levels fall, as during hypoxia. In the most eukaryotes, Fru-2,6-BP is the 

most potent positive allosteric effector of all PFK-1 isoenzymes (see section I.3.). 

Interestingly Fru-2,6-BP can stimulate PFK-1 activity even in the presence of 

inhibitory concentrations of ATP. Indeed physiological concentrations of Fru-2,6-

BP (1 - 10 µM) are sufficient to relieve inhibition by ATP (Moreno-Sanchez et al., 

2007; Okar and Lange, 1999; Van Schaftingen, 1987; Van Schaftingen et al., 1982; 

Wu et al., 2006). Thus Fru-2,6-BP allows the inhibitory effect of ATP to be 

bypassed and to enhance glycolysis even if energy supply is sufficient, suggesting 

that Fru-2,6-BP could increase PFK-1 flux when oxygen is available in cancer and 

normal proliferating cells. 

 

I.2.4. Pyruvate kinase 

 

PK catalyzes the transformation of phosphoenolpyruvate (PEP) and ADP to 

pyruvate and ATP. Four isoenzymes have been identified in mammals, termed 

PKM1, PKM2, PKR and PKL. Both PKM1 and PKM2 are produced from the 

PKM2 gene on chromosome 15, while PKR and PKL are encoded by the PKLR 

gene located on chromosome 1 (Noguchi et al., 1986; Noguchi et al., 1987). PKL is 

the major isoenzyme in liver and minor in kidney. PKR is exclusively found in red 

blood cells. PKM1 is found in tissues with high energy demand, such as skeletal 
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muscle, heart and brain. PKM2 is the embryonic isoenzyme and is present in most 

cells, except adult muscle, brain and liver. PKM2 is preferentially expressed in 

both cancer and normal proliferating cells (Chaneton and Gottlieb, 2012; Imamura 

and Tanaka, 1972; Imamura et al., 1972; Mazurek, 2011; Netzker et al., 1992). 

However, lack of proliferation does not necessarily correspond to the absence of 

PKM2. PKM2 is also found in many differentiated tissues, including adipose tissue 

and lung (Eigenbrodt et al., 1983; Imamura and Tanaka, 1972). 

PK isoenzymes are mostly active as homotetramers. Interestingly PKM2 and 

PKM1 exhibit distinct regulatory properties although their sequences only differ by 

22 amino acids. Unlike PKM1, PKM2 is not a constitutive tetramer and is 

controlled by allosteric effectors and posttranslational modifications. In both 

normal and cancer proliferative cells, PKM2 undergoes a conformational switch 

between dimeric and tetrameric forms, corresponding to low and high PK activities 

respectively (Tamada et al., 2012). The expression of low-activity-dimeric PKM2 

has been claimed to be necessary for the shift in cell metabolism to aerobic 

glycolysis (Warburg effect), which could provide a selective growth advantage for 

tumour cells in vivo (Christofk et al., 2008). In addition, the low activity of the 

PKM2 dimeric form could favour the routing of glycolytic intermediates through 

branch pathways, such as the pentose phosphate pathway (PPP), which generates 

NADPH to reduce levels of reactive oxygen species (ROS) (Tamada et al., 2012). 
Interestingly, PKM2 also has non-glycolytic functions in the nucleus. 	Nuclear 

PKM2 has been reported to activate gene transcription (Gao et al., 2012) and cell 

proliferation (Hoshino et al., 2007). Therefore, through both the glycolytic and 

non-glycolytic functions, PKM2 could contribute to growth and survival of cancer 

cells, suggesting that it may be a target for cancer therapy, as proposed (Iqbal et al., 

2014). 
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I.3. Fructose-2,6-bisphosphate 

 
Fru-2,6-BP is an osylphosphate, with a β anomeric configuration, found in all 

mammalian tissues studied so far, in plants, fungi and certain unicellular 

eukaryotes (such as yeasts and trypanosomes), but is absent from prokaryotes. 

Unlike Fru-1,6-BP, Fru-2,6-BP is acid-labile and its concentration ranges from 0.1 

to 100 µM depending upon the tissue and the experimental conditions. The highest 

concentrations (≥ 100 µM) have been observed in proliferating cells (Hue and 

Rousseau, 1993), although concentrations needed to regulate the activities of its 

target enzymes, PFK-1 and fructose-1,6-bisphosphatase (FBPase-1), are at least 

10-fold lower, between 1 and 10 µM (Hue and Rider, 1987; Van Schaftingen, 

1987).  

	

	

	

	

	

	

	

 

I.3.1. Synthesis and degradation of Fru-2,6-BP 

 

Fru-2,6-BP is synthetized from Fru-6-P and ATP by 6-phosphofructo-2-kinase 

(PFK-2) in a side reaction of glycolysis. Its concentration rises in response to 

increasing glucose concentrations via an increase in Fru-6-P and when PFK-2 

activity is increased. The hydrolysis of Fru-2,6-BP to Fru-6-P is catalyzed by 

fructose-2,6-bisphosphatase (FBPase-2). Therefore, the steady state concentration 

of Fru-2,6-BP in the cell depends on the balance between its rates of synthesis and 

Figure 2. Structure of β-D-fructose-2,6-bisphosphate 
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degradation by PFK-2 and FBPase-2, respectively. These two enzyme activities are 

catalyzed at different sites of a bifunctional, homodimeric protein, called PFK-

2/FBPase-2 (Okar et al., 2001; Rider et al., 2004). The kinase and phosphatase 

reactions are catalyzed in the N-terminal and C-terminal halves of each enzyme 

subunit respectively, which are flanked by regulatory domains at each extremity.  

Unlike PFK-1, PFK-2 is not inhibited by ATP. Interestingly, Pi stimulates both 

PFK-2 and FBPase-2 activities. Citrate, sn-glycerol-3-phosphate and PEP inhibit 

PFK-2 activity. FBPase-2 activity is stimulated by GTP and sn-glycerol-3-

Glucose	
	
	
	

Glucose-6-phosphate 	 		
	
	
	

Fructose-6-phosphate	
	
	
	
	
	
	
	
	
	

Fructose-1,6-bisphosphate	
	
	
	
	
	
	
	
	

Pyruvate	
	

Glucose	
	

Fructose-2,6-bisphosphate	

Pi	H2O	 PFK-1	

PFK-2	/	FBPase-2	

ATP	ADP	

+	

Figure 3. The synthesis and degradation of Fru-2,6-BP are catalyzed by a 

bifunctional homodimeric enzyme, named PFK-2/FBPase-2. Fru-2,6-BP is the most 

potent positive allosteric effector of PFK-1.  
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phosphate, which antagonize product inhibition of the enzyme by Fru-6-P (Ros and 

Schulze, 2013). 

 

I.3.2. Structure of PFK-2/FBPase-2 

 

The PFK-2 domain was proposed to be related to bacterial PFK-1 (Bazan et al., 

1989), but later PFK-2 was shown to share sequence similarities with nucleotide-

binding proteins, such as adenylate kinase (AK) (Bertrand et al., 1997). The 

FBPase-2 domain shares sequence, mechanistic and structural similarity with the 

histidine phosphatase family of enzymes, including the acid phosphatases and 

phosphoglycerate mutase (Okar et al., 2001; Pilkis et al., 1995). Unlike AK, PFK-2 

functions as a homodimer and the PFK-2 domains come together in a head-to-head 

fashion whereas the FBPase-2 domains are almost independent, with only one 

connecting salt bridge (Hasemann et al., 1996). 
 

Figure 4. Crystal structure of the homodimeric bifunctional enzyme PFK-2/FBPase-2. The protein 

monomers are colored red and green, and the ATPγS and PO4 ligands are in grey. The rotation axis is vertical 

as shown here, with a 180° rotation relating the red and green monomers. It is clear that the FBPase-2 

domains (the lower domains) are independent of one another. Only a single salt bridge interconnects the two 

domains (Hasemann et al., 1996). 
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The PFK-2 domain is composed of a six-stranded β-sheet surrounded by seven α-

helices and its sequence contains two regions called “Walker A” and “Walker B” 

motifs for nucleotide-binding that are found in AK and Ras (Hasemann et al., 

1996) . An essential residue for catalysis was identified as Lys54, located within 

the Walker A motif (Vertommen et al., 1996). This residue interacts with both the 

β- and γ-phosphates of ATP and stabilizes the transition state of the PFK-2 reaction 

during phosphate transfer. Thr55 of the Walker A motif (Vertommen et al., 1996) 

and Asp130 in the Walker B (Rider et al., 1994) motif provide two ligands for the 

octahedral Mg2+ ion, another two being provided by the β- and γ-phosphates of 

ATP (Hasemann et al., 1996). ATP is also bound by stacking of the adenine ring 

against non-polar side chains. The binding site for Fru-6-P is predicted to 

correspond to the AMP site in AK, with the 6-phosphate group of Fru-6-P bound 

by Arg104, Arg138 and Arg195 (Bertrand et al., 1998). By analogy with AK, the 

PFK-2 domain is also predicted to contain two mobile segments that trap Fru-6-P 

and ATP (Hasemann et al., 1996), thus excluding water to protect against ATP 

hydrolysis.  

 

I.3.3. Gene expression and post-translational regulation of PFK-

2/FBPase-2 isoenzymes 

 

In mammals, four PFK-2/FBPase-2 isoenzymes were originally identified in 

liver/muscle, heart, brain/placenta and testis, respectively. The PFK-2/FBPase-2 

isoenzymes were subsequently found to be encoded by four different genes located 

on different chromosomes and the PFK-2/FBPase-2 isoenzymes were accordingly 

termed PFKFB1, 2, 3 and 4. The corresponding genes are: PFKFB1 (also called 

gene A, on human chromosome 1) (Darville et al., 1989), PFKFB2 (gene B, on 

human chromosome 10) (Darville et al., 1991), PFKFB3 (on human chromosome 

10) (Navarro-Sabate et al., 2001) and PFKFB4 (on human chromosome 3) 

(Manzano et al., 1999). These genes all share a similar genomic organization, 
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revealing how each generates several isoforms by alternative splicing, and for even 

more mRNAs due to the presence of several promoters and 5’ non-coding exons.  

Despite the high sequence homology within their core catalytic domains, the four 

PFKFB isoenzymes display different PFK-2:FBPase-2 activity ratios (Okar et al., 

2001). When assayed under optimal condition with saturating substrate 

concentrations, the PFK-2:FBPase-2 activity ratios of PFKFB1, PFKFB2 and 

PFKFB4 are ≃ 1. By contrast, PFKFB3 is unusual in that its PFK-2:FBPase-2 

activity ratio is much higher and strongly favors Fru-2,6-BP synthesis, such that 

PFKFB3 expression would be expected to result in enhanced glycolytic flux. The 

low FBPase-2 activity of PFKFB3 is due to the presence of Ser at position 302 

instead of Arg required for Fru-2,6-BP binding and conserved in the other PFKFB 

isoenzymes (Cavalier et al., 2012; Kim et al., 2006b). Interestingly, several PFKFB 

isoenzymes can be co-expressed in a given tissue, sometimes with an isoform 

predominating, suggesting that different isoforms play different roles in regulating 

Fru-2,6-BP content in response to different physiological conditions or stimuli. 

 

Gene 

name 

Chromosomal 

location 
mRNA Protein isoform 

PFK-2/FBPase-2 

activity ratio 

PFKFB1 Human Xp11.21 

L 

M 

F 

L-PFK-2/FBPase-2 (liver) 

M-PFK-2/FBPase-2 (muscle) 

M-PFK-2/FBPase-2 (fœtal) 

1.2 (bovine liver) 

PFKFB2 Human 1q31 
H1/H2/H4 

H3 

H-PFK-2/FBPase-2 (heart) long 58 kDa 

H-PFK-2/FBPase-2 (heart) short 54 kDa 
1.8 (bovine heart) 

PFKFB3 Human 10p14-p15 

U 

 

I 

u-PFK-2/FBPase-2 (placental, brain, 

ubiquitous) 

i-PFK-2/FBPase-2 (inducible) 

> 700 (human 

placenta) 

PFKFB4 Human 3p21-p22 T T-PFK-2/FBPase-2 (testis) 0.9 (human testis) 

Figure 5. PFKFB isoenzymes – chromosomal location, tissue distribution and PFK-2:FBPase-2 activity 

ratio. Properties of the PFK-2/FBPase-2 enzymes. Information on chromosomal location and relative 

enzyme activities of the different isoforms has been taken from Okar et al. (2001). 
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The PFKFB isoenzymes can be regulated by post-translational modifications. In 

response to hormones, growth factors or cellular stress, PFK-2 activity can be 

modulated by phosphorylation by protein kinases, such as cyclic AMP-dependent 

protein kinase (PKA), protein kinase B (PKB, also known as Akt) and AMP-

activated protein kinase (AMPK). 

 

I.3.3.1. PFKFB1  

 

PFKFB1 gene 

This gene (60kb) contains 17 exons and encodes three different mRNAs (L, M and 

F, respectively) from distinct promoters (named L, M and F from 3’ to 5’). These 

mRNAs differ only within their first exon (Darville et al., 1992; Dupriez et al., 

1993). An additional 5’ coding exon (exon1L), coding for 32 amino acids, is 

present in the L mRNA and gives rise to a protein with a Ser residue at position 32 

which can be phosphorylated by PKA (discussed in detail below). This isoform is 

mainly expressed in liver, but was also detected in skeletal muscle and white 

adipose tissue (Bruni et al., 1999). The M mRNA contains exon1M coding only 

nine amino acids, none of which provides a substrate for phosphorylation. From 

the M promoter, the M isoform is expressed in skeletal muscle and white adipose 

tissue. The two F mRNAs, which contain two non-coding exons upstream (1Fa and 

1Fb) and part of exon1M, also code for the M isoform. This isoform is also 

generated from promoter F and expressed in fibroblasts, fetal tissues and 

proliferating cells. 

 

PFKFB1 isoenzyme 

The liver isoform PFKFB1 (L-PFK-2/FBPase-2) contains, within its N-terminal 

regulatory domain, Ser32 phosphorylated by PKA (Pilkis et al., 1995).             
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PFKFB1 

PFKFB2 

PFKFB3 

PFKFB4 

L-PFK-2/FBPase-2 

M-PFK-2/FBPase-2 

F-PFK-2/FBPase-2 

H-PFK-2/FBPase-2 
58 kDa 

u-PFK-2/FBPase-2 

i-PFK-2/FBPase-2 

T-PFK-2/FBPase-2 

Ser32 

Ser84 

Ser84 

PKA 

PKC 

PKC 

Ser466 Ser483 

Ser461 

Thr475 

PKA 
PKB/Akt 

PKC 

AMPK 
PKB/Akt 
PKA 
PKC 

AMPK 
PKA 
PKC 
MK2 

Ser461 

AMPK 
PKA 
PKC 
MK2 

N C 
Regulatory Regulatory PFK-2 FBPase-2 

Figure 6. Domain organizations and phosphorylation of PFKFB isoenzymes. The N-terminal PFK-2 domain 

is shown in dark blue, the C-terminal FBPase-2 domain is shown in light blue and the regulatory domains are 

shown in grey. Phosphorylation sites and the kinases capable of phosphorylation are indicated for each of the 

main isoforms. The domain structure of human PFK-2/FBPase-2 isoenzymes is based on Rider et al. (2004) and 

Ros and Schulze (2013) 

H-PFK-2/FBPase-2 
54 kDa 
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Thus, in response to glucagon, PKA is activated and phosphorylates Ser32 of L-

PFK-2/FBPase-2, leading to PFK-2 inactivation and FBPase-2 activation. The 

subsequent fall in Fru-2,6-BP content decreases glycolytic flux while increasing 

gluconeogenesis in hepatocytes (Bartrons et al., 1983). In intact hepatocytes, by 

contrast with incubation with glucagon, treatment with vasopressin, phorbol ester 

or calcium ionophore did not increase phosphorylation of L-PFK-2/FBPase-2 

(Garrison et al., 1984). Insulin stimulates glycolysis in white adipose tissue and 

skeletal muscle. However, several studies have shown that increased glycolysis is 

mainly due to the well-known stimulation of glucose transport (Pessin et al., 1999) 

and PFK-2 activity in adipose tissue and muscle is unaffected by insulin. 

 

I.3.3.2. PFKFB2 

 

PFKFB2 gene 

This gene encodes the heart isoenzyme and its two isoforms. The rat gene (22 kb) 

contains 20 exons (Chikri and Rousseau, 1995). Exons 3 to 14 are very similar to 

those of the PFKFB1 gene that code for the core catalytic domain. Several 

phosphorylation sites for protein kinases are found within exon 15. In bovine heart, 

alternative splicing via deletion of exon 15 leads to the short isoform (54 kDa, 

instead of 58 kDa) (Tsuchiya and Uyeda, 1994; Vidal et al., 1993). Four different 

mRNAs are derived from distinct promoters and differ only by non-coding 

sequences at the 5’ end (Chikri and Rousseau, 1995; Heine-Suner et al., 1998). 

However, it is unknown how these different 5’ ends are related to the three mRNAs 

(H1, H2 and H4) that give rise to the 58 kDa isoform and the mRNA (H3) that 

encodes the short isoform. Also, none of these mRNAs are strictly heart-specific 

and for example, an alternatively spliced product of gene B was detected in kidney 

(Rider et al., 2004). 
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PFKFB2 isoenzyme 

PFKFB2 protein contains several phosphorylation sites that control PFK-2 activity. 

Unlike the liver isoenzyme, phosphorylation of heart PFK-2/FBPase-2 leads to 

increased PFK-2 activity.  

Insulin stimulates glycolysis in the heart by a combination of an increase in glucose 

transport and PFK-2 activation (Depré et al., 1998; Hue et al., 2002). Rat heart 

PFK-2 is activated by insulin in vivo through a 2-fold increase in VMAX with no 

change in KM for Fru-6-P (Rider and Hue, 1984). Heart PFK-2 was shown to be 

phosphorylated and activated in vitro by PKB in response to insulin and the 

phosphorylation sites were identified as Ser466 and Ser483 within the C-terminal 

regulatory domain (Deprez et al., 1997). Moreover, insulin-induced heart PFK-2 

activation was demonstrated to involve phosphatidylinositol-3-kinase (PI3K), but 

not p70 ribosomal protein S6 kinase-1 (S6K1, also referred to as p70S6K) 

(Lefebvre et al., 1996). In vitro and in vivo experiments also indicated that the 

serum- and glucocorticoid-inducible protein kinase-3 (SGK3) was not required for 

insulin-induced heart PFK-2 activation and this effect is likely mediated by 

PKBα (Mouton et al., 2010). Interestingly, it was found that 14-3-3 proteins bind 

to phosphorylated Ser483 in response to insulin or in cells stimulated with insulin-

like growth factor 1 (IGF-1) or transfected with active forms of PKB, leading to the 

stimulation of glycolysis by growth factors (Pozuelo Rubio et al., 2003).  

Adrenaline, a positive inotropic hormone, also activates heart PFK-2 presumably 

involving Ser466 and Ser483 phosphorylation via PKA. Phosphorylation of heart 

PFK-2/FBPase-2 by PKA increased the VMAX of PFK-2 and decreased the KM for 

Fru-6-P which would be expected to stimulate glycolysis in heart (Kitamura et al., 

1988; Rider et al., 1992).  

Glycolysis in heart is also stimulated in response to increased workload, involving 

increased Fru-2,6-BP content and heart PFK-2 activation (Beauloye et al., 2002; 

Depré et al., 1993). Ca2+/calmodulin-dependent protein kinase (Ca/CAMK) 

phosphorylates and activates heart PFK-2 in vitro (Depré et al., 1993).  
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Also, increased workload activated PKB in heart, without affecting S6K1 

(Beauloye et al., 2002) and PFK-2 activation was blocked by wortmannin, but was 

rapamycin-insensitive.  

Activation of AMPK occurs during ischemia or hypoxia in heart and leads to 

increased PFK-2 activation along with increased Fru-2,6-BP content and 

glycolysis. AMPK was found to phosphorylate heart PFK-2/FBPase-2 at Ser466 in 

vitro, resulting in an increase in VMAX of PFK-2 with no change in KM for Fru-6-P 

(Marsin et al., 2000). AMPK activation could also stimulate glycolysis by 

increasing GLUT4 translocation (Russell et al., 1999).  

Heart PFK-2 is also a substrate of protein kinase C (PKC), which phosphorylates 

Ser84, Ser466 and Thr475. However, the physiological significance of PKC-

induced phosphorylation of these residues is unclear. It seems that phosphorylation 

of Ser466 and Thr475 does not lead to a change in PFK-2 activity. This might be 

due to phosphorylation of Ser84 in the PFK-2 domain which could counteract the 

effects of phosphorylation at the activating C-terminal sites (Kitamura et al., 1988; 

Rider et al., 1992).  

Interestingly, the C-terminal phosphorylation sites are absent from the short heart 

isoform (54 kDa) indicating that this isoform might have an overall reduced PFK-2 

activity and would be insensitive to cellular signaling events. 

 

I.3.3.3. PFKFB3 

 

PFKFB3 gene 

This gene codes for an isoenzyme originally cloned from bovine brain (Ventura et 

al., 1995) and human placenta (Sakai et al., 1996). It contains 19 exons spanning a 

genomic region of about 90 kb. Alternative splicing of exon 15 generates two main 

isoforms that vary in a short C-terminal sequence (Navarro-Sabate et al., 2001). 

These are the ubiquitous/constitutive PFK-2/FBPase-2 (u-PFK-2/FBPase-2, 15 

exons) (Hamilton et al., 1997) and inducible PFK-2/FBPase-2 (i-PFK-2/FBPase-2, 
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16 exons) (Chesney et al., 1999) isoforms. The i-PFK-2/FBPase-2 isoform is 

weakly expressed in adult tissues, but highly expressed in tumour cell lines and 

increased by pro-inflammatory and stress stimuli. Additional splice variants of this 

gene have been reported, six in rat brain (Watanabe and Furuya, 1999) and four in 

human brain (Kessler and Eschrich, 2001). 

 

PFKFB3 isoenzyme 

AMPK phosphorylates both the u-PFK-2/FBPase-2 and i-PFK-2/FBPase-2 

isoforms at Ser461 within their C-terminal regulatory domain, which increases 

PFK-2 activity and stimulates glycolysis (Marsin et al., 2002). This 

phosphorylation site is equivalent to Ser466 present in the 58 kDa heart isoform 

(see above). Ser461 of human placental PFK-2/FBPase-2 can also be 

phosphorylated by PKC and PKA which would render the PFKFB3 isoenzyme 

responsive to multiple external signals (Okamura and Sakakibara, 1998). 

Moreover, it was demonstrated that the p38/MK2 pathway and RSK are implicated 

in PFK-2 activation by phosphorylating Ser461 (Novellasdemunt et al., 2013; 

Novellasdemunt et al., 2012) and in vitro phosphorylation of PFKFB3 resulted in 

an increase in VMAX of PFK-2 activity as well as a decrease in KM for Fru-6-P. The 

major PFKFB isoform expressed in astrocytes is i-PFK2/FBPase-2 (Almeida et al., 

2004). In these cells, but not in neurons where i-PFK-2/FBPase-2 is undetectable, 

nitric oxide (NO) activates glycolysis and increases Fru-2,6-BP content. This effect 

is due to mitochondrial respiratory chain inhibition at cytochrome oxidase by NO, 

leading to a rise in AMP, AMPK activation and PFK-2 activation (Almeida et al., 

2004). As the C-terminal region of PFKFB3 is subject to alternative splicing, the 

structural organization around this site may differ between various splice variants. 

Interestingly, PFKFB3 is also regulated by modulation of its stability. PFKFB3 

contains a KEN box motif that is not present in other PFKFB isoenzymes. The 

KEN box is a target for anaphase-promoting complex/cyclosome (APC/C)-Cdh1, 

an E3 ubiquitin ligase complex controlling G1- to S-phase transition via 
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degradation of several cell cycle proteins. ACP/C-Cdh1 promotes PFKFB3 

degradation, while a decrease in ubiquitin ligase activity resulted in PFKFB3 

accumulation and enhanced glycolysis (Almeida et al., 2010). Thus, regulation of 

PFKFB3 during the cell cycle suggests that Fru-2,6-BP might play a role in 

proliferation (see section I.4.1.). 

 

I.3.3.4. PFKFB4 

 

PFKFB4 gene 

This gene (44 kb) contains at least 14 exons and codes for an isoenzyme originally 

identified in testis (Sakata et al., 1991). Several splice variants of the PFKFB4 

mRNA have been reported not only in testis but also in various rat tissues 

(Minchenko et al., 1999a). Among these splice variants, some transcripts carry 

deletions or inserts within the FBPase-2 region or differ in length and amino acid 

sequence of the C-terminal region. However, the PFK-2 catalytic domain is 

conserved in all. This might implicate different PFKFB4 splice variants in cell-

specific and/or tissue-specific regulation of glycolysis. 

 

PFKFB4 isoenzyme 

Up to now, no post-translational modifications have been reported for PFKFB4. 

However, as for the other PFKFB isoenzymes, PFK-2 and FBPase-2 activities of 

PFKFB4 would nevertheless be modulated in response to changes in the 

concentrations of substrates and effectors. 

 

I.3.4. Roles of Fru-2,6-BP 

 

Fru-2,6-BP was discovered more than three decades ago during studies on the 

effects of glucagon on hepatic gluconeogenesis. Fru-2,6-BP acts both as an 

inhibitor of FBPase-1, a regulatory enzyme of gluconeogenesis, and as a potent 
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positive allosteric effector of PFK-1. Therefore Fru-2,6-BP controls liver glucose 

homeostasis by allowing a switch between the opposing pathways of glycolysis 

and gluconeogenesis. In the liver, three states can be defined and distinguished by 

different glycolytic and gluconeogenic fluxes. Firstly, during starvation or after 

glucagon treatment (i), gluconeogenesis is active while glycolysis is inhibited. Fru-

2,6-BP content is low (below 1 µM) (Hers and Hue, 1983) due to PKA-induced 

PFK-2 inactivation and FBPase-2 activation (see section I.3.3.1.). Glycolytic flux 

is also blocked via the PKA-induced phosphorylation and inactivation of PK. It is 

noteworthy that a decrease in Fru-2,6-BP concentrations is also observed during 

liver regeneration and in hepatocytes incubated with ethanol, adenosine or fatty 

acids (Hue and Rider, 1987; Rosa et al., 1990). Under these conditions, changes in 

concentrations of cAMP and regulators of PFK-2/FBPase-2, such as sn-glycerol-3-

phosphate and citrate, occur. Conversely, after a carbohydrate-rich meal (ii), Fru-

2,6-BP levels increase to stimulate glycolysis. Part of the glucose taken up is stored 

as glycogen, while the rest is metabolized into lactate and fatty acids. The third 

state corresponds to the stimulation of glycolysis during anoxia (iii) (Pasteur 

effect). Although this extreme situation probably never occurs in liver under 

physiological conditions, it can be induced in hepatocytes incubated in vitro 

without oxygen (Hue, 1982). By contrast, in ischemic hearts, Fru-2,6-BP plays a 

role in the stimulation of glycolysis. Under these conditions, increased glycolysis is 

due to an increase in Fru-2,6-BP as well as changes in adenine nucleotides. A fall 

in ATP is translated into a substantial rise in AMP by the equilibrium AK reaction. 

This not only increases glycolysis by allosterically stimulating PFK-1, but also 

activates AMPK, which in turn phosphorylates and activates the heart PFK-

2/FBPase-2 isoenzyme (see section I.3.3.2.). In the heart, a rise in Fru-2,6-BP is 

also involved in the stimulation of glycolysis by insulin. This is due to heart PFK-

2/FBPase-2 activation by PKB (see section I.3.3.2), the protein kinase that 

mediates many of the metabolic effects of insulin. The different glycolytic 
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responses of liver and heart partly reside in the different PFK-2/FBPase-2 

isoenzymes expressed in these tissues (see section I.3.3.). 

It is noteworthy that Fru-2,6-BP controls the activity of pyrophosphate-dependent 

6-phosphofructo-1-kinase (PPi:PFK) found in plants and euglenoids (Miyatake et 

al., 1986; Sabularse and Anderson, 1981). Interestingly the glycolytic target of Fru-

2,6-BP in trypanosomes is PK rather than PFK-1 (Van Schaftingen et al., 1985). 

In rapidly-dividing cells, Fru-2,6-BP seems to be essential for maintaining elevated 

aerobic glycolysis (Warburg effect). Indeed, several studies showed that Fru-2,6-

BP levels are much higher in cancer cell lines than in normal cells. Moreover, 

treatment of chick embryo fibroblasts with growth factors or mitogens (Bosca et 

al., 1985) leads to both increased glycolysis and Fru-2,6-BP content, which can 

partly be explained by differences in expression of PFK-2/FBPase-2 isoenzymes 

(see section I.3.3.). 

In summary, although Fru-2,6-BP can not be considered as the universal and 

ubiquitous regulator of glycolysis under all conditions, it acts as an intracellular 

messenger controlling PFK-1, a key glycolytic enzyme. It does not belong to a 

particular anabolic or catabolic pathway, but represents a final product crucial as a 

metabolic signal. Although Fru-2,6-BP was discovered more than 30 years ago, no 

targets outside glycolysis/gluconeogenesis have ever been described. 

 

I.4. Glycolysis in cancer and rapidly-proliferating cells 
 
Rapidly-dividing cells use glucose as the main source of energy to proliferate. 

Proliferating cells need to increase glucose metabolism not only to rapidly generate 

ATP but also to supply adequate levels of intermediates for macromolecular 

synthesis. Glucose can indeed provide precursors for amino acid, lipid and 

nucleotide biosynthesis. Some 90 years ago, Otto Warburg discovered that cancer 

cells display increased glycolysis even in the presence of oxygen (Warburg et al., 

1924). Despite the fact that aerobic respiration produces more ATP, cancer cells 
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convert most of their glucose to lactate under aerobic conditions, a phenomenon 

known as the “Warburg effect”. This characteristic feature is not restricted to 

cancer cells. Indeed, increased glucose uptake and lactate production have been 

observed in proliferating non-cancer cells (Brand, 1985; Hedeskov, 1968; Hume et 

al., 1978; Munyon and Merchant, 1959; Wang et al., 1976). Warburg suggested 

that mitochondria were defective in cancer cells, however in many cancer and 

proliferating cells mitochondrial function is normal (Fantin and Leder, 2006; 

Moreno-Sanchez et al., 2007; Zu and Guppy, 2004). Thus most proliferating cells 

do not have a defect in mitochondrial oxidative phosphorylation.  

 

I.4.1. PFKFB isoenzymes in cancer and normal proliferating cells 

 

As already mentioned, the concentration of Fru-2,6-BP is hugely increased in 

several transformed cell lines, and several oncogenes and growth factors increase 

Fru-2,6-BP synthesis. Therefore, the potential roles of the different PFKFB 

isoenzymes in cancer and normal rapidly-dividing cell metabolism have been 

studied. All PFKFB mRNAs have been reported to be overexpressed in human 

lung cancers compared with corresponding normal tissues (Minchenko et al., 

1999b).  

 

• PFKFB1. Compared with the three other isoenzymes, to date there is little 

evidence concerning the possible involvement of PFKFB1 in cancer.  

 

• PFKFB2. This isoenzyme is upregulated in prostate cancer cells, as a 

consequence of transcriptional changes induced by the androgen receptor (AR), 

with probable control through the AR-CAMKII-AMPK signaling pathway (Massie 

et al., 2011). Using a synthetic androgen (methyltrienolone, also called R1881), 

PFKFB2 expression was induced in LNCaP prostate cancer cells by direct 

recruitment of the ligand-activated AR to the PFKFB2 promoter (Moon et al., 
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2011). PFKFB2 silencing or inhibition of PFK-2 activity lead to decreased glucose 

uptake and lipogenesis, suggesting that the induction of de novo lipid synthesis by 

androgen requires the transcriptional upregulation of PFKFB2 in prostate cancer 

cells (Moon et al., 2011). In hepatocellular carcinoma, high expression of MACC1 

(metastatis associated in colon cancer 1), which is a key regulator of the hepatocyte 

growth factor (HGF)-HGF receptor (also named MET) pathway, correlated with 

elevated PFKFB2 expression (Ji et al., 2014). 

 

• PFKFB3. Due to its high PFK-2:FBPase-2 ratio, PFKFB3 seems to contribute 

most to Fru-2,6-BP levels and glycolysis in transformed and proliferating cells. 

Early studies reported that PFKFB isolated from hepatoma cells, in which Fru-2,6-

BP had been induced by the oncogene src, was unusual in that it displayed no 

FBPase-2 activity (Hue and Rousseau, 1993). Although several PFKFB 

isoenzymes are co-expressed in these cells, the absence of FBPase-2 activity 

supports the notion that PFKFB3 is predominantly expressed. The i-PFK-

2/FBPase-2 isoform is often strongly expressed in cancer cells as well as in 

rapidly-dividing normal cells, which have high rates of glycolysis even in the 

presence of oxygen (Warburg effect). In cancer cell lines from various tissues, such 

as gastric and pancreatic cancer, PFKFB3 mRNA and protein product are markedly 

induced by hypoxia through a hypoxia-inducible factor 1α (HIF-1α)-dependent 

mechanism (Bobarykina et al., 2006). PFKFB3 has also been identified as a 

progesterone responding gene in breast cancer. Indeed, treatment of breast cancer 

cell lines with synthetic progestins lead to PFKFB3 induction, resulting in a rapid 

increase in Fru-2,6-BP content (Hamilton et al., 1997). Other cancer types, 

including colon, prostatic and ovarian cancer, express high levels of PFKFB3 

relative to non-malignant adjacent tissue (Atsumi et al., 2002).  

On the other hand, PFKFB3 silencing in HeLa cells (cervical cancer cells) 

decreased Fru-2,6-BP synthesis and glycolytic flux, leading to reduced cell 

viability and anchorage-independent growth (Calvo et al., 2006). Compared to 
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wild-type mice, oncogenic H-rasV12 did not promote anchorage-independent 

growth of lung fibroblasts derived from PFKFB3+/- mice. It was also shown that 

the heterozygotic genomic deletion of PFKFB3 induced a reduction in Fru-2,6-BP 

levels, leading to decreased glucose uptake and lactate production, suggesting that 

PFKFB3 could be a selective target for the development of antineoplastic agents 

(Telang et al., 2006). Furthermore, PFKFB3 is highly phosphorylated at Ser461, 

the phosphorylation site for protein kinases downstream of growth factor signaling 

(see section I.3.3.3.), in colon and breast carcinoma compared to epithelial cells 

from normal tissue, suggesting enhanced PFK-2 activity of PFKFB3 in cancer 

(Bando et al., 2005). PFKFB3 is the only PFKFB isoenzyme found in the nucleus 

(Yalcin et al., 2009). Due to its nuclear localization, the expression and activity of 

cyclin-dependent kinase-1 was proposed to be increased by Fru-2,6-BP, thus 

inducing cell proliferation.  

 

• PFKFB4. This isoenzyme is highly expressed in several malignant tumors 

compared with non-malignant tissue. PFKFB4 mRNA and protein expression are 

also induced under hypoxia in several cancer cell lines (Bobarykina et al., 2006; 

Minchenko et al., 2005). Interestingly, PFKFB4 has been shown to play an 

important role in the survival of glioma stem-like cells (Goidts et al., 2012). 

PFKFB4 knockdown caused decreased ATP production and lactate release, and 

ultimately induced apoptosis in these cells. PFKFB4 expression was also increased 

in brain cancer stem-like cells relative to adult normal brain tissue, whereas 

PFKFB3 mRNA was downregulated. These observations therefore suggest 

PFKFB4 is the main PFKFB isoenzyme controlling glycolysis in malignant glioma 

cells. It was also reported that PFKFB4 silencing was detrimental for the survival 

of prostate cancer cell (Ros et al., 2012). Surprisingly, PFKFB4 depletion resulted 

in increased Fru-2,6-BP content in prostate cancer cells. This led to the conclusion 

that, in response to PFKFB4 silencing, metabolic intermediates are redirected into 

glycolysis and away from the oxidative arm of the PPP, resulting in a fall in 
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NAPDH production. As NAPDH is necessary for de novo synthesis of fatty acids 

and the maintenance of antioxidant glutathione (GSH), the level of ROS would 

increase to reduce cell viability. Although the role of PFKFB4 in cancer 

metabolism requires further investigation, this isoenzyme could be a possible target 

for cancer therapy. 

 

I.4.2. PFKFB3 inhibitors 

 

A small molecule inhibitor of PFK-2, called 3-(3-pyridinyl)-1-(4-pyridinyl)-2-

propen-1-one (3PO) (Clem et al., 2008), interferes with Fru-6-P binding to the 

PFK-2 domain. 3PO (i) reduces Fru-2,6-BP content and suppresses glycolytic flux 

in transformed cells (IC50 1.4 - 24 µM); (ii) is selectively cytostatic towards ras-

transformed human bronchial epithelial cells with negligible effects on normal 

human bronchial epithelial cells; (iii) decreases Fru-2,6-BP synthesis and 18F-2-DG 

uptake by tumors in situ; (iv) suppresses tumorigenic growth of leukemia cells as 

well as breast and lung adenocarcinoma cells in vivo. However, due to strong 

conservation of the Fru-6-P binding site in the PFK-2 domain of all four PFKFB 

isoenzymes, 3PO might not be selective for PFKFB3, as proposed (Ros and 

Schulze, 2013).  

Other PFKFB3 inhibitors have been developed using a structure-based approach 

(Seo et al., 2011). As for 3PO, these compounds bind to the Fru-6-P pocket of 

PFKFB3 and inhibit Fru-2,6-BP synthesis, leading to reduced glycolysis and 

eventual necrosis of cultured cancer cells. 

 

I.5.  TIGAR 
 

The p53-induced protein TIGAR (TP53 (tumour protein 53)-Induced Glycolysis 

and Apoptosis Regulator), also called C12orf5 (Chromosome 12 open reading 

Frame 5), has been reported to inhibit glycolysis and redirect glucose carbon 
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towards the PPP, thereby providing antioxidant protection through increased 

NADPH levels (Bensaad and Vousden, 2007). TIGAR shares structural and 

functional similarities with the FBPase-2 domain of PFKFB isoenzymes (Bensaad 

et al., 2006). However, a recent study reported that TIGAR has an active site 

similar to that of phosphoglycerate mutase, an enzyme hydrolyzing 2,3-

bisphosphoglycerate (2,3-BPG), and that its activity towards Fru-2,6-BP was 

almost negligible (Gerin et al., 2014). Moreover, it was recently demonstrated that 

there is a crosstalk between PFKFB3 and TIGAR mediated by PKB/Akt (Simon-

Molas et al., 2016). Indeed, following PFKFB3 inhibition, cells undergo oxidative 

stress which led to PKB/Akt activation via Ser473 phosphorylation. This resulted 

in induction of TIGAR to redirect glycolytic intermediates into other signaling 

pathways for the synthesis of biomolecules, also maintaining ROS homeostasis to 

reduce cell death. How these effects are mediated by changes in 2,3-BPG levels is 

a mystery. However, inhibition of both PFKFB3 and TIGAR could represent a 

more efficient strategy for impairing tumour growth, rather than targeting PFKFB3 

alone.  

 

II. Thymocytes as a non-cancer proliferating cell model 

	
II.1. Mitogenic stimulation  
 

II.1.1. Concanavalin A: a mitogenic plant lectin 

 

Several plant lectins bind to sugar residues on receptors at the cell surface. The first 

to be studied was phytohemagglutinin (PHA) extracted from the bean (Phaseolus 

vulgaris), which binds N-acetyl D-galactosamine or galactose penultimate to N-

acetylneuraminic acid (Nowell, 1960). Concanavalin A (ConA) is a lectin extracted 

from the jack bean (Canavalia ensiformis). ConA exists as a homotetramer 
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(subunit mass 27 kDa) with one saccharide-binding site per monomer, which 

specifically binds α-D-mannopyranosyl, α- and β-D-glucopyranosyl and β-D-

fructofuranosyl groups present on cell surface (Dutton, 1972). ConA exerts a 

powerful mitogenic activity and was first used as an activator of suppressor cells in 

mouse mixed lymphocyte reactions (Rich and Rich, 1975). Activation of resting 

thymocytes by ConA leads to both interleukin-2 (IL-2) secretion and IL-2 receptor 

(IL-2R) expression through a complex signaling cascade (see section II.1.2.2.). 

 

II.1.2. Interleukin-2 

 

IL-2 is a 15.5-kDa glycoprotein cytokine discovered in 1976 as a T-cell growth 

factor in activated T cells (Morgan et al., 1976). IL-2 was the first type I cytokine 

to be cloned (Taniguchi et al., 1983) as well as the first cytokine for which a 

receptor was cloned (Leonard et al., 1984; Nikaido et al., 1984). IL-2 mediates its 

effects via a cell surface binding site with all of the characteristics of classical 

hormone receptors, including high affinity, stereospecificity and saturability (Robb 

et al., 1981). 

 

II.1.2.1.  Interleukin-2 receptors 

 

IL-2 binds to specific cell surface IL-2R (Robb, 1984; Robb et al., 1984). Three 

independent genes encode three IL-2R polypeptide chains (Kim et al., 2006a): IL-

2Rα (also known as CD25 or Tac antigen), IL-2Rβ (also called CD122) and IL-

2Rγ (now denoted as the common cytokine receptor γ chain (γc) or CD132). 

The IL-2Rα chain contains a short 13-amino acid residue-long intra-cytoplasmic 

domain, which is necessary for IL-2 binding and internalization, and does not 

appear to be critically involved in intracellular signaling. By contrast, the β and γc 

chains belong to the hematopoietin receptor (type I cytokine receptor family) with 
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an extracellular domain characterized by four positionally conserved cysteine 

residues and a Trp-Ser-X-Trp-Ser (WSXWS) motif, close to the membrane 

spanning region, that is responsible for stabilization of the receptor on the cell 

surface (Gesbert et al., 1998). IL-2Rβ and γc chains are responsible for initiating 

intracellular signal transduction. It has been shown that heterodimerization of the 

IL-2Rβ and γc cytoplasmic domains appears necessary and sufficient for IL-2 

signaling in T cells (Nakamura et al., 1994; Nelson et al., 1994).  

Following mitogenic stimulation of T cells, strong induction of IL-2Rα occurs, 

resulting in approximately a 10:1 ratio of low:high affinity IL-2 receptors (Robb et 

al., 1987). The three dimensional structure of the high affinity receptor has been 

solved and supports a model whereby IL-2 initially binds to IL-2Rα, then IL-2Rβ is 

recruited, and finally γc (Stauber et al., 2006; Wang et al., 2005). The intermediate 

and high affinity receptor forms are functional, transducing IL-2 signals. 

 

II.1.2.2.  The interleukin-2 signaling pathway 

 

IL-2 receptors, like receptors for many other cytokines, do not contain catalytic 

domains typical of intrinsic protein kinases. As mentioned above, IL-2-signaling 

requires heterodimerization of the IL-2Rβ and γc cytoplasmic domains. This leads 

to the activation of several protein tyrosine kinases that phosphorylate a large array 

of intracellular substrates including the receptor complex. Phosphorylated tyrosine 

residues within the receptor then serve as docking sites for multimolecular 

signaling complexes that initiate three major pathways (Kim et al., 2006a; Liao et 

al., 2011): (i) the Janus tyrosine kinase (Jak) – signal transducer and activator of 

transcription (STAT) pathway controlling gene transcription; (ii) the Ras/mitogen-

activated protein kinase (MAPK) pathway leading to cell proliferation and gene 

transcription; and (iii) the PI3K pathway involved in anti-apoptotic signaling, 

organization of the cytoskeleton and probably in metabolic control. 
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Figure 7. The interleukin-2 (IL-2) signaling pathways 
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II.1.2.2.1. The Jak-STAT signaling pathway 

 

Jak family – STAT signaling is involved in the signaling pathway of many 

cytokines (Leonard, 2001). Activation of Jaks by IL-2-induced heterodimerization 

of IL-2Rβ and γc is likely to be one of the earliest events in the IL-2-induced 

signaling cascade.	 Two Jak family members, Jak1 and Jak3, are physically 

associated with β and γ chains of the IL-2R, respectively, and activated by IL-2 

stimulation. The membrane-proximal region of IL-2Rβ, the so-called serine-rich 

region (S region), is critical for Jak1 association and the cytoplasmic domain of IL-

2Rγ directly participates in Jak3 association. Jak1 and Jak3 are thus brought in 

proximity by dimerization of the receptor and activate each other. The crucial role 

of Jak3 in IL-2-induced proliferation is clear, however it has been reported that 

Jak1 may be dispensable for IL-2-mediated cell growth (Higuchi et al., 1996) and 

suggests that alternative modes of Jak3 activation may exist. Once activated, Jaks 

recruit cytosolic STAT proteins and in turn phosphorylate them. Phosphorylation 

of STAT1α and STAT1β, STAT3, and most consistently and prominently 

STAT5A and STAT5B leads to their homo- or heterodimerization and nuclear 

translocation where they function as transcription factors (Frank et al., 1995; 

Gilmour et al., 1995; Nielsen et al., 1994). The Jak-STAT pathway serves to 

rapidly regulate expression of target genes. Two of the genes induced by IL-2 are 

IL-2Rα and IL-2Rβ. Interestingly, the former is clearly dependent on STAT5 

activation (Lin and Leonard, 1997; Lin and Leonard, 2000). 

 

II.1.2.2.2. The Ras-MAP kinase pathway 

 

Upon IL-2 stimulation, activation of the Ras/MAPK pathway begins with the 

recruitment of the adaptor Shc (Ravichandran and Burakoff, 1994). Shc binds via 
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its phosphotyrosine-binding (PTB) domain to phosphorylated Y338 of the IL-2Rβ 

chain, becomes tyrosine phosphorylated, and in turn recruits the Grb2/Sos 

complex. The Shc/Grb2/Sos trimer then transduces a signal to Ras, a small GTP 

binding protein. Activation of Ras leads to activation of a Ser/Thr protein kinase 

cascade. Ras-GTP binds to and activates Raf-1, which results in turning on 

MAPK/extracellular-signal-regulated kinase (ERK) kinase (MEK) 1/2, which 

activates and phosphorylates ERK1/2 (de Vries-Smits et al., 1992; Perkins et al., 

1993). The phosphorylated ERK dimer can regulate targets in the cytosol and 

nucleus by activating other protein kinases, such as the 90-kDa ribosomal S6 

kinase (p90Rsk) and MAPK-interacting kinase (MNK), which then phosphorylate 

proteins involved in chromatin remodeling, or transcription factors such as c-Jun, 

c-Fos and ATF (activating transcription factor), Elk-1 (Ets-like transcription factor 

1) and c-myc (v-myc avian myelocytomatosis viral oncogene cellular homolog) 

(Binétruy et al., 1991; Smeal et al., 1991). Interestingly it has been shown that 

stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK) and 

p38MAPK also participate in IL-2-induced mitogenesis (Crawley et al., 1997). 

 

II.1.2.2.3. The PI3K pathway 

	

PI3K proteins are ubiquitously expressed in the mammalian immune system. IL-2, 

like other cytokines, chemokines, antigens and co-stimulatory molecules, are all 

able to recruit PI3K to the plasma membrane, whereupon PI3K phosphorylates 

phosphoinositides on the 3-position of the inositol ring (Merida et al., 1991), to 

produce important second messengers for intracellular signaling in several 

processes. In response to cytokine signaling, it is mainly class Ia PI3Ks that 

become activated. Class Ia PI3K is composed of both catalytic (p110α, p110β or 

p110γ) and regulatory (p85α, p55α, p50α, p85α or p55γ) subunits (Benczik and 

Gaffen, 2009). Class Ia PI3K activation is induced by tyrosine kinases which 

phosphorylate a Tyr residue within a Tyr-X-X-Met (YXXM) motif on membrane 
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protein receptors/adaptor proteins. This serves as a docking site for the Src-

homology 2 (SH2) domain of the regulatory domain of PI3K (Songyang et al., 

1993), thus bringing the catalytic subunit into proximity with the plasma 

membrane and its lipid substrates. However, the IL-2R does not contain sites for 

directly binding PI3K or a (YXXM) motif. Phosphorylation of the PI3K binding 

motifs occurs through Jaks or other protein tyrosine kinases. For instance, IL-2Rβ 

chain phosphorylated on Tyr392 is able to recruit the PI3K regulatory subunit 

(Truitt et al., 1994) and the latter can directly bind to Jak1 (Migone et al., 1998). It 

also has been reported that the PI3K regulatory domains can be recruited through 

Shc/Grb2/Gab2 via Tyr338 phosphorylation of IL-2Rβ (Gu et al., 2000).  

Two Ser/Thr kinases, S6K1 and PKB/Akt, are activated by IL-2 in a PI3K-

dependent manner in T cells (discussed in details below) (Reif et al., 1997). In 

addition to tyrosine kinase-dependent activation of PI3K, IL-2 also stimulates the 

association of PI3K with PKCζ (Gomez et al., 1996). PKCζ is implicated in the 

maintenance of cytoskeletal integry and is required for IL-2 proliferation. Another 

isoform of PKC, PKCθ, promotes T cell cycle progression and also cooperates 

with the protein Ser/Thr phosphatase, calcineurin, in transducing signals leading to 

activation of several genes such as JNK and IL-2 (Werlen et al., 1998). 

 

II.2. The PKB pathway 
 

II.2.1. The PI3K/PKB axis 

 

As mentioned previously, PI3K is a lipid kinase activated by growth factors and 

hormones that phosphorylates inositol-containing membrane lipids at the D-3 

position of the inositol ring. Various forms of PI3K have been identified among 

which the Class I PI3Ks use phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2, 

PIP2) as principal substrate to produce phosphatidylinositol-3,4,5-triphosphate 
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(PtdIns-3,4,5-P3, PIP3) (Zhao and Roberts, 2006). Class I PI3Ks are divided into 

receptor Class Ia and Class Ib which are typically activated via protein tyrosine 

kinases and G protein-coupled receptors, respectively. Accumulation of PIP3 

induces the recruitment of various signaling proteins containing pleckstrin 

homology (PH) domains, such as the Ser/Thr kinases phosphoinositide-dependent 

kinase-1 (PDK1) and PKB/Akt (Cantley, 2002; Testa and Bellacosa, 1997). 

Association with PIP3 at the plasma membrane allows PDK1 to phosphorylate 

PKB at Thr308, needed for its activation. To achieve full activation, PKB needs to 

be phosphorylated at Ser473 by PDK2, identified as the rictor - mammalian target 

of rapamycin complex 2 (mTORC2) (Alessi et al., 1996; Brazil et al., 2004). Once 

activated, PKB translocates to the cytosol and nucleus to phosphorylate its 

substrates. PKB is negatively regulated by tumor suppressor phosphatase and 

tensin homolog deleted on chromosome 10 (PTEN) (Stambolic et al., 1998). PTEN 

is a lipid phosphatase that dephosphorylates the membrane lipid products of PI3K 

(Maehama and Dixon, 1998; Maehama and Dixon, 1999). Decreasing of PIP3 

levels prevents PKB recruitment to the plasma membrane and thus indirectly 

inhibits its activation. Loss of PTEN or loss of PTEN function has been shown in 

many human cancers and leukaemic T cell lines, including the extensively used 

Jurkat T cell line. Indeed, Jurkat T cells express a nonfunctional PTEN protein due 

to mutations in both alleles of the PTEN gene, primarily leading to constitutive 

activation of the PI3K/PKB signaling (Freeburn and Ward, 2001; Shan et al., 

2000).  

 

II.2.2.  PKB/Akt isoforms 

 

PKB is a Ser/Thr protein kinase that belongs to the AGC (cAMP-dependent, 

cGMP-dependent, protein kinase C) family of protein kinases (Hanada et al., 

2004). PKB displays sequence similarity with the catalytic domain of PKA and 

PKC. Therefore, the protein kinase was called “PKB” and “RAC-PK” (related to A 
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and C protein kinases) (Coffer and Woodgett, 1991; Jones et al., 1991). Another 

group identified the protein kinase as the product of the ν-akt proto-oncogene and 

named it Akt (Bellacosa et al., 1991). 

In mammals, there are three highly homologous isoforms of PKB: PKBα/Akt1, 

PKBβ/Akt2 and PKBγ/Akt3. They are encoded by distinct genes located on 

different chromosomes. PKBα/Akt1 is ubiquitously expressed, whereas 

PKBβ/Akt2 is predominantly expressed in insulin-sensitive tissues including liver, 

skeletal muscle and adipose tissue. PKBγ/Akt3 is mostly found in brain and testis 

(Datta et al., 1999; Manning and Cantley, 2007). Interestingly both PKBα/Akt1 and 

PKBβ/Akt2 gene amplification have been reported in human gastric, ovarian, 

pancreatic and breast cancers (Bellacosa et al., 1995; Flier et al., 1987; Knobbe and 

Reifenberger, 2003; Pedrero et al., 2005; Ruggeri et al., 1998; Staal, 1987; Stal et 

al., 2003), however PKBβ/Akt2 gene amplification occurs more frequently. By 

contrast, PKBγ/Akt3 gene amplification in cancer has not been reported. 

 

II.2.3.  Structure of PKB 

 

With more than 80% sequence identity (Nicholson and Anderson, 2002), all 

PKB/Akt isoforms share a similar structure, including three functional domains: an 

amino-terminal pleckstrin homology (PH) domain; a central catalytic kinase 

domain; and a regulatory carboxyl-terminal domain containing the hydrophobic 

motif phosphorylation site [FxxF(S/T)Y] characteristic of all AGC-family kinases 

(Alessi et al., 1996; Hanada et al., 2004; Peterson and Schreiber, 1999) and 

phosphorylated by mTORC2. A short α-linker region is located between the PH 

domain and the catalytic domain, however its function is unclear. The 

intramolecular interaction between the PH domain and the catalytic domain is 

essential to keep PKB inactive. Once the PH domain binds to the lipid products of 

PI3K, a conformational change occurs that releases the catalytic kinase core 

(Manning and Cantley, 2007). Subsequently Thr308 and Ser473 are 
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phosphorylated within the catalytic domain and in the hydrophobic motif 

(Andjelkovic et al., 1997), respectively, and induce full activation of PKB (see 

section II.2.1.). Two constitutively phosphorylated sites have also been identified, 

Ser124 and Thr450, which are not needed for PKB activity, but seem to stabilize 

PKB and protect it from degradation. 

 

II.2.4. Cellular functions of PKB 

 

PKB directly phosphorylates proteins containing a consensus sequence R-X-R-X-

X-S/T-B (X represents any amino acid and B is any bulky hydrophobic residue). 

PKB plays a key role in controlling a wide range of physiological functions, such 

as cell survival, protein synthesis, cell proliferation, cell growth, metabolism and 

angiogenesis (Carnero, 2010; Manning and Cantley, 2007). 

Cell survival 

Many studies have shown that PKB is essential for cell survival by directly 

phosphorylating pro-apoptotic proteins that inactivate pro-survival Bcl-2 family 

members or by directly phosphorylating transcription factors that regulate the 

expression of pro- and anti-apoptotic genes (Datta et al., 1999). For instance, in 

response to survival factors, PKB directly phosphorylates Bcl-2-associated death 

promoter (BAD), a protein involved in initiating apoptosis. This creates a binding 

site for 14-3-3 proteins, which release BAD from its target proteins (Datta et al., 

2000). PKB also promotes cell survival by directly phosphorylating pro-caspase 9, 

which correlates with a decrease in protease activity of caspase-9 in vitro (Cardone 

et al., 1998). In addition, PKB phosphorylates transcription factors such as 

Forkhead box O (FOXO) proteins and tumor protein 53 (p53). PKB-mediated 

phosphorylation of FOXO proteins occurs in the nucleus and, as with BAD, creates 

a binding site for 14-3-3 proteins which remove FOXO transcription factors from 

target genes and trigger their export from the nucleus (Manning and Cantley, 
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2007). An important pro-apoptotic target of FOXO proteins is Bcl-2-like protein 11 

(BIM) protein, which is an essential initiator of apoptosis in thymocyte-negative 

selection (Bouillet et al., 2002). PKB also phosphorylates mouse double minute 2 

homolog (MDM2), an E3 ubiquitin ligase, promoting its translocation to the 

nucleus where it negatively regulates p53 (Mayo and Donner, 2002). PKB also 

activates transcription factors that upregulate anti-apoptotic genes such as IκB 

kinase (IKK) (Romashkova and Makarov, 1999) and cyclic-AMP response 

element-binding protein (CREB) (Du and Montminy, 1998). 
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Figure 8. Cellular functions of PKB substrates. PKB-mediated phosphorylation of its targets leads to their 

activation (arrows) or inhibition (cross-head arrows). Regulation of PKB substrates contributes to triggering 

various cellular processes, such as cell survival, cell proliferation, protein synthesis, glucose metabolism, and 

angiogenesis.  
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Protein synthesis 

The mammalian target of rapamycin complex 1 (mTORC1) is regulated by both 

nutrient availability and growth factor stimuli. mTORC1 is a critical regulator of 

translation initiation and ribosome biogenesis and plays an evolutionarily 

conserved role in stimulating cell proliferation. PKB indirectly induces mTORC1 

by inhibiting tuberous sclerosis complex-2 (TSC2, also known as tuberin), which 

forms a complex with its binding partner TSC1 (also known as hamartin). TSC2 

acts as a GTPase-activating protein (GAP) for Ras homolog enriched in brain 

(Rheb), a Ras family GTPase, which strongly activates mTORC1 when in its GTP-

bound active form (Inoki et al., 2003). Like TSC2, the proline-rich Akt substrate of 

40 kDa (PRAS40) is also involved in mTORC1 regulation and associates with 

mTORC1 to negatively regulate mTORC1 signaling (Sancak et al., 2007). PKB-

mediated phosphorylation of TSC2 and PRAS40 opposes their inhibitory action on 

mTORC1. Subsequent activation of mTORC1 stimulates protein synthesis. The 

two best-characterized substrates of mTORC1 proposed to mediate its effect on 

translation are eukaryotic translation initiation factor 4E-binding protein-1 (4E-

BP1) and S6K1. 

Cell proliferation and cell-cyle progression  

PKB plays a crucial role in controlling proliferation by phosphorylating 

downstream targets involved in cell-cycle regulation. For instance, PKB directly 

phosphorylates cyclin-dependent kinase inhibitors p21Cip1/WAF1 and p27Kip1, leading 

to their cytosolic sequestration via 14-3-3 binding and preventing their cell-cycle 

inhibitory effects (Manning and Cantley, 2007). PKB also controls the synthesis 

and stability of crucial proteins involved in cell-cycle entry via phosphorylation of 

glycogen synthase kinase-3β (GSK3β), TSC2 and PRAS40 (Manning and Cantley, 

2007).  
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Cell metabolism 

In response to growth factor stimulation, PKB regulates nutrient uptake and 

metabolism. PKB is known to upregulate GLUT4 translocation to the cell surface 

in response to insulin. This occurs via PKB-mediated phosphorylation of Akt 

substrate of 160 kDa (AS160, also known as TBC1 domain family member 4; 

TBC1D4) and TBC1D1, which decreases their Rab-GAP activity, allowing the 

conversion of Rab proteins to their active GTP-bound states required for insulin-

stimulated GLUT4 translocation to the plasma membrane (Sano et al., 2003). 

Stimulated T cells also upregulate cell metabolism through a PKB-mediated 

pathway by increasing total expression and cell surface trafficking of GLUT1, the 

primary glucose transporter in hematopoietic cells (Wieman et al., 2007). PKB 

regulation of glucose metabolism is important during T cell development, and T 

cells are particularly dependent on glucose metabolism to maintain survival (Plas et 

al., 2001). PKB activation can also enhance glycolysis by promoting the expression 

of glycolytic enzymes through HIFα (Manning and Cantley, 2007). Moreover, 

PKB stimulates the transport and metabolism of amino acids in a mTORC1-

dependent manner (Edinger and Thompson, 2002). Finally, in heart, PKB 

phosphorylates and activates PFK-2 activity of the PFKFB2 isoenzyme, thus 

leading to an increase in Fru-2,6-BP, which together with the stimulation of 

glucose uptake enhances the glycolysis. 

Angiogenesis 

In response to pro-angiogenic factors such as vascular endothelial growth factor 

(VEGF), PKB activation prevents endothelial cell apoptosis. Endothelial nitric 

oxide synthase (eNOS) is also phosphorylated and activated by PKB (Karar and 

Maity, 2011). This increases production of NO and stimulates vasodilation and 

vascular remodelling (Lamalice et al., 2007). It has also been reported that 

increased PKB expression induces angiogenesis (Jiang et al., 2000). PKB also 
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increases the translation of HIFα transcription factors, at least in part, via increased 

mTORC1 signaling (Karar and Maity, 2011). HIFα activation in endothelial and 

other cells promotes expression and subsequent secretion of VEGF and other 

angiogenic factors (Liu et al., 2012), thereby stimulating angiogenesis through both 

autocrine and paracrine signaling. 

II.2.5. PKB inhibitors 
 

Pharmacological PKB inhibitors have been developed as potential anti-cancer 

drugs, divided in three categories: (i) ATP-competitive inhibitors, (ii) allosteric 

inhibitors and (iii) inhibitors of PIP3 binding (Hers et al., 2011). ATP-competitive 

inhibitors inhibit PKB activity by interfering with ATP binding to the kinase, but 

have many off-target effects due to lack of specificity (Hers et al., 2011; Lindsley, 

2010). Allosteric inhibitors are more specific, and inhibit PKB activity via binding 

to the PH domain and preventing PKB activation by its upstream kinases. 

Inhibitors of PIP3 binding prevent membrane recruitment and thus activation of 

PKB by PDK1 and mTORC2. Some of these inhibitors are now under clinical trial 

for cancer therapy. Here two PKB allosteric inhibitors will be considered, Akti-1/2 

and MK-2206. 

Akti-1/2 

Akti-1/2 is an early generation PKB allosteric inhibitor that inhibits PKB activity 

in vitro in the nanomolar range. It has been demonstrated that Akti-1/2 inhibits 

glucose uptake independently of its effect of PKB, by directly inhibiting the 

transport activity of GLUT1 and GLUT4 (Tan et al., 2010). This side effect 

questions the in vivo specificity and clinical feasibility of using the inhibitor. 

MK-2206 

MK-2206 is a next generation PKB allosteric inhibitor with higher specificity and 
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inhibitory potency towards recombinant PKB 10-times greater than Akti-1/2 

(Lindsley, 2010). In adipocytes pre-incubated with MK-2206, both insulin-

stimulated PKB phosphorylation and glucose uptake were inhibited, with an IC50 of 

0.1 – 0.2 µM. Moreover, unlike Akti-1/2, MK-2206 did not affect the transport 

activity of GLUT1 or GLUT4 (Tan et al., 2011). MK-2206 can be administrated 

orally and is now undergoing clinical trials to treat advanced solid tumors (Yap et 

al., 2011). 

 

II.3. Metabolic changes in ConA-stimulated thymocytes 
 

Mitogenic stimulation of thymocytes triggers a drastic metabolic reprogramming 

needed for cell growth, cell proliferation and differentiation. This physiological 

response encompasses a shift from oxidative phosphorylation to aerobic glycolysis 

(the Warburg effect) together with stimulation of other metabolic pathways that 

sustain biosynthetic processes, cell proliferation and cell growth. 

In vitro stimulation of thymocytes by ConA mimics the response that occurs to an 

antigenic challenge in vivo. Thymocytes cultured in the presence of ConA and 

growth factor IL-2 represent a unique and remarkable model to investigate the 

metabolic events associated with cell growth and cell proliferation (Brand et al., 

1984). In ConA-stimulated thymocytes, glucose metabolism increases by at least 

30-fold. About 90% of the glucose consumed is converted into lactate, whereas 

resting thymocytes metabolize only ∼60% of glucose consumed to lactate. Other 

metabolic changes include a 10-fold increase in protein synthesis and a 20-fold 

increase in lipid biosynthesis (Wang and Green, 2012). Interestingly, glutamine is 

also used as a fuel and its utilization increases 8-fold in ConA-stimulated cells 

(Brand, 1985). Glucose consumption seems to be particularly important for cell 

survival, cell size, cell activation and cytokine production (Fox et al., 2005). 

Enhanced aerobic glycolysis not only produces ATP to meet increased energy 
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demand, but also provides the cell with precursors for biosynthetic processes. 

Regarding the molecular mechanism involved in the stimulation of glycolysis, 

increased GLUT1 expression is paramount. Thymocytes mainly express GLUT1 

and extracellular signals, such as hormones, cytokines or growth factors, induce 

expression and surface localization of GLUT1 via increased PI3K/PKB signaling. 

PKB activation increases the expression and cell surface trafficking of GLUT1, 

thereby promoting glucose uptake and metabolism in stimulated cells (MacIver et 

al., 2008; MacIver et al., 2013). Enhanced glycolysis in proliferating thymocytes is 

also accompanied by induction of glycolytic enzymes which increase 4 to 10-fold 

following ConA stimulation and reach maximal levels after 48 h coinciding with 

increased DNA synthesis (Brand et al., 1988; Greiner et al., 1994). Conversely, the 

activities of enzymes associated with oxidative glucose and amino acid metabolism 

do not significantly change in proliferating thymocytes. Interestingly, using 

glutamine, glutamine and ribose or glutamine and uridine as alternative substrates 

prevents glycolytic enzyme induction and proliferation. Glucose is thus crucial to 

allow energy production during the G1/S transition in ConA-stimulated thymocytes 

(Greiner et al., 1994). 

Glutamine is another key substrate for activated immune cells. In activated T cells, 

glucose is mainly converted to pyruvate and further reduced to lactate by lactate 

dehydrogenase A (LDHA). NAD+ produced by LDHA contributes to maintain a 

high glycolytic rate but also to increase cytosolic malate dehydrogenase 1 (MDH1) 

activity to generate oxaloacetate from malate, thereby driving aspartate synthesis 

via glutamic oxaloacetate transaminase 1 (GOT1, also known as aspartate 

aminotransferase 1). The main contribution of glutamine is to provide cells with 

carbon and nitrogen for amino acid, nucleotide, glutathione, hexosamine and 

protein synthesis. In mitochondria, α-ketoglutarate is converted into succinyl-CoA 

and then succinate (glutamine oxidative decarboxylation), supporting anaplerosis. 

Interestingly, α-ketoglutarate can also be carboxylated into isocitrate to give rise to 

citrate (glutamine reductive carboxylation). The latter pathway also occurs in the 
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cytosol and represents a major source of citrate to generate acetyl-CoA and fatty 

acids under hypoxia, acidosis or when conventional TCA cycle is blocked (Corbet 

and Feron, 2017; Corbet et al., 2016) 

The Crabtree effect is the inhibition of oxygen consumption by glucose and has 

been demonstrated in thymocytes during proliferation. Most ATP synthesis occurs 

during the conversion of glucose to lactate, even in the presence of both glucose 

and glutamine (Guppy et al., 1993). Low oxidative metabolism might be 

advantageous for proliferating thymocytes to reduce free radical production. In 

agreement, it has been demonstrated that oxidative stress decreases the expression 

of glycolytic enzymes in both resting and ConA-stimulated cells (Hamm-

Künzelmann et al., 1997). Therefore ConA-stimulated thymocytes display certain 

metabolic hallmarks of cancer cells and represent an appropriate and interesting 

model to study metabolic changes that occur during proliferation and that are 

pertinent to cancer. 
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The main aim of the work was to investigate the mechanism by which ConA 

stimulation increases glycolysis, cell proliferation and protein synthesis in freshly 

isolated rat thymocytes. These cells represent a useful model to study metabolic 

changes resulting from the transition from the resting to the proliferating state. As 

mentioned previously (see section I.3.), Fru-2,6-BP content in cancer cells is 10 - 

100 times higher than required to stimulate PFK-1 activity. Therefore, the potential 

involvement of Fru-2,6-BP in coupling glycolysis to cell proliferation and protein 

synthesis in ConA-stimulated thymocytes was explored. Expression of PFKFB 

isoenzymes and regulation of the PFKFB/Fru-2,6-BP axis were also studied. As it 

was previously shown that the p38/MK2 pathway was involved in PFKFB3 

expression and implicated in PFK-2 activation via Ser461 phosphorylation, the 

questions (i) whether PKB might directly phosphorylate PFKFB3 to increase its 

PFK-2 activity; (ii) whether downregulation of PKB would affect PFKFB 

expression; and (iii) whether PFKFB3/4 isoenzymes and PKB might be involved in 

the control of glycolysis, cell proliferation and protein synthesis, were also 

addressed. 

 



 

	

55 

 

 

 

 

 

 

 
 

RESULTS 
 

 

 

  



 

 

 

 

 
 

	

	

56 

 

 

 

 

 

 

 

 

 

PAPER 1:  

Role of Akt/PKB and PFKFB isoenzymes in the control of glycolysis, cell 

proliferation and protein synthesis in mitogen-stimulated thymocytes 
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Proliferating cells depend on glycolysis mainly to supply precursors for macromolecular synthesis. Fructose 2,6-
bisphosphate (Fru-2,6-P2) is the most potent positive allosteric effector of 6-phosphofructo-1-kinase (PFK-1),
and hence of glycolysis. Mitogen stimulation of rat thymocytes with concanavalin A (ConA) led to time-depen-
dent increases in lactate accumulation (6-fold), Fru-2,6-P2 content (4-fold), 6-phosphofructo-2-kinase (PFK-
2)/fructose-2,6-bisphosphatase isoenzyme 3 and 4 (PFKFB3 and PFKFB4) protein levels (~2-fold and ~15-fold,
respectively) and rates of cell proliferation (~40-fold) and protein synthesis (10-fold) after 68 h of incubation
compared with resting cells. After 54 h of ConA stimulation, PFKFB3 mRNA levels were 45-fold higher than
those of PFKFB4 mRNA. Although PFKFB3 could be phosphorylated at Ser461 by protein kinase B (PKB) in vitro
leading to PFK-2 activation, PFKFB3 Ser461 phosphorylation was barely detectable in resting cells and only in-
creased slightly in ConA-stimulated cells. On the other hand, PFKFB3 and PFKFB4 mRNA levels were decreased
(90% and 70%, respectively) by exposure of ConA-stimulated cells to low doses of PKB inhibitor (MK-2206), sug-
gesting control of expression of the two PFKFB isoenzymes by PKB. Incubation of thymocyteswith ConA resulted
in increased expression and phosphorylation of the translation factors eukaryotic initiation factor-4E-binding
protein-1 (4E-BP1) and ribosomal protein S6 (rpS6). Treatment of ConA-stimulated thymocytes with PFK-2 in-
hibitor (3PO) or MK-2206 led to significant decreases in Fru-2,6-P2 content, medium lactate accumulation and
rates of cell proliferation and protein synthesis. These data were confirmed by using siRNA knockdown of
PFKFB3, PFKFB4 and PKB α/β in the more easily transfectable Jurkat E6-1 cell line. The findings suggest that in-
creased PFKFB3 and PFKFB4 expression, but not increased PFKFB3 Ser461 phosphorylation, plays a role in in-
creasing glycolysis in mitogen-stimulated thymocytes and implicate PKB in the upregulation of PFKFB3 and
PFKFB4. The results also support a role for Fru-2,6-P2 in coupling glycolysis to cell proliferation and protein syn-
thesis in this model.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Rapidly dividing cancerous and non-cancer cells require glycolysis to
proliferate. In 1924, Otto Warburg found that cancer cells display in-
creased glycolysis even in the presence of oxygen [1], a phenomenon
known as “Warburg effect”. Aerobic glycolysis is needed mainly to
supply precursors for macromolecular synthesis rather than for ATP
production [2], a feature that is not restricted to cancer cells, and
increased glucose uptake and lactate production were also observed
in proliferating non-cancer cells [3–7]. Fructose 2,6-bisphosphate
(Fru-2,6-P2) is the most potent positive allosteric effector of 6-
phosphofructo-1-kinase (PFK-1), and hence of glycolysis. Fru-2,6-P2 is
synthesized and degraded by a bifunctional, homodimeric enzyme,
called 6-phosphofructo-2-kinase (PFK-2)/fructose-2,6-bisphosphatase
(FBPase-2) [8]. Four PFK-2/FBPase-2 isoenzymes, designated PFKFB1-
4, have been identified in mammals encoded by four genes and each

Cellular Signalling 34 (2017) 23–37
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gene generates several isoforms by alternative splicing. PFKFB3 is highly
expressed in proliferating normal tissues (e.g. thymus) and many can-
cer cells [9] and favours glycolysis because of its high PFK-2:FBPase-2
activity ratio [8,10]. In fact Fru-2,6-P2 concentrations in proliferating
cells can reach levels 50–100 times higher than required to stimulate
PFK-1 [11–13]. PFKFB3 silencing was found to decrease glycolysis and
induce cell cycle arrest in HeLa cells [14,15] and inhibited vessel
branching of endothelial cells [16], suggesting a link between Fru-2,6-
P2/glycolysis and cell proliferation. Interestingly an inhibitor of
PFKFB3, 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), was
discovered that decreased Fru-2,6-P2 concentrations and glycolysis in
transformed cells and suppressed the growth of certain tumors in vivo
[17]. PFK-2 activation of PFKFB3 was induced by phosphorylation at
Ser461 by AMP-activated protein kinase (AMPK) [18] and mitogen-ac-
tivated protein kinase (MAPK)-activated protein kinase 2 (MK2) [19]
and PFKFB3 Ser461 phosphorylation was detected in many human tu-
mors [20]. In addition, PFKFB4 is overexpressed inmany human tumors
and pharmacological targeting of its PFK-2 activity has been proposed
for anti-cancer therapy [21].

Mitogen-stimulated thymocytes represent a remarkable model sys-
tem for studying non-cancerous cell proliferation. Activation of resting
thymocytes by concanavalin A (ConA), a mitogenic lectin, leads to
both interleukin 2 receptor (IL-2R) and interleukin 2 (IL-2) production
inducing progression through G1 to DNA synthesis in S phase and pro-
liferation [3,22,23]. When thymocytes or T cells are activated, energy
metabolism is amongst the first cellular processes to respond and,
upon stimulation by ConA, O2 consumption can increase by up to 40%
[24]. ConA-stimulated thymocytes increase glucose metabolism by
about 50-fold after mitogenic stimulation, and about 90% of glucose
consumed is converted into lactate, whereas resting thymocytesmetab-
olize about 60% of glucose to lactate. Glutamine is also used as a fuel
source and its utilization increases 8-fold in ConA-stimulated cells [3,
22]. Glucose consumption seems to be particularly important for T-cell
survival, T-cell activation and cytokine production [25] and is thus cru-
cial during the G1/S transition in ConA-stimulated thymocytes [26]. En-
hanced glycolysis in proliferating thymocytes is also accompanied by
induction of glycolytic enzymes which increase 4- to 10-fold after
ConA stimulation and reach maximal levels after 48 h, coinciding with
increased DNA synthesis [22,26]. Conversely the activities of enzymes
associated with oxidative glucose and amino acid metabolism do not
significantly change during thymocyte proliferation [22].

Thymocyte/T cell activation results in the activation of cytosolic pro-
tein tyrosine kinases, followed by the initiation of multiple signalling
cascades [27] including protein kinase C (PKC), Ca2+ and Ras/mito-
gen-activated protein kinase (MAPK) pathways [24] along with phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (PKB, also known as
Akt) [28]. However, the precise mechanisms by which these signalling
pathways impact on energymetabolism are poorly defined. In the pres-
ent study, we investigated ConA stimulation of glycolysis, cell prolifera-
tion and protein synthesis in thymocytes with a particular focus on Fru-
2,6-P2/PFKFB isoenzymes and the possible roles of PKB.

2. Materials and methods

2.1. Antibodies and other reagents

MK-2206 was from Enzo Life Sciences. 3PO and rapamycin were
from Merck Chemicals. PD169316 and ConA were from Sigma Aldrich.
Wortmannin (WM) was from Calbiochem. All cell culture reagents
were from Life Technologies. Oligonucleotide primers were synthetized
by Integrated DNA Technologies. [γ-32P] ATP, [methyl-3H] thymidine, L-
[2,3,4,5,6-3H] phenylalanine and 2-deoxy-D-[1-3H]-glucose were from
Perkin Elmer. Anti-total PFKFB3 (Abcam, Catalogue no. ab181861),
anti-total PFKFB4 (Abcam, Catalogue no. ab137785), anti-total eukary-
otic initiation factor 4E-binding protein 1 (4E-BP1) (Bioké, Catalogue
no. 9644S), anti-pThr37/Thr46 4E-BP1 (Bioké, Catalogue no. 9459S),

anti-total ribosomal protein S6 (rpS6) (Bioké, Catalogue no. 2317S),
anti-pSer240/Ser244 rpS6 (Cell Signaling, Catalogue no. 5364S), anti-
total p70 ribosomal protein S6 kinase (p70S6K) (Bioké, Catalogue no.
9202S), anti-pThr389 p70S6K (Bioké, Catalogue no. 9205S), anti-total
eukaryotic elongation factor-2 (eEF2) (Santa Cruz, Catalogue no.
SC13003), anti-pThr56 eEF2 (Bioké, Catalogue no. 2331S), anti-total
PKB PH domain (Millipore, Catalogue no. 05-591), anti-pSer473 PKB
(Bioké, Catalogue no. 4060S), anti-totalmammalian target of rapamycin
(mTOR) (Cell Signaling, Catalogue no. 2983S), anti-pSer2448 mTOR
(Cell Signaling, Catalogue no. 5536S), anti-total p38 MAPK (p38
MAPK) (Cell Signaling, Catalogue no. 8690S), anti-pThr180/Tyr182
p38 MAPK (Cell Signaling, Catalogue no. 4511S) and anti-protein phos-
phatase-2A (PP2A) [29] antibodies were obtained as indicated. A pep-
tide surrounding Ser461 of rat PFKFB3 (CPLMRRNSVTPLAS) was
synthesized with or without Ser461 phosphorylated and with a Cys
(N-term) for coupling to keyhole limpet haemocyanin (KLH) or bovine
serum albumin (BSA) (Imject maleimide-activated KLH/BSA kit, Ther-
mo Fisher Scientific). The KLH-coupled phosphopeptide was injected
in rabbits (Thermo Fisher Scientific) and the serumwas affinity purified
on both BSA-coupled phosphopeptide and BSA-coupled non-phospho-
peptide linked to CH-activated Sepharose 4B (GE Healthcare). Synthetic
peptides were kindly provided by Vincent Stroobant (Ludwig Institute,
Brussels). Recombinant activated PKB S473D was kindly provided by
Prof. D. Alessi (University of Dundee). Bacterially expressed recombi-
nant activated AMPK α1β1γ1 and bovine heart cyclic AMP-dependent
protein kinase (PKA) catalytic subunitswere prepared as described [30].

2.2. Animals

FemaleWistar rats (2 months old) were obtained from the local an-
imal house maintained at a 12:12 h light–dark cycle with free access to
food and water. Animal experiments were approved by the local ethics
committee and conducted within the guidelines of the “European Con-
vention for the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes”.

2.3. Cell preparation and culture

The thymus was rapidly excised from an anaesthetized rat and thy-
mocytes were extracted in approximately 20 ml of culture medium
(RPMI Medium 1640, Fisher Scientific, Catalogue no. 11879-020) by
mechanical dispersion. After filtering through a 40 μm nylon mesh cell
strainer (Fisher Scientific), thymocyteswere collected by centrifugation
(180g × 5 min) and resuspended in 40 ml of culture medium for
counting and seeding. Resting thymocytes were cultured at a density
of 3.106 cells/ml in RPMI 1640 medium supplemented with 10% (v/v)
fetal bovine serum which had been dialyzed against 10 vol of phos-
phate-buffer saline, 11 mM glucose, 100 units/ml IL-2, 1% (v/v) penicil-
lin/streptomycin in a humidified incubator under 5% CO2 at 37 °C for
times indicated in the figures and legends. Stimulated cells were cul-
tured at a density of 3.106 cells/ml in the same medium supplemented
with 3 μg/ml ConA for times indicated in the figures and legends. After
harvesting the cells by centrifugation, incubation media were retained
for lactate measurement and cell extracts were prepared for further
analysis (see below). Jurkat E6-1 cells were kindly provided by Dr. S.
Lucas (de Duve Institute, Université catholique de Louvain),
electroporated (see below) and cultured at 37 °C in a humidified incu-
bator under 5% CO2 in RPMI-1640 - Glutamax™ (Catalogue no 61870-
010) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin/streptomycin. Jurkat E6-1 cells were seeded at a density of
5.105 cells/ml. After 48 h of incubation, the cells were harvested by cen-
trifugation (5500g × 15 s). Incubation media were retained for lactate
measurement before washing the cells with cold phosphate-buffered
saline pH 7.4 for the preparation of extracts and further analysis (see
below).
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2.4. siRNA electroporation of Jurkat E6-1 cells

Jurkat E6-1 cells (in 48-well plates) were electroporated with siRNA
(small interfering RNA) oligonucleotides targeting PFKFB3 (Smartpool
ON-TARGETplus PFKFB3 siRNA (human); Dharmacon, Catalogue no. L-
006763-00-0005), PFKFB4 (Smartpool ON-TARGETplus PFKFB4 siRNA
(human); Dharmacon, Catalogue no. L-006764-00-0005) or PKB α/β
(SignalSilence Akt siRNA I; Cell Signaling, Catalogue no. 6211). The
cells were also transfected with non-targeting siRNA (Silencer® Select
Negative Control No. 2 siRNA; ThermoFisher, Catalogue no. 4390846).
Cell LineNucleofector Kit (SE Cell Line 4D-Nucleofector X kit L)was pur-
chased from Lonza (Catalogue no. V4XC-1024 KT). Briefly cells were
seeded at a density of 1.105 cells/ml and cultured at 37 °C in a humidi-
fied incubator under 5% CO2 in RPMI-1640 - Glutamax™ supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin.
After 2 days, 1.106 cells were collected by centrifugation (180g× 5min)
and carefully resuspended in 100 μl 4D-Nucleofector™ Solution at room
temperature in the presence of 4 μM siRNA. The mixture was trans-
ferred to a Nucleocuvette™ Vessels for electroporation according to
the recommended program. Pre-warmed medium (500 μl) was added
into the cuvette before carefully removing the cells. Electroporated
cells were seeded equally in 2 wells containing 700 μl of pre-warmed
medium and cultured for 2 days at 37 °C in a humidified incubator
under 5% CO2 in RPMI-1640 - Glutamax™ supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin.

2.5. Measurement of Fru-2,6-P2 content and medium lactate concentration

Measurements of Fru-2,6-P2 content were performed as described
[31]. Briefly cells (1 ml) were harvested by centrifugation
(5500g × 15 s) at the indicated times, washed with cold phosphate-
buffered saline, pH 7.4 and lysed with 100 μl of 50 mM NaOH supple-
mented with 0.1% (w/v) Triton X-100 by heating at 80 °C for 10 min
followed by cooling on ice. Incubation media were deproteinized with
100 μl of ice-cold 45% (v/v) HClO4 followed by neutralization with
35 μl saturated K2CO3 and 2 μl 1 M HEPES, pH 7.4 for lactate measure-
ments as described [32]. Fru-2,6-P2 content is expressed as pmol per
mg of protein and medium lactate accumulation as mmol per mg of
protein.

2.6. Measurement of glucose uptake

At the indicated times, thymocytes (2 ml in 6-well plates) or Jurkat
E6-1 cells (1ml in 48-well plates)werewashed twicewithwarmphos-
phate-buffered saline, pH 7.4, to remove glucose from the culturemedi-
um. Thymocytes or Jurkat E6-1 cells were incubated in glucose-free
RPMI-1640 culture medium (2 ml or 1 ml, respectively) for 20 min at
37 °C in a humidified incubator under 5% CO2. The cells were then incu-
bated at room temperature for 5min prior to the addition of 2-deoxy-D-
[1-3H]-glucose (0.5 μCi per well). After incubation for 15 min at room
temperature, glucose uptake was stopped by washing rapidly with
ice-cold phosphate-buffered saline followed by lysis with 100 μl 0.5 M
NaOH at room temperature. After 30 min, aliquots (85 μl) were taken
for liquid scintillation counting in 4 ml of scintillant (Ultima Gold™,
PerkinElmer). Proteinwas estimated in an aliquot of remainingmixture
(10 μl) and rates of glucose uptake were calculated as cpm per min per
mg of protein.

2.7. Measurement of rates of cell proliferation and protein synthesis

At intervals of 30min before the indicated times, radioactive tracers
[methyl-3H] thymidine (5 μCi/ml or 2,5 μCi/ml formeasurements of pro-
liferation rates in thymocytes or Jurkat E6-1 cells, respectively) or L-
[2,3,4,5,6-3H] phenylalanine (10 μCi/ml or 5 μCi/ml for measurements
of protein synthesis rates in thymocytes or Jurkat E6-1 cells, respective-
ly, with 0.09mM cold phenylalanine coming from the culture medium)

were added to 1ml of cell suspension (see above for the cell densities of
thymocytes or Jurkat E6-1 cells). After 1 h, the cell incubations were
stopped by freezing in liquid N2. Aliquots (200 μl) of thawed cell sus-
pension were added in triplicate to 96-well plates (MultiScreenHTS-
GV, 0.22 μm Millipore) for filtration and washing twice with 50 μl PBS.
To deproteinize the cells, 200 μl of 8% (w/v) ice-cold TCA was added
for 10 min. The filters were rapidly washed three times with 100 μl of
8% (w/v) ice-cold TCA followed by washing three times with 100 μl of
ice-cold milliQ-water and finally twice with 100 μl of 70% (v/v) ice-
cold ethanol. The plates were dried and the filters were collected
usingMultiScreen Disposable Punch Tips (Millipore) for liquid scintilla-
tion counting in 4 ml of scintillant (Ultima Gold™, PerkinElmer).

2.8. Cell viability

Cells (200 μl) were seeded at a density of 3.106 cells/ml on 96-well
cellstar suspension U-bottom plates (Greiner, Catalogue no. 650185).
After incubation under 5% CO2 at 37 °C, 50 μl of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich,
Catalogue no. M5655) diluted in PBS was added to the cells to give a
final concentration of 0.6 mg/ml. After 2 h, the cells were collected by
centrifugation (600g × 10 min) at 22 °C with minimal deceleration.
After removing the supernatant, the pelleted cells were resuspended
in 200 μl DMSO for OD measurements at both 560 nm and 655 nm at
37 °C. Cell viability was expressed as a percentage of viable cells follow-
ing incubation with or without inhibitors in the presence of 0.1% (v/v)
DMSO.

2.9. Quantitative real-time PCR

Thymocytes (10 ml) were collected by centrifugation
(180g × 5 min) at the indicated times and washed with cold phos-
phate-buffered saline. TriPure™ (300 μl) was added to the pellet and
the cells were immediately frozen in liquid N2. Total RNA was isolated
using Direct-zol™ RNA MiniPrep Plus (Zymo Research, Catalogue no
R2070) according to themanufacturer's instructions. The concentration
and purity of RNA samples were assessed by NanoDrop 2000c (Thermo
Scientific). RNA (400 ng) was used for cDNA synthesis using the
ProtoScript® First Strand cDNA Synthesis Kit (Bioké, Catalogue no
E6300) according to the manufacturer's protocol. Reverse transcription
products were diluted 1:2 in nuclease-free water and an aliquot (0.6 μl)
was taken for qPCRwith a Kapa Sybr Fast qPCR kit (Kapa Biosystems) in
a CFX96 Real Time PCR thermocycler (Biorad). The program included
40 cycles at 95 °C for 10 s and at 60 °C for 30 s. A final melting curve
was recorded to verify the presence of the desired amplicon. PCR reac-
tions were carried out in a final volume of 10 μl with each of the follow-
ing primers at a concentration of 0.6 mM: PFKFB1, 5′-GTTTACCAGC
TCGAGGCAAG-3′ (forward) and 5′-TGTTGTCTGGGCGAAAGAAT-3′ (re-
verse); PFKFB2, 5′-CCGAGGAACTGGATCTACCA-3′ (forward) and 5′-
ATGTTCCTGTTGGGCATGAG-3′ (reverse); PFKFB3, 5′-CACGGCGAGAAT
GAGTACAA-3′ (forward) and 5′-TTCAGCTGACTGGTCCACAC-3′ (re-
verse); PFKFB4, 5′-GGAATTCAACGTGGGTCAGT-3′ (forward) and 5′-
CTCAGGATCCACACAGATAGA-3′ (reverse); PKBα/Akt1, 5′-GCTGAT
GGACTCAAACGGCA-3′ (forward) and 5′-CCCGAAGTCCGTTATCTTGA-3′
(reverse); PKBβ/Akt2, 5′-CCCTTCTACAACCAGGACCA-3′ (forward) and
5′-AGAACTGGGGGAAGTGTGTG-3′ (reverse); PKBγ/Akt3, 5′-TGGGTT
CAGAAGAGGGGAGAA-3′ (forward) and 5′-AGGGGATAAGGTAAGT
CCACATC-3′ (reverse). Determinations were performed on four
separate thymocyte incubations in triplicate for relative quantification
as described [33].

2.10. Purification of recombinant bacterially expressed PFKFB isoenzymes

Recombinant His-tagged PFKFB1 [34] and His-tagged PFKFB2 [35]
were overexpressed in E. coli and purified as indicated. GST-tagged
PFKFB3 was expressed overnight at 18 °C in BL21 E. coli cells induced

25A. Houddane et al. / Cellular Signalling 34 (2017) 23–37



 

 

 

 

 
 

	

	

60 
  

with 0.5 mM IPTG. Bacteria were then collected by centrifugation
(5000g × 10 min at 4 °C), resuspended in 1/10 of the culture volume
of ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1%
(v/v) 2-mercaptoethanol, 0.01% (w/v) Brij 35, 0.5 mM PMSF, 0.5 mM
benzamidineCl, 1 μg/ml leupeptin, 1 μg/ml aprotinin) andhomogenized
using a French press. The lysate was cleared by centrifugation
(17,000g × 20 min at 4 °C) and the supernatant was passed through a
45 μm mesh filter (Millex-HA, Merck-Millipore) before loading onto a
GSH-Sepharose column (10 ml, 2 × 20 cm, GE Healthcare). After exten-
sive washing, the column was eluted with a 0–10 mM gradient of GSH.
Fractions were analyzed by SDS-PAGE/Coomassie Blue staining. Frac-
tions containing GST-tagged PFKFB3 protein were pooled and concen-
trated using a 50 kDa ultra-filtration unit (Amicon) while changing
the buffer to enzyme storage buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.1% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol).

The coding sequence of human testis PFK-2/FBPase-2 (PFKFB4) full
mature mRNA in pCDNA3 [36] was transferred into pGEX6p1 by PCR
with the following primers containing EcoRI/XhoI restriction sites:
EcoRI_PFKFB4 (forward) 5′-AAAAgaattcATGGCGTCCCCACGGGAA-3′
andXhoI_PFKFB4 5′-AAAActcgagTCACTGGTGAGCAGGCAC-3′ (reverse).
The constructwas validated by Sanger DNA sequencing (BeckmanCoul-
ter Genomics). GST-tagged PFKFB4 was expressed overnight at 18 °C in
BL21 E. coli cells induced with 0.5 mM IPTG for purification as described
above for PFKFB3.

2.11. PFK-2 assay

Following phosphorylation of recombinant PFKFB3 by PKB, AMPK
and PKA (see below) with non-radioactive ATP and sample dilution, al-
iquots of reaction mixture (20 μl) were assayed for PFK-2 activity in a
final volume of 200 μl [19] except that fructose 6-phosphate (Fru-6-P)
concentrationswere varied up to 1mM from a stock solution containing
a mixture of 100 mM Fru-6-P/300 mM glucose 6-phosphate (Glc-6-P)
to measure the KM for Fru-6-P with an optimal concentration of
MgATP (5 mM). Inhibitors were added from stock DMSO solutions di-
rectly to PFK-2 assays [19] in the presence of 2 mM Fru-6-P/6 mM
Glc-6-P and 5 mM MgATP. One unit of PFK-2 activity is the amount
that catalyzes the formation of 1 μmol of Fru-2,6-P2 per min under the
assay conditions.

2.12. Protein kinase assays

PKB, AMPK and PKA were assayed by measuring 32P incorporation
from 0.1 mM [γ-32P] MgATP (specific radioactivity 1000 cpm/pmol)
into 200 μM AMARA peptide (AMARAASAAALRRR) for AMPK and
200 μM MR6 (PVRMRRNSFT) for PKB and PKA as described [30]. One
unit of protein kinase activity corresponds to the amount of kinase
that catalyzes the incorporation of 1 nmol of 32P/min into the peptide
substrate under the assay conditions.

2.13. In vitro phosphorylation of PFKFB3 by PKB

Purified GST-tagged PFKFB3 (1 μg) was incubated without or with
200 m-units of recombinant activated PKB, 200 m-units of PKA or
200m-units of recombinant activatedAMPK in 60 μl of reactionmixture
containing 10 mM MOPS, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol,
0.5 mM EDTA supplemented with 0.1 mM [γ-32P] MgATP (specific ra-
dioactivity 1000 cpm/pmol) at 30 °C up to 45 min to study the time-
course and stoichiometry of phosphorylation [19]. Incubations were
also carried out under identical conditions with non-radioactive ATP
for 60 min prior to sample dilution and PFK-2 assay (see above).

2.14. Phosphorylation site identification by MS

GST-PFKFB3 (5 μg) was incubated as described above with 1 unit of
PKB and 0.1 mM [γ-32P] ATP (specific radioactivity 2000 cpm/pmol) for

60min at 30 °C. Following tryptic digestion and separation of a single ra-
dioactive peak by HPLC, the phosphorylation site was identified by tan-
demMS [19].

2.15. Immunoblotting

Equal amounts of cell lysates (corresponding to approximately 15 μg
of protein)were loaded into eachwell of a 4–15% polyacrylamide gradi-
ent gel (Bio-Rad Laboratories) for protein separation by SDS/PAGE. Pro-
teins were transferred to polyvinylidene difluoride (PVDF) membranes
and blocked in 10 mM Tris/HCl, pH 7.4, 0.15 M NaCl and 0.1% (w/v)
Tween 20 (TBS-T, Tris-buffered saline plus Tween 20), containing 5%
(w/v) non-fat dried skimmedmilk powder for 1 h at room temperature
(20 °C). After blocking, the membranes were washed briefly in TBS-T
and then incubated overnight at 4 °C with primary antibodies diluted
in TBS containing 0.1% (w/v) Tween and 5% (w/v) BSA. Anti-pSer461
PFKFB3 and anti-pThr56 eEF2 antibodies were used at dilutions of
1:500 and 1:7500, respectively. All other antibodies were used at dilu-
tion of 1:1000. After washing six times with TBS-T for 5 min, the mem-
branes were incubated with appropriate secondary antibodies for 1 h at
room temperature and thenwashed again six times for 5minwith TBS-
T. Immunoreactive bandswere visualized by ECL Forte substrate (Merck
Millipore) for the anti-pSer461 PFKFB3 antibody or by ECL Classico sub-
strate (Merck Millipore) for all other antibodies. Band intensities were
quantified by densitometry with ImageJ (NIH) using an appropriate
protein loading control. After in vitro phosphorylation of PFKFB3,
0.5 μg aliquots of PFKFB3 protein were separated for SDS-PAGE and im-
munoblottingwith anti-pSer461 PFKFB3 and anti-total PFKFB3 antibod-
ies at dilutions of 1:1000 and 1:10,000, respectively.

2.16. Other methods

Protein concentrations were measured using BSA as a standard [37].
Results are presented as means ± S.E.M. of at least 3 separate experi-
ments or of at least 3 in vitro incubations of PFKFB proteinswith protein
kinases/inhibitors. Statistical analysis was performed using a paired
Student's t-test and P b 0.05 was considered as significant. Graphs
were generated using GraphPad Prism 5.0 (GraphPad software).
Powerpoint software was used to process and present the images.

3. Results

3.1. In vitro phosphorylation of PFKFB3 at Ser461 by PKB causes PFK-2
activation

PFKFB3phosphorylation byAMPK [18] andMK2 [19]was previously
shown to lead to PFK-2 activation. Because of the implication of PFKFB3
in cell proliferation and the fact that PI3K signalling increases during
thymocyte/T cell activation [28], we first investigated whether PFKFB3
would be targeted by PKB. Incubation with PKB or with AMPK or PKA
as positive controls led to time-dependent phosphorylation of PFKFB3
reaching a maximal level of about 0.3 mol phosphate incorporated per
mol of PFKFB3 enzyme subunit (Fig. 1A). Followingmaximal phosphor-
ylation, effects of PKB, AMPK and PKA on PFK-2 activity weremeasured.
Although PKA has been previously shown to phosphorylate PFKFB3
[38], its effects on the kinetic properties of PFK-2 were not fully investi-
gated. As shown in Fig. 1B, treatmentwith PKB, AMPKor PKA led to PFK-
2 activation reflected by an ~2.5- to 3-fold increase in VMAX and 35–50%
decrease in KM for Fru-6-P. After phosphorylation by PKB for 60 min,
PFKFB3 Ser461 was found to be phosphorylated by tandem MS
(Fig. 1C) in a tryptic peptide purified in a single radiolabelled peak by
HPLC. A phospho-specific antibody was raised in rabbit against a
PFKFB3 peptide inwhich Ser461was phosphorylated. The antibody rec-
ognized PFKFB3 phosphorylated by AMPK, PKA or PKB but not when
PFKFB3 protein was incubated with ATP alone (Fig. 1D).
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3.2. Time course of effects of ConA stimulation of thymocytes on Fru-2,6-P2
content, lactate accumulation, PFKFB isoenzyme protein andmRNA expres-
sion and PFKFB3 Ser461 phosphorylation.

When isolated thymocytes in culture were incubated with ConA in
the presence of IL-2, medium lactate concentrations began to increase
significantly after 20 h of stimulation and continued to rise in a time-de-
pendent manner, reaching an increase of 6-fold at 68 h compared with
non-stimulated cells (Fig. 2A). Fru-2,6-P2 concentrations fluctuated up
to 30 h of stimulation, but a significant and dramatic progressive

increase was seen thereafter, reaching an 4-fold increase at 68 h com-
pared with non-stimulated cells (Fig. 2B). PFKFB3 expression began to
increase after 5–10 h of culture of both stimulated and non-stimulated
thymocytes, and ConA stimulation increased PFKFB3 levels ~2-fold at
68 h compared with non-stimulated cells (Fig. 2C, D). The doublet
seen by immunoblotting could correspond to the two C-terminal splice
variants of the PFKFB3 gene [39] and the increase in PFKFB3 expression
was based on quantification of the band intensity of the doublet in
Fig. 2D. PFKFB3 Ser461 phosphorylationwas barely detectable in resting
cells and only increased slightly during ConA-stimulation (Fig. 2C).

Fig. 1. In vitro phosphorylation of PFKFB3 by PKB, AMPK and PKA leads to PFK-2 activation (A) Time course of phosphorylation of purified PFKFB3 with 0.1 mM [γ-32P] MgATP and
recombinant activated PKB, recombinant activated AMPK or recombinant PKA for 0, 5, 10, 20 and 40 min (see Materials and methods section). (B) Following phosphorylation with
non-radioactive ATP, effects of treatment with protein kinases on KM for Fru-6-P and VMAX are shown. In (A) and (B), the results are means ± S.E.M. for n = 3–4 separate experiments.
*indicates that these values are from [19] where effects of PKB and PKA treatment on the kinetic properties of PFK-2 run in the same experiments were not included. (C)
Phosphorylation site identification by tandem MS after incubation for 60 min with PKB (see Materials and methods section). Left panel: MS/MS (MS2) spectrum of the doubly charged
phosphopeptide ion (m/z = 789.3). Neutral loss of 98 Da is observed (H3PO4) to produce an ion with m/z 740.1. Right panel: three-stage MS (MS3) spectrum of the ion arising from
loss of 98 Da (m/z = 740.1 of the doubly charged ion in the left panel). Dha denotes dehydroalanine, identifying the product of phosphoserine after losing H3PO4 and the b and y
labels refer to ions containing the N- or C-terminal ends of the molecule respectively. The y- and b- series of ions allow exact localization of the phosphorylated residue as Ser461. (D)
Purified PFKFB3 was incubated with non-radioactive ATP alone (−) or in combination with protein kinases as described above for SDS-PAGE and immunoblotting with anti-pSer461
PFKFB3 antibody (see Materials and methods section).
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PFKFB4 expression began to increase after 24 h of stimulation by ConA,
reaching an ~15-fold increase at 68 h compared with non-stimulated
cells (Fig. 2E, F). A comparison of PFKFB3 versus PFKFB4 protein expres-
sion during ConA stimulation cannot be assessed by immunoblotting
because antigen recognition by the anti-total PFKFB3 and PFKFB4 anti-
bodieswould likely not be the same. Therefore, wemeasured PFKFB iso-
enzyme expression by quantitative real-time PCR. The data could not be
quantified relative to a controlmRNAbecause all referencemRNA levels
we tested (protein phosphatase-1B, PP2A, 18S ribosomal RNA, glyceral-
dehyde phosphate dehydrogenase and isocitrate dehydrogenase) in-
creased during ConA stimulation. Using the same quantity of total
mRNA for quantitative real-time PCR for all conditions, mRNA levels
were normalized to the level of PFKFB3 mRNA at 5 h of incubation in
resting cells as reference. PFKFB3 mRNA levels increased 40-fold from
24 h to 54 h of ConA stimulation, whereas PFKFB4 mRNA content in-
creased 7.5-fold over the same period (Fig. 2G). After 54 h of ConA stim-
ulation, PFKFB3mRNA levels were 45-fold higher than those of PFKFB4.
PFKFB1 and PFKFB2mRNA levels were barely detectable or very low re-
spectively and did not increase during ConA stimulation. PFKFB3mRNA
levelswere 100-fold higher in ConA-stimulated versus resting cells after
54 h of incubation whereas the increase in PFKFB4 mRNA was 25-fold
(Fig. 2G).

3.3. Time course of effects of ConA stimulation of thymocytes on rates of cell
proliferation and protein synthesis, expression levels/phosphorylation
states of signalling proteins/translation factors and PKB isoform mRNA
expression

After 20 h of stimulation of thymocytes by ConA, rates of cell prolif-
eration measured by [3H]-thymidine incorporation and protein synthe-
sis measured by [3H]-phenylalanine incorporation increased
dramatically and significantly, reaching increases of ~40-fold and 10-
fold, respectively, at 68 h compared with non-stimulated cells (Fig. 3A,
B). ConA stimulation increased p38 MAPK Thr180/Tyr182 and PKB
Ser473 phosphorylation, without affecting the levels of total proteins
compared with non-stimulated cells (Fig. 3C). ConA stimulation also
led to increased mTOR Ser2448 (PKB site) phosphorylation. Increases
in phosphorylation of 4E-BP1 at the Thr37/Thr46 mTOR kinase sites
and rpS6 at the Ser240/Ser244 p70S6K sites along with a decrease in
phosphorylation of eEF2 Thr56 were observed after 48 h, 54 h and
68 h of stimulation by ConA and at these times significant increases in
expression levels of eEF2, 4E-BP1 and rpS6 were seen (Fig. 3C). Mea-
surements of PKB isoform mRNA levels by quantitative real-time PCR,
for quantification relative to PKBα mRNA levels in resting cells after
5 h of incubation, indicated that between 24 and 54 h of ConA stimula-
tion, PKBα and PKBβ mRNA levels increased ~40-fold (Fig. 3D). After
54 h of ConA stimulation, PKBα mRNA levels were ~20-fold higher
than those of PKBβ (Fig. 3D). Although detectable, PKBγ mRNA levels
were very low compared with the other two isoforms.

3.4. Inhibition of PFK-2 activity of PFKFB isoenzymes by 3PO

The small molecule inhibitor of PFK-2 activity of the PFKFB3 iso-
enzyme, 3PO, inhibits glycolysis and reduces cancer cell proliferation

[17]. Prior to testing its effects on thymocytes, we investigated its in-
hibitory action on PFK-2 activities of the four purified recombinant
PFKFB isoenzymes after overexpression in E. coli. PFK-2 activity of
all four PFKFB isoenzymes was inhibited by 3PO with similar IC50

values and no selectivity for the PFKFB3 isoenzyme (Fig. 4).

3.5. Effects of 3PO and MK-2206 on Fru-2,6-P2 content, lactate production
and glucose uptake in ConA-stimulated thymocytes

Before testing effects of 3PO and PKB inhibitor (MK-2206) in ConA-
stimulated thymocytes, effects of the inhibitors on cell viability was
assessed by MTT test. After incubation of thymocytes with IL-2 and
ConA for 24 h, inhibitors were added prior to measurements of cell via-
bility after incubation for a further 30 h (total incubation time= 54 h of
mitogen stimulation). Cytotoxic effects were seen at concentrations of
10 μM3PO (Fig. S1A) and 1 μMMK-2206 (Fig. S1B). In thymocytes treat-
ed with non-toxic concentrations of 3 μM 3PO, representing doses 15-
times lower than the IC50 for PFK-2 inhibition (Fig. 4), significant
~20%, ~35% and ~50% decreases in medium lactate, Fru-2,6-P2 content
and glucose uptake were seen, respectively (Fig. 5A, C, E), following
the same protocol described above for studying cell viability. Treatment
with non-toxic concentrations of 0.3 μM MK-2206 using the same pro-
tocol led to significant ~20%, ~40% and ~50% decreases in medium lac-
tate, Fru-2,6-P2 content and glucose uptake, respectively (Fig. 5B, D, F).
In cell free assays, incubation of purified PFKFB3 with MK-2206 up to
a concentration of 30 μM had no effect on PFK-2 activity (data not
shown).

3.6. Effects of 3PO andMK-2206 on PFKFB3/4 protein/mRNA expression and
phosphorylation levels of PFKFB3 Ser461 in ConA-stimulated thymocytes

Following the same protocol described above for studying cell viabil-
ity, treatment with 3 μM 3PO did not significantly affect PFKFB3/4 pro-
tein expression or PFKFB3 phosphorylation, whereas treatment with
0.3 μM MK-2206 significantly decreased protein levels of both PFKFB3
and PFKFB4 by ~35% and ~45%, respectively, but without affecting the
extent of PFKFB3 Ser461 phosphorylation (Fig. 6A, B). Measurement of
PFKFB3/4 expression by quantitative real-time PCR showed that treat-
ment with non-toxic concentrations of 0.3 μM MK-2206 led to signifi-
cant ~90% and ~70% decreases in PFKFB3 and PFKFB4 mRNA levels,
respectively (Fig. 6C).

3.7. Effects of 3PO and MK-2206 on rates of proliferation and protein syn-
thesis along with phosphorylation levels of PKB, p70S6K and 4E-BP1 in
ConA-stimulated thymocytes

In ConA-stimulated thymocytes treated with non-toxic concen-
trations of 3 μM 3PO using the same incubation protocol as that
used to assess cytotoxicity (see above), significant ~50% and ~45%
decreases in the rates of cell proliferation and protein synthesis
were observed, respectively (Fig. 7A, B). Treatment with non-toxic
concentrations of 0.3 μM MK-2206 led to significant ~45% decreases
in the rates of cell proliferation and of protein synthesis (Fig. 7C, D).
Treatment with 0.3 μM MK-2206 almost completely abolished PKB

Fig. 2. Time-course of effects of ConA stimulation on medium lactate accumulation (A), Fru-2,6-P2 content (B), PFKFB3/4 protein expression (C, D, E, F), PFKFB3 phosphorylation (C) and
mRNA levels of PFKFB1/2/3/4 (G). Freshly isolated rat thymocytes were cultured with 100 U/ml IL-2 without (resting cells) (○) or with 3 μg/ml ConA (ConA-stimulated cells) (■). At the
indicated times, thymocytes were harvested for measurements of Fru-2,6-P2 content or for preparing cell extracts for immunoblotting and incubation media were retained for lactate
assay. Thymocyte extracts from at least three independent experiments were immunoblotted with the indicated antibodies. Blots were quantified by calculating the ratios of band
intensities obtained with anti-total PFKFB3 and anti-total PFKFB4 antibodies relative to those obtained with anti-PP2A catalytic subunit and representative blots are shown. (G) In
separate experiments, total RNA was extracted for cDNA synthesis and real-time PCR using specific primers for the rat PFKFB1/2/3/4 isoenzymes (see Materials and methods section).
Fold changes are relative to PFKFB3 mRNA levels in resting cells after 5 h of incubation. In (A), (B), (D), (F) and (G), the results are means ± S.E.M. for n = 3–4 separate experiments
and *indicates a significant difference compared with the resting condition (P b 0.05, paired t-test).
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Ser473 phosphorylation and reduced levels of p70S6K Thr389 phos-
phorylation by ~50% and 4E-BP1 Thr37/Thr46 phosphorylation by
~40%, whereas treatment with 3 μM 3PO had no effect on PKB

Ser473 phosphorylation but slightly and significantly decreased
p70S6K Thr389 and 4E-BP1 Thr37/Thr46 phosphorylation by ~20%
(Fig. 7E, F).

Fig. 3. Time-course of effects of ConA-stimulation on rates of cell proliferation (A) and protein synthesis (B), phosphorylation and expression levels of signalling proteins/translation factors
(C) and mRNA levels of PKB isoforms (D). Rat thymocytes were incubated as described in the legend to Fig. 2. Radioactive tracers were added 30 min before the indicated times for
measurements of rates of cell proliferation and protein synthesis over 1 h as described in the Materials and methods section. Alternatively, cells were freeze-stopped at the indicated
times and extracts from at least three independent experiments were immunoblotted with the indicated antibodies (C). Representative blots are shown. (D) In separate experiments,
total RNA was extracted for cDNA synthesis and real-time PCR using specific primers for the rat PKB isoforms (see Materials and methods section). Fold changes are relative to PKBα
mRNA levels in resting cells after 5 h of incubation. The results are means ± S.E.M. for n = 7 (A, B), or n = 4 (D) separate experiments and *indicates a significant difference
compared with the resting condition (P b 0.05, paired t-test).
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3.8. Effects of other signalling pathway inhibitors on lactate accumulation,
Fru-2,6-P2 content and rates of cell proliferation and protein synthesis in
ConA-stimulated thymocytes

In thymocytes incubated for 24 h with both IL-2 and ConA prior to
the addition of rapamycin (inhibitor of mTORC1) for a further 30 h, sig-
nificant decreases in lactate accumulation (~20%), Fru-2,6-P2 content
(~45%) and in the rates of cell proliferation (~35%) were observed
(Fig. S2A–C). Treatment with Torin (inhibitor of both mTORC1 and
mTORC2) using the same protocol led to significant decreases in lactate
accumulation (~25%), Fru-2,6-P2 content (~70%) and in the rates of cell
proliferation (~90%) and protein synthesis (~80%) (Fig. S2A–D). In
ConA-stimulated thymocytes treated with 10 μM PD169316 (p38
MAPK inhibitor and inhibitor of MK2 activation) using the same proto-
col, significant decreases in lactate accumulation (~10%), Fru-2,6-P2
content (~65%) and in the rates of cell proliferation (~95%) and protein
synthesis (~80%) were seen. Although treatment with wortmannin
(PI3K inhibitor) slightly but significantly decreased lactate accumula-
tion (~15%) and Fru-2,6-P2 content (~20%), there was no effect on the
rates of cell proliferation or protein synthesis (Fig. S2A–D).

3.9. Effects of siRNA knockdown of PFKFB3, PFKFB4 and PKB on lactate ac-
cumulation, Fru-2,6-P2 content, glucose uptake and rates of cell prolifera-
tion and protein synthesis in constitutively proliferating Jurkat E6-1 cells

Since proliferating rat thymocytes are not amenable to transient or
stable transfection, to back up the inhibitor data obtained in thymocytes
we resorted to the use of siRNAknockdown in Jurkat E6-1 cells, a consti-
tutively proliferating immortalized line of T lymphocytes deficient in
phosphatase and tensin homolog (PTEN) leading to constitutive activa-
tion of PKB. Transfection of Jurkat E6-1 cells for 48 hwith siRNAs direct-
ed against PFKFB3, PFKFB4 or PKBα/β isoforms led to decreases in their
protein expression levels as judged by immunoblotting extracts from
siRNA transfected cells versus cells transfected with scrambled siRNA

(Fig. 8A). PFKFB3 knockdown resulted in significant decreases in lactate
accumulation (~45%), Fru-2,6-P2 content (~50%) and rates of cell prolif-
eration (~40%) and protein synthesis (~35%), respectively, compared
with cells transfected with scrambled siRNA (Fig. 8B, C, E, F). PFKFB4 si-
lencing also resulted in significant decreases in lactate accumulation
(~60%), Fru-2,6-P2 content (~40%), and rates of cell proliferation
(~75%) and protein synthesis (~45%) (Fig. 8B, C, E, F). PKB α/β isoform
knockdown resulted in significant decreases in lactate accumulation
(~25%), Fru-2,6-P2 content (~30%) and rates of cell proliferation
(~45%) and protein synthesis (~65%) compared with cells transfected
with scrambled siRNA (Fig. 8B, C, E, F). PKB α/β silencing also led to a
significant ~50% decrease in glucose uptake (Fig. 8D).

4. Discussion

ConA-stimulated rat thymocytes represent a useful model to study
changes in metabolism as cells undergo a transition from the resting
to proliferating state. Enhanced utilization of glucose has been observed
in proliferating rat thymocytes in concert with increased DNA synthesis
and increased glycolytic enzyme activities [3]. Surprisingly, measure-
ments of Fru-2,6-P2 do not seem to have been made in this model. In
the present study we show that after a lag period of about 30 h, Fru-
2,6-P2 concentrations increased during ConA stimulation reaching
levels ~4-fold higher compared with non-stimulated resting cells after
68 h (Fig. 2B). Moreover, Fru-2,6-P2 concentrations in ConA-stimulated
cells rose to 150 pmol/mg of protein, similar to values measured in mi-
togen-stimulated or transformed cells, which would correspond to a
concentration of about 50 μM and much higher than required to stimu-
late PFK-1 activity [8,11]. This suggests that Fru-2,6-P2 might have tar-
gets other than glycolysis. It has been speculated that Fru-2,6-P2 could
couple the stimulation of glycolysis to cell proliferation. Fru-2,6-P2 addi-
tion to a HeLa cell lysate increased phosphorylation of the cell cycle in-
hibitor p27 at the cyclin-dependent kinase (Cdk)-specific Thr187 site
[40], although it is highly unlikely that Fru-2,6-P2 could act as phospho-
ryl donor. Also, ConA-induced increases in Fru-2,6-P2 (Fig. 2B) were
mirrored by increases in the rates of cell proliferation (Fig. 3A) and pro-
tein synthesis (Fig. 3B) and increases in phosphorylation states of the
translation factors, rpS6 and 4E-BP1 (Fig. 3C). Results obtained with
the PFK-2 inhibitor, 3PO, should be consideredwith caution, as the com-
pound inhibited PFK-2 activity of all four PFKFB isoenzymes (Fig. 4).
Nevertheless, consistent with previous studies [17,41,42], treatment of
ConA-stimulated thymocytes with a non-toxic dose of 3 μM 3PO led to
parallel and significant decreases in lactate accumulation (Fig. 5A),
Fru-2,6-P2 concentration (Fig. 5C), glucose uptake (Fig. 5E) and rates
of cell proliferation (Fig. 6A) and protein synthesis (Fig. 6B) accompa-
nied by small (~20%) but significant decreases in p70S6K and 4E-BP1
phosphorylation (Fig. 6E).

The PFKFB3 isoenzymehas been shown to be present in proliferating
and transformed cells and might be essential for tumor growth [43].
However, PFKFB4 [44,45] and PFKFB2 [46] might also be important for
tumorigenesis. Our data show that PFKFB3 isoenzyme is predominantly
expressed in ConA-stimulated thymocytes (Fig. 2G) and PFKFB3 protein
expression increased ~2-fold after 68 h of ConA stimulation (Fig. 2C–D).
PFKFB2 expression was weak by immunoblotting and did not change
during incubation of ConA-stimulated or resting thymocytes (not
shown). Interestingly, the profile of the increase in expression of
PFKFB4 in ConA-stimulated cells after a lag period of 24–30 h (Fig. 2F)
was similar to the profiles for the increases in medium lactate accumu-
lation (Fig. 2A), Fru-2,6-P2 content (Fig. 2B) and the rates of cell prolif-
eration (Fig. 3A) and protein synthesis (Fig. 3B).

The lag period of ConA stimulation, before themetabolic parameters
began to increase, seems to correspond to the approximate time inter-
val needed formitogen-induced expression of the IL-2R [47], particular-
ly for the expression of the IL-2Rα subunit that rose after 24 h of
thymocyte Con A stimulation (data not shown). PKB became activated
during ConA-stimulation of thymocytes, as reflected by an increase in

Fig. 4. Effect of 3PO on PFK-2 activity of PFKFB isoenzymes. PFK-2 activity was measured
with 2 mM Fru-6-P/6 mM Glc-6-P and 5 mM MgATP with 3PO concentrations ranging
from 1 to 300 μM. The results are the means ± S.E.M. of 4 determinations and IC50

values were calculated by curve fitting to each set of data using GraphPad Prism 5.0
software.
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PKB Ser473 and downstreammTOR Ser2448 phosphorylation (Fig. 3C).
PKB was found to activate PFK-2 by phosphorylating PFKFB3 Ser461
(Fig. 1), whereas PFKFB4 was a very poor PKB substrate (data not
shown). However, PFKFB3 Ser461 phosphorylation only increased
slightly in ConA-stimulated cells (Fig. 2C), and was unaffected by pre-
incubation of ConA-stimulated cells with low doses of the PKB inhibitor
MK-2206 (Fig. 6B), that acts by interfering with its PH domain. A possi-
ble explanation is that the extent of PKB activation was not sufficient to

effectively phosphorylate PFKFB3 in ConA-stimulated thymocytes.
PFKFB3 Ser461 phosphorylation thus seems not to be important for in-
creasing Fru-2,6-P2 levels and glycolysis during ConA stimulation. By
contrast, mRNA (Fig. 6A) and protein levels (Fig. 6B, C) of PFKFB3 and
PFKFB4 were decreased by exposure of ConA-stimulated cells to a
non-toxic dose of 0.3 μM MK-2206, suggesting control of expression of
the two PFKFB isoenzymes by PKB (Fig. 6). It has been demonstrated
that pfkfb3 gene was hypoxia-inducible and stimulated through

Fig. 5. Effects of 3PO andMK-2206 treatment of ConA-stimulated thymocytes onmedium lactate accumulation (A, B), Fru-2,6-P2 content (C, D) and glucose uptake (E, F). Rat thymocytes
were stimulatedwith ConA and after 24 h inhibitors were added. After a further 30 h of incubation, the cells were harvested formeasurements of medium lactate concentrations and Fru-
2,6-P2 content. In separate experiments, ConA-stimulated thymocytes treated with and without inhibitors were incubated with radioactive 2-deoxyglucose for measurements of glucose
uptake. The results are means ± S.E.M. for n = 3–4 separate experiments and *indicates a significant difference compared with control incubations with DMSO (P b 0.05, paired t-test).
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hypoxia-inducible factor (HIF) interaction with the consensus hypoxia
response element (HRE) site in its promoter region [48]. In response
to ConA-stimulation, pfkfb3 gene expression could be increased via the
PI3K/PKB pathway and transcription factor HIF-1 binding to the HREs
within the pfkfb3 gene promoter. Also, p53 was recently shown to neg-
atively regulate PFKFB4 expression by directly binding to the promoter
of the pfkfb4 gene [49]. It is also noteworthy that PKB phosphorylates
and inactivates forkhead box O (FoxO) transcription factors implicated
in cell survival, growth and proliferation [50]. Decreases in lactate

accumulation (Fig. 5B) and Fru-2,6-P2 content (Fig. 5D) in ConA-stimu-
lated cells preincubated with 0.3 μM MK-2206 were thus due to de-
creases in PFKFB3/4 expression (Fig. 6) rather than changes in PFKFB3
phosphorylation.

As expected, through increased mTORC1 signalling via PKB activa-
tion, treatment of ConA-stimulated thymocytes with 0.3 μM MK-2206
decreased cell proliferation (Fig. 7C), protein synthesis (Fig. 7D), severe-
ly abrogated PKB Ser473 phosphorylation and substantially reduced
p70S6K and 4E-BP1 phosphorylation (Fig. 6E). Concerning the

Fig. 6. Effects of 3PO and MK-2206 treatment of ConA-stimulated thymocytes on PFKFB3/4 expression and PFKFB3 Ser461 phosphorylation. Rat thymocytes were stimulated with ConA
and treated with inhibitors as described in the legend to Fig. 5. The cells were harvested for RNA preparation or extracted for immunoblotting. (A, B) Thymocyte extracts were
immunoblotted with the indicated antibodies and blots were quantified by calculating the ratios of band intensities obtained with anti-total PFKFB3 and anti-total PFKFB4 antibodies
relative to those obtained with anti-PP2A catalytic subunit antibody. Band intensities obtained with anti-phospho PFKFB3 Ser461 antibody were calculated relative to intensities
obtained with anti-total PFKFB3 antibody. Representative blots are shown. (C) Total RNA was taken for cDNA synthesis and real-time PCR using specific primers for the rat PFKFB3/4
isoenzymes. Fold changes are relative to PFKFB3 mRNA levels in control DMSO-treated thymocytes. The results are means ± S.E.M. for n = 3–4 separate experiments and *indicates a
significant difference compared with control incubations with DMSO (P b 0.05, paired t-test).
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signalling pathways downstream of ConA/IL-2, the inhibitor data with
Torin and PD169316 (Fig. S2) suggest possible roles for mTORC1/2
and p38MAPK/MK2 in the control of Fru-2,6-P2 content, perhaps by de-
creasing PFKFB isoenzymeexpression [19], and in the control of cell pro-
liferation and protein synthesis. The increase in protein synthesis
resulting from ConA stimulation would be partly due to increased ex-
pression of translation factors together with increased (4E-BP1, rpS6)
or decreased (eEF2) phosphorylation (Fig. 3C).

To confirm the results obtained with inhibitors in thymocytes, we
used siRNA knockdown of PFKFB3, PFKFB4 and PKB α/β in more easily
transfectable Jurkat E6-1 cells. PKB α/β siRNA knockdown reduced the
rates of cell proliferation and protein synthesis as expected (Fig. 8E, F)
but also decreased lactate accumulation (Fig. 8B) and Fru-2,6-P2 content
(Fig. 8C) in agreement with the effects of MK-2206 to reduce medium
lactate accumulation, Fru-2,6-P2 content and PFKFB3/4 isoenzyme ex-
pression in ConA-stimulated thymocytes. As expected PFKFB3 and

Fig. 8. Effects of PFKFB3, PFKFB4 and PKBα/β silencing (A) on lactate accumulation (B), Fru-2,6-P2 content (C), glucose uptake (D) and rates of cell proliferation (E) and protein synthesis
(F) in Jurkat E6-1 cells. Jurkat E6-1 cellswere transiently transfectedwith scrambled siRNA or the same amounts of siRNA directed against PFKFB3, PFKFB4or PKBα/β for 48 h as described
in theMaterials andmethods section. The cells were harvested for immunoblotting with the indicated antibodies (A) and for measurements of medium lactate accumulation and Fru-2,6-
P2 content. In parallel, cells were incubated for measurements of glucose uptake and rates of cell proliferation and protein synthesis (see Materials and methods section). The results are
means ± S.E.M. for n = 4–6 separate experiments and *indicates a significant difference (P b 0.05, paired t-test).

Fig. 7. Effects of 3PO and MK-2206 treatment of ConA-stimulated thymocytes on the rates of cell proliferation (A, C), protein synthesis (B, D) and phosphorylation levels of PKB, p70S6K
and 4E-BP1 (E, F). Rat thymocytes were stimulated with ConA and treated with inhibitors as described in the legend to Fig. 5. The cells were then incubated for measurements of rates of
cell proliferation and protein synthesis. The 100% values for the rates of proliferation and protein synthesis correspond to 2324 ± 125 and 197 ± 88 cpm per min per mg of protein,
respectively. In (E), thymocyte extracts were immunoblotted with the indicated antibodies and a representative blot is shown. Blots were quantified by calculating the ratios of band
intensities obtained with anti-phospho antibodies relative to those obtained with anti-total protein antibodies (F). The results are means ± S.E.M. for n = 3–4 separate experiments
and *indicates a significant difference (P b 0.05, paired t-test).
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PFKFB4 silencing decreased lactate accumulation (Fig. 8B) and Fru-2,6-
P2 content (Fig. 8C). Incubation of ConA-stimulated thymocytes with
3PO or MK-2206 decreased glucose uptake (Fig. 5E, F) and PKB α/β si-
lencing in Jurkat cells also decreased glucose uptake. Therefore, reduced
glucose uptake by PKB inhibition could independently contribute to re-
duced Fru-2,6-P2 levels by decreased substrate availability in addition to
decreases in PFKFB levels. Surprisingly, siRNA silencing of PFKFB3 and
PFKFB4 significantly reduced the rates of cell proliferation and protein
synthesis (Fig. 8E, F). Therefore, despite constitutive activation of
PI3K/PKB signalling in Jurkat E6-1 cells, decreased expression of
PFKFB3 or PFKFB4 seems to be sufficient to affect cell proliferation and
protein synthesis.

In summary, the findings suggest that increased PFKFB3 and PFKFB4
expression, but not increased PFKFB3 Ser461 phosphorylation, plays a
role in increasing glycolysis in mitogen-stimulated thymocytes. PKB
phosphorylation and PFKFB3 expression were increased in resting
cells at later time points and at certain time points similar levels of
PKB Ser473 phosphorylation and PFKFB3/4were observed in non-stim-
ulated and ConA-stimulated thymocytes (Fig. 2C–F; Fig. 3C) yet only
stimulated cells exhibit increased proliferation and protein synthesis.
Therefore, increased PKB Ser473 phosphorylation and PFKFB3/4 alone
would not be sufficient to induce themetabolic and proliferative effects
of mitogen stimulation. However, the results implicate PKB in the up-
regulation of PFKFB3 and PKBFB4 and underline its importance for cell
proliferation and protein synthesis during ConA stimulation. Lastly,
the data support a role for Fru-2,6-P2 in coupling glycolysis to cell prolif-
eration and protein synthesis.
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Fig. S1 Effects of 3PO and MK-2206 treatment of ConA-stimulated 

thymocytes on cell viability. Rat thymocytes were stimulated with ConA and 

treated with inhibitors as described in the legend to Fig. 5 of the main paper. Cell 

viability was then measured (see Methods section). The results are means ± S.E.M. 

(n = 7-8) and * indicates a significant difference (P<0.05, paired t-test). 
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Fig.S1	



 

 

 

 

 
 

	

	

73 

 
Fig. S2 Effects of treatment of ConA-stimulated thymocytes with signalling 

pathway inhibitors on lactate accumulation (A), Fru-2,6-P2 content (B) and 

rates of cell proliferation (C) and protein synthesis (D). Rat thymocytes were 

stimulated with ConA and treated with inhibitors as described in the legend to Fig. 

5 of the main paper. The cells were then harvested for measurements of medium 

lactate accumulation (A), Fru-2,6-P2 content (B) or rates of cell proliferation (C) 

and protein synthesis (D). The 100% values for the rates of proliferation and 

protein synthesis correspond to 2548 ± 248 and 217 ± 26 cpm per min per mg of 

protein, respectively. The results are means ± S.E.M. (n = 5-10) and * indicates a 

significant difference (P<0.05, paired t-test). 

A.	 B.	

C.	 D.	

Fig.S2	
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Activated T cells need to generate energy for converting available supplies into 

biosynthetic macromolecules. This metabolic reprogramming is rapidly observed 

in activated T cells prior to the first cell division, at approximately 24 h post 

activation, during which protein and lipid synthesis is dramatically increased. In 

spite of energy requirements for biosynthesis, ATP levels rise, indicating enhanced 

metabolism. Glucose uptake, glycolysis, glutaminolysis and oxygen consumption 

are also elevated, and a decrease in uptake and catabolism of free fatty acids by β-

oxidation occurs in parallel (Wang and Green, 2012). 

 

 
 

ConA-stimulated thymocytes represent a useful model to study these metabolic 

changes that occur during the transition from the resting to the proliferating state. 

Surprisingly, although enhanced glycolysis has been demonstrated in ConA-

stimulated thymocytes in concert with increased DNA synthesis and glycolytic 

enzyme activities (Brand, 1985), measurements of Fru-2,6-BP content have not 

been made in this model. Therefore we investigated the role of Fru-2,6-BP in the 

control of glycolysis, and the possibility that protein synthesis and cell proliferation 

might also be controlled via Fru-2,6-BP in mitogen-stimulated thymocytes.   

 

Figure 10. (A) Increased biosynthesis and energy production upon T-cell activation. (B) Metabolic 

reprogramming in activated T cells. (Wang and Green, 2012) 

A	 B	
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1. Fru-2,6-BP. In ConA-stimulated cells, Fru-2,6-BP concentrations dramatically 

increased. Indeed, after a lag period of about 30 h, Fru-2,6-BP content 

increased by ConA stimulation reaching levels ~4-fold higher compared with 

resting cells after 68 h (paper 1, Fig. 2B). Increased expression of PFKFB3 and 

PFKFB4 proteins, but not of PFKFB2, was also observed. PFKFB2 expression 

was barely detectable by immunoblotting and did not change during incubation 

of ConA-stimulated or resting thymocytes (data not shown), while PFKFB3 

expression increased ~2-fold after 68 h of ConA stimulation. Interestingly, the 

profile of the increase in expression of PFKFB4 in ConA-stimulated cells after 

a lag period of 24-30 h (paper 1, Fig.2F) was similar to the time-courses of the 

increases in medium lactate accumulation (paper 1, Fig.2A), Fru-2,6-BP 

content (paper 1, Fig.2B) and the rates of cell proliferation (paper 1, Fig.3A) 

and protein synthesis (paper 1, Fig.3B). It is noteworthy that, although the 

expression of PFKFB3 and PFKFB4 isoenzymes are co-expressed in ConA-

stimulated thymocytes, PFKFB3 isoenzyme is predominant. PFKFB3 mRNA 

levels are ~45-fold higher compared with PFKFB4 after 54 h of ConA-

stimulation (paper 1, Fig.2G). Fru-2,6-BP concentrations increase to a level of 

about 150 pmol per mg of protein which would correspond to a concentration 

of about 50 µM which would be 50 times higher than required to stimulate 

PFK-1. The study was extended to investigate the potential relationships 

between the Fru-2,6-BP/PFKFB axis and PKB (see below). 

 

2. Interleukin 2. It is noteworthy that the lag period of ConA stimulation, before 

metabolic parameters began to increase, seems to correspond to the 

approximate time interval needed for mitogen-induced expression of the IL-

2R, particularly for the expression of the IL-2Rα subunit that increased after 

24h of thymocyte ConA stimulation (see Figure 11).  
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3. PKB and PFKFB3 phosphorylation. During ConA-stimulation of 

thymocytes, PKB became activated, as reflected by an increase in PKB Ser473 

and downstream mTOR Ser2448 phosphorylation (paper 1, Fig.3C). PKB was 

found to phosphorylate PFKFB3 in vitro, resulting in an increase in VMAX of 

PFK-2 and a decrease in KM for Fru-6-P. Mass spectrometric analysis 

identified the phosphorylated residue as Ser461 (paper 1, Fig.1). However, 

only a slight increase in PFKFB3 Ser461 phosphorylation was observed in 

ConA-stimulated cells (paper 1, Fig.2C), and it was unaffected by pre-

incubation of ConA-stimulated cells with low doses of the PKB inhibitor MK-

2206 (paper 1, Fig.6A). A possible explanation is that the extent of PKB 

activation might not be sufficient to effectively phosphorylate PFKFB3 in 

ConA-stimulated thymocytes. Thus the importance of PFKFB3 Ser461 

Figure 11. Time-course of ConA stimulation on IL-2Rα expression. Freshly isolated rat 

thymocytes were cultured with 100 U/mL IL-2 without (Resting cells) (¢) or with 3 µg/mL ConA 

(ConA-stimulated cells) (n). 
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phosphorylation remains unclear. As expected, PFKFB4 was a very poor PKB 

substrate in vitro (data not shown). 

 

4. Effects of PKB inhibition. In ConA-stimulated cells, treatment with a non-

toxic dose (0.3 µM) MK-2206 reduced mRNA levels of PFKFB3 and PFKFB4 

isoenzymes (paper 1, Fig. 6C), suggesting that PFKFB3/4 expression is 

controlled by PKB. It has been shown that pfkfb3 gene was hypoxia-inducible 

and stimulated through HIF interaction with the consensus hypoxia response 

element (HRE) site in its promoter region (Obach et al., 2004). In response to 

ConA-stimulation, pfkfb3 gene expression could be increased via the 

PI3K/PKB pathway and transcription factor HIF-1 binding to the HREs within 

the pfkfb3 gene promoter. Also, a recent study reported that p53 negatively 

regulates PFKFB4 expression by directly binding to the promoter of the pfkfb4 

gene. Loss of p53 function either by deletion or mutation reduced the 

expression of PFKFB4 in cancer cells, which could explain the decrease in 

content of the PFKFB4 protein (Ros et al., 2017). It is also noteworthy that 

PKB phosphorylates and inactivates forkhead box O (FoxO) transcription 

factors implicated in cell survival, growth and proliferation (Zhang et al., 

2011). Treatment with low doses of MK-2206 (0.3 µM) induced a fall in 

lactate accumulation (paper 1, Fig.5B) and Fru-2,6-BP content (paper 1, 

Fig.5D), which were probably due to decreases in PFKFB3/4 expression and 

were not due to changes in PFKFB3 phosphorylation (paper 1, Fig.6A-B). 

However, we also demonstrated that MK-2206 (0.3 µM) significantly 

decreased glucose uptake (paper 1, Fig.5F). It has been reported that, unlike 

Akti-1/2, MK-2206 did not affect transport activity of GLUT1 or GLUT4 (Tan 

et al., 2011). As expected, because of increased mTORC1 signalling via PKB 

activation, treatment of ConA-stimulated thymocytes with 0.3 µM MK-2206 

decreased cell proliferation, protein synthesis, severely abrogated PKB Ser473 

phosphorylation and substantially reduced p70S6K and 4E-BP1 
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phosphorylation. Concerning the signalling pathways downstream of ConA/IL-

2, the inhibitor data with Torin (inhibitor of both mTORC1 and mTORC2) and 

PD169316 (p38MAPK inhibitor) (paper 1, Fig.S2) suggest possible roles for 

mTORC1/2 and p38MAPK/MK2 in the control of Fru-2,6-BP content, perhaps 

by decreasing PFKFB isoenzyme expression, and in the control of cell 

proliferation and protein synthesis. Interestingly, a recent study reported that, 

in acute myeloid leukemia, only the PFKFB3 isoenzyme was a novel 

downstream substrate of mTOR signaling pathway. It was shown that PFKFB3 

expression was upregulated by mTORC1 and was dependent on HIF1α, a 

positive regulator of glycolysis (Feng and Wu, 2017).  

 

5. Cell proliferation and protein synthesis. It has been speculated that Fru-2,6-

BP could couple glycolysis to cell proliferation. Fru-2,6-BP addition to a HeLa 

cell lysate increased phosphorylation of the cell cycle inhibitor p27 at the 

cyclin-dependent kinase (Cdk)-specific Thr187 site (Yalcin et al., 2009), 

although it is highly unlikely that Fru-2,6-BP could act as phosphoryl donor. In 

this study we show that ConA-induced increases in Fru-2,6-BP were mirrored 

by increases in the rates of cell proliferation (paper 1, Fig.3A) and protein 

synthesis (paper 1, Fig.3B), which would be partly due to increased expression 

of translation factors together with increased (4E-BP1, rpS6) or decreased 

(eEF2) phosphorylation (paper 1, Fig.3C).    

 

6. Inhibition of PFK-2. The results obtained with the PFK-2 inhibitor, 3PO, 

should be considered with caution, as the compound inhibited PFK-2 activity 

of all four PFKFB isoenzymes (paper 1, Fig.4). Nevertheless, treatment of 

ConA stimulated thymocytes with a non-toxic dose of 3 µM 3PO led to 

parallel and significant decreases in lactate accumulation (paper 1, Fig.5A), 

Fru-2,6-BP concentration (paper 1, Fig.5C), and rates of cell proliferation 

(paper 1, Fig.7A) and protein synthesis (paper 1, Fig.7B) accompanied by 
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small (~20%) but significant decreases in S6K1 and 4E-BP1 phosphorylation 

(paper 1, Fig.7E-F). 

 

7. Knockdown of PKB α /β  and PFKFB3/4 in Jurkat cells. We confirmed 

results obtained with MK-2206 in ConA-stimulated thymocytes by using 

siRNA knockdown of PKB α/β in more easily transfectable Jurkat E6-1 cells. 

siRNA silencing of PKB α/β reduced the rates of cell proliferation and protein 

synthesis (paper 1, Fig.8E-F) as expected but also decreased lactate 

accumulation (paper 1, Fig.8B), Fru-2,6-BP content (paper 1, Fig.8C) and 

glucose uptake (paper 1, Fig.8D). Therefore the data support a role for PKB in 

the regulation of PFKFB3/4 expression and glucose uptake in ConA-stimulated 

cells. As expected, PFKFB3 and PFKFB4 silencing decreased lactate 

accumulation (paper 1, Fig.8B) and Fru-2,6-BP content (paper 1, Fig.8C). 

Surprisingly, siRNA silencing of PFKFB3 or PFKFB4 significantly reduced 

the rates of cell proliferation and protein synthesis (paper 1, Fig.8E-F). 

Therefore, despite constitutive activation of the PI3K/PKB signaling in Jurkat 

E6-1 cells, reduced expression of PFKFB3 or PFKFB4 proteins is sufficient to 

affect cell proliferation and protein synthesis. 
 

 

CONCLUSION 
 

Taken together, the findings suggest that the increase in PFKFB3 and PFKFB4 

expression, but not PFKFB3 Ser461 phosphorylation, plays a role in increasing 

glycolysis in mitogen-stimulated thymocytes. PKB phosphorylation and PFKFB3 

expression were increased in resting cells at later time points and similar levels of 

PKB Ser473 phosphorylation and PFKFB3/4 were observed at certain time points 

in both resting and ConA-stimulated thymocytes (paper 1, Fig. 2C-F; Fig. 3C). 

However, only ConA-stimulated cells display increases in cell proliferation and 
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protein synthesis. Thus, increased PKB Ser473 phosphorylation and PFKFB3 alone 

would not be sufficient to induce the metabolic changes occurring during mitogen 

stimulation. The results implicate PKB in the upregulation of PFKFB3 and 

PKBFB4 and underline its importance for cell proliferation and protein synthesis 

during ConA stimulation. Rates of amino acid incorporation might be an 

underestimation of protein synthesis, since some proteins have a relatively short 

lifetime and protein degradation could also be occurring. However, we used a short 

window of phenylalanine incorporation, and hence the rates of amino acid 

incorporation that were measured mainly reflect net protein synthesis rather than 

total protein synthesis. Alternatively, an inhibitor of the ubiquitin-proteasome 

system or autophagy (such as compound SBI-0206965 or Spautin-1) could have 

been added a few minutes before adding the radioactive tracer. Concerning siRNA 

transfection, a difference in their efficacy should also take in account. However, 

immunoblotting does not allow to measure protein expression levels (due to 

different antibodies, different sensitivities, exposure time, different secondary 

antibodies, etc.). It might have been preferable to check mRNA expression 

quantitatively by qPCR. Therefore, comparing effects of siRNA knockdowns on 

glycolysis, cell proliferation and protein synthesis should be exercised with 

caution. Lastly, the data support a role for Fru-2,6-BP in coupling glycolysis to cell 

proliferation and protein synthesis. 
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PAPER 2:  

A conserved phosphatase destroys toxic glycolytic side products in mammals 

and yeast. 

 

Published in Nature Chemical Biology (2016) 12(8):601-7, co-author, contributed 

to expression and purification of PFKFB4 isoenzyme.  
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It is generally assumed that enzymes of intermediary metabo-
lism are perfectly specific. The reality is somewhat different; 
most enzymes have some action on substrates that structurally 

resemble their physiological substrate (or substrates)1,2, albeit with 
a much lower affinity and at a much lower rate. In rare cases, the 
resulting side products may be useful3 or allow organisms to adapt 
to modified metabolic demands4,5. In other cases, the side prod-
ucts are potentially toxic1,2, as shown by the fact that some of them 
are destroyed by dedicated enzymes and that deficiency in such 
‘metabolite repair’ enzymes may lead to disease. For example, a side 
activity of mitochondrial L-malate dehydrogenase, representing 
less than 1/107 of its normal activity in terms of catalytic efficiency, 
leads to the formation of L-2-hydroxyglutarate. If the latter is not 
degraded by the metabolite repair enzyme L-2-hydroxyglutarate 
dehydrogenase, it accumulates in tissues to concentrations in the 
millimolar range, thereby causing a neurological disease known as 
L-2-hydroxyglutaric aciduria in humans2,6,7. This example also illus-
trates that, even at very low production rates, some side products 
may accumulate to high concentrations if they are not eliminated by 
dedicated enzymes2,8.

A few metabolite repair enzymes have been identified (~15 are 
mentioned in ref. 2), but presently it is not known whether a simi-
lar repair mechanism applies to glycolysis, one of the most ancient 
metabolic pathways. As a starting point for the present study, we 
reasoned that the formation of side products might be particularly 
important in glycolysis because even very small side activities could 
lead to the formation of substantial amounts of side products at 
the high concentration of the enzymes involved in this pathway9. 
Hence, we decided to investigate whether a core enzyme of glycoly-
sis can produce a potentially toxic side product that would need to 
be eliminated by an as-yet-unidentified metabolite repair enzyme. 

These investigations led to the discovery of a single highly con-
served enzyme that eliminates side products made by two central 
glycolytic enzymes, glyceraldehyde 3-phosphate dehydrogenase and 
pyruvate kinase.

RESULTS
PGP eliminates 4-P-erythronate, a side product of GAPDH
The glycolytic enzyme GAPDH catalyzes the oxidative phospho-
rylation of the three-carbon substrate glyceraldehyde 3-phosphate 
to 1,3-bisphosphoglycerate, which is further metabolized by phos-
phoglycerate kinase to 3-phosphoglycerate (3-P-glycerate; Fig. 1a 
and Supplementary Results, Supplementary Fig. 1). GAPDH also 
has some activity on erythrose-4-phosphate10, a four-carbon analog  
of its physiological substrate that is present in nearly all cells as 
an intermediate of the pentose phosphate pathway (Fig. 1a and 
Supplementary Fig. 1). The problem of this side activity (the mech-
anism of which is further investigated below) is that it eventually 
leads to the formation of 4-phosphoerythronate (4-P-erythronate),  
a potent inhibitor of 6-phosphogluconate dehydrogenase10,11. Hence, 
accumulation of this side product could reach concentrations sus-
ceptible to inhibit the pentose phosphate pathway unless an enzyme 
existed that serves to destroy it (Fig. 1a). We therefore hypothesized 
that living cells contain a 4-P-erythronate phosphatase and that this 
enzyme is needed for the coexistence of glycolysis and the pentose 
phosphate pathway.

Using radiolabeled 4-P-erythronate as substrate, we indeed 
found that mammalian tissue extracts show substantial phosphatase 
activity on this phosphate ester. The phosphatase was partially  
purified from human erythrocytes (Fig. 1b) and displayed kinetic 
properties shared by phosphatases of the haloacid dehalogenase 
family (Supplementary Fig. 2a)12. Furthermore, the 4-P-erythronate  

1Walloon Excellence in Lifesciences and Biotechnology (WELBIO), Brussels, Belgium. 2Laboratory of Physiological Chemistry, de Duve Institute, Université 
Catholique de Louvain, Brussels, Belgium. 3Ludwig Institute for Cancer Research, Brussels, Belgium. 4Protein Phosphorylation Unit, de Duve Institute, 
Université Catholique de Louvain, Brussels, Belgium. 5Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette, 
Luxembourg. 6These authors contributed equally to this work. 7These authors jointly supervised this work. *e-mail: emile.vanschaftingen@uclouvain.be or 
guido.bommer@uclouvain.be

A conserved phosphatase destroys toxic glycolytic 
side products in mammals and yeast
François Collard1,2,6, Francesca Baldin1,2,6, Isabelle Gerin1,2, Jennifer Bolsée1,2, Gaëtane Noël1,2,  
Julie Graff1,2, Maria Veiga-da-Cunha1,2, Vincent Stroobant3, Didier Vertommen4, Amina Houddane4, 
Mark H Rider4, Carole L Linster5, Emile Van Schaftingen1,2,7* & Guido T Bommer1,2,7*

Metabolic enzymes are very specific. However, most of them show weak side activities toward compounds that are structurally 
related to their physiological substrates, thereby producing side products that may be toxic. In some cases, ‘metabolite repair 
enzymes’ eliminating side products have been identified. We show that mammalian glyceraldehyde 3-phosphate dehydroge-
nase and pyruvate kinase, two core glycolytic enzymes, produce 4-phosphoerythronate and 2-phospho-L-lactate, respectively. 
4-Phosphoerythronate strongly inhibits an enzyme of the pentose phosphate pathway, whereas 2-phospho-L-lactate inhibits  
the enzyme producing the glycolytic activator fructose 2,6-bisphosphate. We discovered that a single, widely conserved 
enzyme, known as phosphoglycolate phosphatase (PGP) in mammals, dephosphorylates both 4-phosphoerythronate and 
2-phospho-L-lactate, thereby preventing a block in the pentose phosphate pathway and glycolysis. Its yeast ortholog, Pho13,  
similarly dephosphorylates 4-phosphoerythronate and 2-phosphoglycolate, a side product of pyruvate kinase. Our work  
illustrates how metabolite repair enzymes can make up for the limited specificity of metabolic enzymes and permit high flux  
in central metabolic pathways. 
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phosphatase activity copurified with (Fig. 1b) and showed a similar 
tissue distribution to (Supplementary Fig. 2b,c) phosphoglycolate 
phosphatase (PGP), a haloacid dehalogenase family member that is 
particularly active in erythrocytes13,14.

To confirm that PGP is responsible for the 4-P-erythronate phos-
phatase activity, we overexpressed and purified recombinant mouse 
PGP. Among several potentially physiological phosphate esters,  
4-P-erythronate, 2-phosphoglycolate (2-P-glycolate) and 2-phospho- 
L-lactate (2-P-L-lactate) were by far the best substrates, with com-
parable catalytic efficiencies (Fig. 1c and Supplementary Fig. 3a).  
An almost identical substrate specificity profile was observed for the 
Saccharomyces cerevisiae homolog Pho13 (Supplementary Fig. 3a,b). 
At first sight, their substrate spectra might suggest lack of specificity 
of PGP and Pho13. However, we noted that, despite close structural 
similarity to 2-P-glycolate and 4-P-erythronate, the canonical glyco-
lytic intermediates 3-P-glycerate and 2-P-glycerate were poor sub-
strates (Fig. 1c and Supplementary Fig. 3b,c), indicating that PGP 
and Pho13 spare these important metabolites and show a ‘negative’ 
specificity that has been maintained during evolution.

4-P-erythronate inhibits 6-P-gluconate dehydrogenase
To investigate the role of PGP in cellular metabolism, we inactivated 
the PGP gene in the human colorectal cancer cell line HCT116 using 
the CRISPR/Cas9 system (subsequently referred to as PGP KO 
cells)15. Biallelic inactivation was confirmed by sequencing and by 
showing that the PGP protein was absent (Supplementary Fig. 4a,b  
and Supplementary Table 1). We then measured metabolite con-
centrations by targeted GC/MS analysis. In wild-type cells, 4-P-
erythronate was barely detectable. In contrast, knockout cells 
showed at least a ten-fold increase in 4-P-erythronate concen-
tration that reached 20–30 M (PGP KO clone no. 3) and was 
reduced to normal levels upon reexpression of PGP (Fig. 2a and 
Supplementary Fig. 4c). 2-P-glycolate could not be detected reli-
ably, suggesting that its production is minimal in our experimental 
system (i.e., <2 M). However, we did observe a strong increase in 
2-phospholactate (2-P-lactate) concentrations (reaching 2–4 mM; 
Fig. 2b and Supplementary Fig. 4d).

Previous studies had identified 4-P-erythronate as an extremely 
potent inhibitor of 6-phosphogluconate dehydrogenase (6-P-gluconate 
dehydrogenase), most likely because of its structural resemblance  

to the ene-diolate intermediate occurring during the reaction of  
6-P-gluconate dehydrogenase (Supplementary Fig. 4g). This  
indicated that accumulation of 4-P-erythronate might lead to  
disturbances in the oxidative pentose phosphate pathway (Fig. 1a).  
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Figure 1 | Elimination of the GAPDH side product 4-P-erythronate by PGP. (a) Working hypothesis of the present paper. Schematic representation 
of the canonical and side reactions of GAPDH and of the inhibitory effect of the side product 4-P-erythronate (4PE) on 6-P-gluconate dehydrogenase 
(6PGDH). PGK, phosphoglycerate kinase; 6PG-lactone, 6-P-gluconolactone; Ru5P, ribulose-5-P; MW, molecular weight. (b) 4-P-erythronate phosphatase 
activity copurifies with PGP. Fractions from a gel filtration column were analyzed for 4PE phosphatase activity (4PE-Pase, open squares), 2-P-glycolate 
phosphatase activity (PGPase, open triangles) and protein concentration (A280, filled circles) and were subjected to western blot analysis with anti-PGP. 
(c) Activity of recombinant mouse PGP toward the indicated substrates (1 mM) was assessed by measuring Pi release and is expressed per min and mg  
of protein. Values are shown as mean  s.e.m. of three independent experiments. Uncropped gel images are available in Supplementary Figure 15.
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Figure 2 | Accumulation of 4-P-erythronate in PGP KO cells leads to 
inhibition of the pentose phosphate pathway. (a,b) Targeted GC/MS 
analysis of 4-P-erythronate (4PE) (a) and 2-P-lactate (b) was performed 
in parental HCT116 (WT) and a phosphoglycerate kinase (PGP) knockout 
clone (PGP KO #1) after infection with a retrovirus driving expression  
of PGP or an empty vector (Ctrl). (c) Activity of 6-P-gluconate 
dehydrogenase (6PGDH) from human red blood cells (RBCs) and  
yeast was measured in the presence of the indicated concentrations  
of 4-P-erythronate. Values presented are mean  s.d. (n = 3 independent 
experiments) and are normalized to the activity of the enzyme in the 
absence of 4-P-erythronate. (d) Targeted GC/MS analysis of 6-P-gluconate 
in the same samples as described in a. Metabolite measurements (a,b,d) 
represent mean  s.e.m. of four independent experiments performed in 
triplicates and are normalized to concentrations in wild-type control  
(WT ctrl) cells within each experiment. Asterisks indicate multiplicity-
adjusted P values (P < 0.05) obtained from Dunnett’s multiple-comparisons  
test performed on log-transformed values. Complementary data to this 
figure are available in Supplementary Figure 4.
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To our surprise, in these studies, 4-P-erythro-
nate was found to inhibit 6-P-gluconate dehy-
drogenase from Trypanosoma brucei with a Ki 
of 0.13 M, whereas the sheep liver enzyme 
was 83-fold less sensitive11. For both human 
and yeast 6-P-gluconate dehydrogenase, we 
observed a half-maximum inhibitory concen-
tration (IC50) of <1 M for 4-P-erythronate 
(Fig. 2c). The concentration of this compound 
in PGP KO cells was at least 20 times higher 
(i.e., > 20 M). Thus, we anticipated that these 
cells would accumulate 6-P-gluconate. Indeed, 
we observed a more than 100-fold increase 
in the concentrations of 6-P-gluconate and  
its dephosphorylation product gluconate in 
PGP KO cells (Fig. 2d and Supplementary 
Fig. 4e,f). These observations indicate that 
PGP eliminates the GAPDH side product 4-P-
erythronate, which would otherwise inhibit 
6-P-gluconate dehydrogenase.

The oxidative pentose phosphate pathway is 
a major source of NADPH. Hence, inhibition 
of 6-P-gluconate dehydrogenase activity by 
4-P-erythronate could be expected to reduce 
the cellular NADPH/NADP+ ratio. However, 
in our experimental system, loss of PGP did 
not affect this ratio in cells (Supplementary 
Fig. 5a) and only slightly slowed down cel-
lular growth (Supplementary Fig. 5b,c). This 
is consistent with recent observations indicat-
ing that NAPDH production in certain cancer 
cells largely relies on other sources16.

Increase of 2-P-L-lactate and decrease 
of fructose 2,6-BP
To our surprise, glucose consumption and lac-
tate production in PGP KO cells were reduced 
by about 40% (Fig. 3a,b and Supplementary 
Fig. 6a,b), indicating a reduction in glycolytic 
flux, whereas cellular oxygen consumption 
was increased (Supplementary Fig. 6d). Intracellular concentra-
tions of several glycolytic intermediates downstream of phos-
phofructokinase-1 (dihydroxyacetone phosphate, 3-P-glycerate, 
phosphoenolpyruvate (P-enolpyruvate), lactate and pyruvate) were 
reduced, but levels of hexose-6-phosphate, which is upstream of 
phosphofructokinase-1, were not (Supplementary Tables 2 and 3). 
These findings suggested that glycolysis was inhibited at the level 
of phosphofructokinase-1 (PFK-1), an enzyme influenced by many 
different allosteric regulators17. One of the most important activators 
of phosphofructokinase-1 is fructose 2,6-bisphosphate (fructose-
2,6-BP), a purely regulatory molecule synthesized by the enzyme 
phosphofructokinase-2 (PFK-2)18,19 (Fig. 3c). Measurements of 
fructose-2,6-BP showed that the concentration of this potent effec-
tor of phosphofructokinase-1 was in fact decreased by 80% in PGP 
KO cells (Fig. 3d and Supplementary Fig. 6c).

PFK-2 is inhibited by P-enolpyruvate. Given the structural 
similarity between 2-P-lactate and P-enolpyruvate, we wondered 
whether the 2-P-lactate accumulating in PGP KO cells might inhibit 
PFK-2 (Fig. 3c). To test this hypothesis, we measured PFK-2 activity  
in crude lysates obtained from wild-type HCT116 cells and observed 
70% inhibition when 100 M 2-P-L-lactate was added (Fig. 3e). 
Cellular PFK-2 activity is contributed by several bifunctional 
enzymes that have both PFK-2 and fructose-2,6-bisphosphatase 
activities. These isozymes are produced from four different genes 
(PFKFB1–PFKFB4) and differ in organ-specific expression, ratio of 
kinase to phosphatase activity and regulation by allosteric regulators  

and covalent modifications18. To test which isoforms are inhib-
ited by 2-P-L-lactate, we generated recombinant partially purified 
PFKFB2, PFKFB3 and PFKFB4 proteins. The effect of 2-P-L-lactate 
on the PFK-2 activity of each of these isoenzymes was markedly 
different, ranging from an IC50 <10 M for PFKFB4 and PFKFB3 
(the two major isoforms expressed in HCT116 cells) to hardly 
any inhibition in PFKFB2, the form expressed mainly in the heart  
(Fig. 3f). This indicates that the cell-specific expression pattern of 
PFKFB isoenzymes most likely determines the degree of PFK-2 
inhibition by 2-P-L-lactate.

Given that cellular 2-P-L-lactate concentrations reach more than 
1 mM in PGP KO cells, 2-P-L-lactate most likely contributes to 
the reduction in fructose-2,6-BP levels observed in PGP KO cells.  
In turn, by reducing levels of this important glycolytic regula-
tor, 2-P-L-lactate accumulation might contribute to the observed  
reduction in glucose consumption (Fig. 3a,b).

Previous in vitro studies had suggested that 2-P-lactate can be 
produced when pyruvate kinase acts on L-lactate, an end product 
of glycolysis20. Indeed, incubation of recombinant pyruvate kinase 
M2 with L-lactate and ATP led to the formation of 2-P-L-lactate, 
albeit at a very slow rate (for example, 1.3 nmol min−1 mg−1 at  
5 mM L-lactate) and with an estimated Km of more than 30 mM  
(compared to the forward reaction with a Km of 142 M and a Vmax of 
100 mol min−1 mg−1; Fig. 3g). To test whether direct phosphoryla-
tion of lactate occurs in cells, we incubated PGP KO cells with lactate 
in which all three hydrogen atoms on carbon 3 were replaced with 
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described in Figure 2a. (c) Schematic representation of the formation of 2-P-lactate and of the 
hypothesis about its metabolic function. (d) Fructose-2,6-BP concentrations were determined in 
cell lines described in Figure 2. (e,f) PFK-2 activity was measured in crude lysates of HCT116 cells 
in the presence of 0.5 mM fructose-6-P (e) or with partially purified PFKFB2, PFKFB3 or PFKFB4  
in the presence of 100 M fructose-6-P (f). Values were normalized to the activity in the absence 
of 2-P-lactate within each experiment. (g) Activity of recombinant human pyruvate kinase M2  
on L-lactate was assayed in the presence of 2.5 mM ATP. (h) Mass isotopomer distribution of 
2-P-L-lactate in PGP KO cells upon treatment with 3 mM C3-2H3-L-lactate for 6 h. Values represent 
mean  s.e.m. of four (a,b) or three (d–g) independent experiments and were normalized to values 
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indicate multiplicity-adjusted P values (P < 0.05) obtained from Dunnett’s multiple-comparisons 
test (a,b,d) or Student’s t-test (e). Complementary data are available in Supplementary Figure 6.
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deuterium (C3-2H3-L-lactate). As we would have expected if lactate 
had been directly phosphorylated, we observed almost exclusively 
m+3 isotopomers of 2-P-lactate (Fig. 3h). In contrast, we almost 
observed no m+2 and m+1 isotopomers, which would be present 
if P-lactate were formed indirectly, for example, by a hypothetical  
enzyme that would reduce P-enolpyruvate. Although these data 
indicate that pyruvate kinase contributes to 2-P-lactate production, 
a role for other kinases in this process cannot be excluded.

Collectively, our findings indicate that suppression of PGP  
activity causes increases in the concentration of 4-P-erythronate and 
2-P-L-lactate, which in turn inhibit 6-P-gluconate dehydrogenase 
and PFK-2, respectively. These changes profoundly affect glucose 
metabolism through the pentose phosphate pathway and glycolysis.

The metabolite repair system is conserved in yeast
S. cerevisiae Pho13 has a similar specificity to PGP (Supplementary 
Fig. 3b). Hence, we predicted that PHO13-deficient cells would dis-
play similar metabolic perturbations to mammalian PGP KO cells. 
Using targeted GC/MS analysis, we confirmed that 4-P-erythronate 
and 6-P-gluconate accumulated in PHO13-deficient yeasts more 
than 20-fold and more than 5-fold, respectively (Fig. 4a,b and 
Supplementary Fig. 7a,b,d). In contrast, we did not observe any 
2-P-lactate, consistent with the fact that L-lactate, the metabolite 
from which 2-P-L-lactate is made, is absent from yeast. In com-
parison to mammalian PGP KO cells, PHO13-deficient yeast cells 
showed a more modest increase in 6-P-gluconate levels (10-fold ver-
sus 100-fold). We therefore investigated the hypothesis that a tran-
scriptional response may partially mask the effect of 6-P-gluconate 
dehydrogenase inhibition caused by 4-P-erythronate in yeast. As 
shown in Supplementary Figure 8a and as independently found 
by others21, PHO13-deficient cells markedly upregulated a series 
of genes encoding enzymes of the pentose phosphate pathway and 
of gluconate metabolism, an effect that might partially prevent an 
increase in 6-P-gluconate concentrations (Supplementary Fig. 8b).  
Notably, 2-P-glycolate levels were increased eight-fold in Pho13 
mutant cells (Fig. 4c and Supplementary Fig. 7c), consistent with 
the previous observation that this metabolite can be formed by yeast 
pyruvate kinase from glycolate22.

Hence, our data indicate that elimination of the GAPDH side 
product 4-P-erythonate by PGP and Pho13 has been conserved 
between yeast and humans. In this context, it is important to men-
tion that dephosphorylation of 2-P-glycolate by PGP homologs is 
also highly conserved and serves a well-defined function in plants, 
where 2-P-glycolate is formed in a side reaction of the photosyn-
thesis enzyme ribulose-1,5-bisphosphate carboxylase3,23. In con-
trast, a previously described weak protein phosphatase activity  

for Pho13 and PGP is not conserved, as in these studies PGP 
acted on phosphotyrosine and Pho13 acted on phosphoserine and 
phosphothreonine24,25.

Mechanism of 4-P-erythronate formation
Although our data demonstrate that PGP and Pho13 are respon-
sible for 4-P-erythronate degradation, the molecular details of the 
formation of 4-P-erythronate by GAPDH are still unclear. To test 
whether GAPDH contributes to the formation of 4-P-erythronate 
in cells, we knocked down this enzyme in two PGP KO clones using 
shRNAs (Fig. 5a). Concentrations of 4-P-erythronate in GAPDH 
knockdown cells were significantly decreased (P < 0.05; Fig. 5b, 
Supplementary Fig. 9a), suggesting that this metabolite is indeed 
produced by this enzyme (Fig. 5b, Supplementary Fig. 9b). This 
decrease was paralleled by a decrease in 6-P-gluconate concentra-
tions (Fig. 5c), consistent with the model in which 6-P-gluconate 
accumulates because of the inhibitory action of 4-P-erythronate on 
6-P-gluconate dehydrogenase (Fig. 1a).

GAPDH catalyzes the oxidative phosphorylation of glyceralde-
hyde-3-phosphate (glyceraldehyde-3-P) to 1,3-bisphosphoglycer-
ate (Fig. 1a), which contains a high-energy acyl-phosphate bond 
needed to make ATP from ADP in the reaction catalyzed by phos-
phoglycerate kinase. By analogy, we reasoned that GAPDH might 
convert erythrose-4-phosphate (erythrose-4-P) to 1,4-bisphospho-
erythronate (1,4-BP-erythronate; Fig. 5d), which would then be 
dephosphorylated to 4-P-erythronate by phosphoglycerate kinase 
(Fig. 5d) or another enzyme able to sever the acyl-phosphate bond 
(Fig. 5d). Alternatively, 4-P-erythronate could be directly formed 
by GAPDH if the thioacyl-intermediate formed during the catalytic 
cycle is directly hydrolyzed (Fig. 5d), as previously shown for the 
bacterial enzyme erythrose-4-P dehydrogenase26. The experiments 
reported in the following paragraphs indicate that GAPDH converts 
erythrose-4-P mainly to 1,4-BP-erythronate.

When GAPDH was incubated with glyceraldehyde-3-P, inor-
ganic phosphate and Pi, the concentration of NADH increased and 
rapidly reached a plateau (after ~2 min in Fig. 5e) because the reac-
tion had reached its thermodynamic equilibrium. Accordingly, the 
reaction resumed upon either the addition of phosphoglycerate 
kinase and ADP or of recombinant acylphosphatase 1, a mamma-
lian enzyme that hydrolyzes different acyl phosphates27 (Fig. 5e).  
The reaction also resumed upon addition of arsenate because 
this structural analog of phosphate leads to the formation of  
an extremely unstable acyl-arsenate intermediate (Fig. 5e) that 
spontaneously hydrolyzes28.

The reaction catalyzed by GAPDH on erythrose-4-P is much 
slower than the one it catalyzes on glyceraldehyde-3-P and there-
fore requires much higher (~100-fold) enzyme concentrations to 
be studied. As observed with glyceraldehyde-3-P, the formation 
of NADH catalyzed by GAPDH with erythrose-4-P slowed down 
with time and was accelerated by the addition of phosphoglycer-
ate kinase (+ADP), acyl-phosphatase or arsenate, indicating that 
1,4-BP-erythronate was formed. However, the reaction performed 
in the absence of arsenate, acyl-phosphatase or phosphoglycerate 
kinase did not reach a plateau in the rather long (up to 50 min) time 
frame that we investigated, suggesting that part of the erythrose-4-P 
might be directly converted to 4-P-erythronate.

Acylphosphatase 1 was much better than phosphoglycerate kinase 
at using 1,4-BP-erythronate as it led to a comparable acceleration  
of the GAPDH reaction on erythrose-4-P at much lower enzyme 
concentrations (Fig. 5f). Still, as phosphoglycerate kinase is pres-
ent in cells at much higher concentrations than acylphosphatase 1 
(ref. 9), both enzymes most likely contribute to the formation of  
4-P-erythronate in vivo. In contrast, phosphoglycerate kinase was 
much better than acylphosphatase 1 at using 1,3-bisphosphoglycerate  
(Fig. 5e). Hence, in cells, acylphosphatase 1 is not expected to repre-
sent a relevant bypass for the phosphoglycerate kinase reaction.
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Figure 4 | The metabolite repair system is conserved in S. cerevisiae. 
(a–c) 4-P-Erythronate (4PE) (a), 6-P-gluconate (6PG) (b) and  
2-P-glycolate (c) concentrations were determined in wild-type (WT) or 
pho13 (KO) strains where the PHO13 cDNA (Pho13) or an empty vector 
(Ctrl) had been reintroduced. Concentrations were normalized to values 
measured in wild-type control (WT ctrl) cells within each experiment  
and are shown as mean  s.e.m. of three independent experiments. 
Asterisks indicate multiplicity-adjusted P values (P < 0.05) obtained  
from Dunnett’s multiple-comparisons test performed on log-transformed 
values. Complementary data are available in Supplementary Figure 7.
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To estimate the relative rate of the side reaction catalyzed by 
GAPDH, we compared its activities on erythrose-4-P and glyceral-
dehyde-3-P in the presence of arsenate, which stimulates both reac-
tions. This revealed that GAPDH has a 3,500-fold lower catalytic 

efficiency for erythrose-4-P than for glyceralde-
hyde-3-P (Supplementary Fig. 10a,b).

Confirmation of the involvement  
of 1,4-BP-erythronate
To confirm the formation of 1,4-BP-erythronate 
by GAPDH, we incubated erythrose-4-P with 
this enzyme and 32P-labeled Pi (in the presence of  
lactate dehydrogenase and pyruvate to consume 
the formed NADH and thereby favor the oxidation 
of erythrose-4-P). We next chromatographed the 
reaction mixture on an anion exchanger to sepa-
rate [32P]1,4-BP-erythronate from radiolabeled Pi 
(eluting at 125 mM NaCl). A peak of radioactivity 
eluting at a higher salt concentration than Pi was 
indeed observed (Fig. 5g,h). This peak was sup-
pressed when acylphosphatase 1 was present in  
the incubation mixture (Fig. 5i), indicating that it 
corresponded to 1,4-BP-erythronate.

If 4-P-erythronate formation from erythrose-4-P 
involves 1,4-BP-erythronate as an intermediate, we 
expected that, conversely, 4-P-erythronate would  
be converted to erythrose-4-P in the combined 
presence of phosphoglycerate kinase, GAPDH,  
ATP and NADH (i.e., the reverse of reactions 1–3 
in Fig. 5d). Indeed, incubation of 4-P-erythro-
nate led to the formation of a compound that was 
reduced by GAPDH in the presence of NADH 
(Supplementary Fig. 11). The decrease in the  
concentrations of NADH corresponded to the con-
centration of 4-P-erythronate added to the assay, 
indicating that the observed activity was not due  
to a minor contaminant potentially present in the 
4-P-erythronate preparation.

Finally, to ensure that PGP was able to act  
on the 4-P-erythronate formed as a result of 
GAPDH’s action, we incubated this enzyme  
with NAD+ and erythrose-4-P with or without PGP 
and/or acylphosphatase 1. In the absence of PGP, 
erythrose-4-P was partially converted to 4-P-
erythronate, and this conversion was enhanced 
by acylphosphatase 1, confirming that part of the 
erythrose-4-P is converted to 1,4-BP-erythronate 
(Supplementary Fig. 12). When PGP was also  
present, 4-P-erythronate was almost completely con-
verted to erythronate. The fact that acylphosphatase 
1 stimulated the formation of 4-P-erythronate  
in the absence of PGP and stimulated the forma-
tion of erythronate in its presence confirmed that 
the oxidation of erythrose-4-P by GAPDH largely 
proceeds through 1,4-BP-erythronate.

DISCUSSION
With few exceptions, little attention has been 
paid to side reactions catalyzed by major enzymes  
of intermediary metabolism. Yet detailed charac-
terization of enzymes in the past has disclosed side 
activities on substrates that are present in cells. 
In fact, the reason some expected side products 
are absent from cells is that they are destroyed by 
metabolite repair enzymes2. PGP, conserved in 
yeast as Pho13, is remarkable in this ‘sanitizing’ 

function. It acts best on three abnormal metabolites but does not act 
substantially on ‘classical’ phosphate esters belonging to major met-
abolic pathways (Fig. 6). Its role in destroying 4-P-erythronate and  
2-P-L-lactate in mammalian cells is supported by the finding 
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Figure 5 | 4-P-erythronate is formed by GAPDH via a 1,4-BP-erythronate intermediate, 
which is dephosphorylated by acylphosphatase or phosphoglycerate kinase.  
(a–c) Western blot analysis (a) and targeted GC/MS analysis of 4-P-erythronate  
(4PE) (b) and 6-P-gluconate (6PG) (c) of two PGP KO clones (1 and 3) expressing  
GAPDH or nonsilencing control (Ctrl) shRNAs. PGK, phosphoglycerate kinase. Values  
are the mean of three samples from one representative experiment and are normalized 
to values obtained in wild-type control shRNA cells. Results from four independent 
experiments are shown in Supplementary Figure 9a,b. (d) Schematic representation of 
potential mechanisms of 4-P-erythronate formation by GAPDH, leading to the formation  
of a thioacyl intermediate (reaction 1) and 1,4-BP-erythronate (reaction 2), which can be 
further metabolized via phosphoglycerate kinase (reaction 3) or acylphosphatase (reaction 4).  
Alternatively, the thioacyl intermediate could be directly hydrolyzed (reaction 5).  
(e,f) Progression of the reaction of GAPDH on 0.2 mM glyceraldehyde-3-P (e) or 0.2 mM 
erythrose-4-P (f) was measured spectrophotometrically in the presence of 5 mM inorganic 
phosphate (Pi) by following the absorption at 340 nm. Arrows indicate addition of 5 mM 
arsenate, mouse (mPGK) or yeast PGK (yPGK)  1 mM ADP or mouse acylphosphatase 
1 (mAcyP1). (g–i) Incorporation of [32P]Pi into 1,4-BP-erythronate upon incubation of 
erythrose-4-P with [32P]Pi and GAPDH. The reaction mixtures were chromatographed  
on an anion exchanger. Pi elutes at 125 mM NaCl, and the peak of radioactivity eluting  
with 300 mM NaCl depends on the presence of GAPDH (h) and is destroyed by 
acylphosphatase (i). Values in e–i are mean  s.e.m. of three independent experiments. 
Uncropped gels are available in Supplementary Figure 15.
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that these two compounds accumulate if PGP is knocked out. 
Concentrations of 4-P-erythronate in PGP KO cells are then more 
than 20 times higher than the IC50 for 6-P-gluconate dehydroge-
nase, leading to a marked accumulation of 6-P-gluconate. The 10- to  
40-fold increase in the concentration of 2-P-L-lactate most likely 
inhibits fructose-2,6-BP production and thereby might contribute 
to the reduction of glycolytic flux observed in PGP KO cells.

These findings indicate that the absence of the metabolite repair 
enzyme PGP in mammalian cells induces major perturbations in 
central carbohydrate metabolism. Glycolysis is an archetypical high-
flux pathway, and pyruvate kinase and GAPDH are among the most 
abundant proteins in cells9. Our data suggest the price of this high 
flux is the formation of side products that need to be eliminated to 
prevent negative interferences.

The catalytic efficiency of the action of GAPDH on erythrose-4-P 
is 3,500-fold lower than that on glyceraldehyde-3-P (Supplementary 
Fig. 6a,b). Likewise, the activity of pyruvate kinase on lactate is 
several orders of magnitude lower than the physiological pyruvate 
kinase reaction. Hence, both side reactions represent negligible 
fractions of the overall activity of these enzymes. Nevertheless, in 
the absence of PGP, the side products accumulated to levels similar 
to or even above those of regular metabolites (20–30 M for 4-P-
erythronate; 2–4 mM for 2-P-L-lactate). Though this accumulation 
may seem surprising, it is not unexpected as a similar accumulation 
was indeed previously observed in the case of L-2-hydroxyglutarate6. 

Even if the production rate is very low, side products will continue 
to accumulate in the absence of the dedicated repair enzyme until 
nonspecific mechanisms of degradation (or export) reach a rate 
that matches the production rate. If, for instance, these nonspecific 
mechanisms are 200-fold less efficient than the specific metabolite 
repair enzyme (for example, their Km is 200-fold higher and the 
Vmax is the same), the steady-state concentration of side product is 
expected to be 200-fold higher in the absence than in the presence 
of the specific repair enzyme. Side products may also accumulate 
until the reaction that produces them reaches its thermodynamic 
equilibrium, but again, this may occur at side product concentra-
tions that are orders of magnitude higher than the level normally 
maintained by the metabolite repair enzyme.

Advances in metabolomics have revealed that the cellular metab-
olome is considerably more complex than that expected on the basis 
of our knowledge of canonical metabolic pathways29. A considerable 
part of this complexity may result from side activities that form a 
kind of ‘underground metabolism’. This underground metabolism 
may be advantageous because it offers a repertoire of enzymatic 
reactions useful for microorganisms when they need to adjust to 
particular metabolic situations4,5. In contrast, some side products 
may need to be eliminated because they are inhibitors of enzymes 
of intermediary metabolism, as it is in the case for 4-P-erythronate, 
2-P-L-lactate (this work), L-2-hydroxyglutarate6 and 1,5-BP-xylu-
lose8. Furthermore, the formation of some side products may cause 
‘metabolite loss’. For example, formation of P-glycolate by a side 
reaction of Rubisco would lead to major carbon loss and inefficiency 
of photosynthesis were it not for the existence of a series of reactions 
allowing reconversion of P-glycolate to useful compounds3,23. Lastly, 
side product accumulation may lead to osmotic problems if they are 
not destroyed or extruded from cells.

Molecules such as fructose-2,6-BP and cyclic AMP are purely 
regulatory molecules; i.e., they exert a regulatory role without being 
intermediates in any known metabolic pathway. Similarly, both 4-P-
erythronate and 2-P-L-lactate are not intermediates in any known 
metabolic pathway in vertebrates, and they both modulate the activ-
ity of potentially rate-limiting enzymes. One may therefore wonder 
whether they could also have a regulatory role in cells, rather than 
just being unnecessary side products.

A major difference between fructose-2,6-BP and cyclic AMP,  
on the one hand, and 4-P-erythronate and 2-P-L-lactate, on the  
other hand, relates to their synthesis and breakdown. The for-
mer two compounds are synthesized and destroyed by dedicated 
enzymes, allowing their levels to be tightly controlled by many  
effectors. By contrast, 4-P-erythronate and 2-P-L-lactate are  
synthesized by enzymes whose main function is different, and 
because they are destroyed by a single enzyme their level cannot  
be independently controlled.

Other differences relate to the targets of 4-P-erythronate  
and 2-P-L-lactate; i.e., to the enzymes they regulate. The target of 
4-P-erythronate, 6-P-gluconate dehydrogenase, is not an ideal  
target to control metabolism as it catalyzes a reaction downstream 
of a regulated step (the reaction catalyzed by glucose-6-phosphate 
dehydrogenase) in a linear sequence of reactions30. Furthermore, 
blocking its activity leads to accumulation of 6-P-gluconate and to 
some wasteful dephosphorylation of the latter to gluconate.

The situation is different for 2-P-L-lactate, which can inhibit 
the production of fructose-2,6-BP. As 2-P-L-lactate is formed from 
lactate, an end product of glycolysis, it might serve as a feedback 
inhibitor that slows down glycolysis when L-lactate accumulates. 
Although this speculation is tempting, it will be difficult to test for 
several reasons. First, 2-P-L-lactate most likely acts on PFK-2 via the 
same site as P-enolpyruvate, and these effects are not expected to be 
simply additive but rather dependent on many other regulators of 
this enzyme. Second, we do not have the ability to selectively chang-
ing the 2-P-L-lactate levels in cells. Third, the cellular response of 
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Figure 6 | Schematic representation of the metabolite repair  
function of PGP in central carbon metabolism. New metabolite repair 
activities and inhibitory interferences discovered or characterized in  
this paper are highlighted in green and red, respectively. The action  
of the known glycolytic activator fructose-2,6-BP is highlighted in blue. 
6PGDH, 6-P-gluconate dehydrogenase; PGK, phosphoglycerate kinase; 
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PFK-2 depends on the presence of different isoforms that strongly 
differ in their regulation by 2-P-L-lactate and other regulators18.

In conclusion, our work illustrates that the coexistence of differ-
ent metabolic pathways in cells causes major problems due to the 
many side reactions that are likely to occur. We demonstrate that 
metabolite repair enzymes can have an important role in preventing  
inhibitory interferences between metabolic pathways operating  
in parallel. Our work also suggests that the search for metabolite 
repair enzymes is an important strategy that will help to unravel 
the function of many remaining orphan enzymes in the human 
genome, including enzymes that provide key support for major 
metabolic pathways. 

Received 1 June 2015; accepted 28 March 2016; 
published online 13 June 2016

METHODS
Methods and any associated references are available in the online 
version of the paper.
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ONLINE METHODS
Unless otherwise stated, chemicals were obtained from Sigma at the highest 
degree of purity.

Synthesis of erythrose-4-P. D-Erythrose-4-P was produced enzymatically  
by phosphoketolase (E.C.4.1.2.22 from Bifidus crudilactis, described below31) 
from fructose-6-P. Fructose-6-P (5 mM) was incubated in a mixture (5 ml) 
containing 25 mM MES, pH 6.0, 5 mM inorganic phosphate (or 0.1 mM arse-
nate), 1 mM MnCl2, 0.1 mM thiamine pyrophosphate, and 50 g of phosphoke-
tolase for 2 h at 30 °C. Because of its chemical instability, erythrose-4-P was not 
purified. Syntheses of [U-13C]erythrose-4-P and [U-14C]erythrose-4-P were 
performed similarly, starting with [U-13C]fructose-6-P or [U-14C]fructose-
6-P. [U-13C] Fructose-6-P was obtained by phosphorylation of [U-13C]fructose  
(25 mol; Cortecnet, France) upon incubation (1 h at 30 °C) in a reaction  
mixture (5 ml) containing 25 mM MES, pH 6.0, 5 mM ATP-Mg, 5 mM MgCl2 
and 50 g yeast hexokinase (Roche). [U-14C]Fructose-6-P was prepared from 
[U-14C]glucose (Amersham), which was incubated with hexokinase under  
the conditions described above in the presence of 5 g yeast phosphoglu-
cose isomerase (Sigma). For spectrophotometric assays, D-erythrose-4-P was 
obtained from Sigma.

Synthesis of 4-P-erythronate. U-13C-labeled, U-14C-labeled and nonlabeled 
4-P-erythronate were produced enzymatically from erythrose-4-P and the 
NAD-dependent erythrose-4-P dehydrogenase (gapB) from Escherichia coli 
K12 (ref. 32). Erythrose-4-P (5 mM) was incubated for 3 h at 30 °C in the 
presence of 100 g purified recombinant erythrose-4-P dehydrogenase in a 
mixture (final volume 5 ml) containing 25 mM Hepes, pH 7.5, 0.1 mM NAD,  
10 g lactate dehydrogenase from rabbit muscle (Roche) and 5 mM pyruvate. 
The reaction was stopped by heating 10 min at 80 °C, and the reaction mixture 
was diluted in 20 ml water and loaded on a 25 ml AG1-X8 Dowex column 
(Cl− form). The column was washed with 100 ml of water, a linear gradient of 
NaCl (0 to 1 M in 300 ml) was applied, and fractions (4 ml) were collected. For 
the detection of nonradioactive 4-P-erythronate, 50 l of the fractions were 
incubated with 1 g of alkaline phosphatase for 30 min at 30 °C in a mixture 
(100 l) containing 25 mM Tris, pH 8.0, 1 mM MgCl2 and 0.1 mM ZnCl2. The 
reaction was stopped by heating for 5 min at 80 °C, and inorganic phosphate 
was measured33. GC/MS analysis suggested >90% purity for 4-P-erythronate.  
For the purification of radiolabeled [U-14C4]4-P-erythronate, an aliquot  
(5 l) of each fraction was counted for radioactivity in the presence of Ultima 
Gold (Perkin Elmer) in a liquid scintillation counter. Fractions containing  
4-P-erythronate were lyophilized and freed from NaCl by filtration on a  
Bio-Gel P2 (Bio-Rad) column (50 cm × 1.0 cm) equilibrated with water.

Synthesis of 2-P-lactate. 2-P-lactate was synthesized as described previously34. 
Briefly, 0.5 ml of methyl-L-lactate or methyl-D-lactate were phosphorylated 
with a ten-fold molar excess of POCl3 in 5 ml of trimethylphosphate overnight 
at 0 °C. The reaction mixture was poured over 50 g of ice and immediately 
titrated to pH 9.5 with a saturated solution of lithium hydroxide. This solution 
was kept at pH 9.5 by repeated addition of lithium hydroxide for 3 h at room 
temperature (until the pH remained stable). The supernatant resulting from 
a centrifugation of 30 min at 5,000g and 4 °C was washed with two volumes 
of chloroform and saponified overnight at room temperature by addition of 
sodium hydroxide to a final concentration of 1 M. After adjusting the pH to 9.5 
with HCl, two volumes of acetone were added, and the resulting mixture was 
incubated for 2 h at 0 °C. The pellet obtained after centrifugation for 30 min  
at 5,000g and 4 °C was washed with acetone and dried; 0.5 g of this pellet was 
resuspended in 100 ml of water and loaded on an anion exchange column 
(AG1-X8, Cl− form, 200–400 mesh size, 15 × 1.9 cm). After washing with water 
(50 ml) and 10 mM HCl (25 ml), fractions were collected during an elution 
with 50 mM HCl. Fractions containing 2-P-lactate, as identified by measuring 
the phosphate released in the presence of alkaline phosphatase33, were lyophi-
lized, pooled and analyzed by GC/MS, suggesting >70% purity.

Purification and identification of 4-P-erythronate phosphatase from human 
erythrocytes. A hemolysate was prepared starting from 300 ml packed human 
erythrocytes as described35. The supernatant (800 ml) was diluted with 800 ml 

Buffer A (25 mM Hepes, pH 7.1, 1 mM DTT, 1 g/ml leupeptin and antipain) 
and loaded onto a 75-ml DEAE Sepharose column equilibrated with the same 
buffer. The column was washed, a linear gradient (0– 0.5 M NaCl in 2 × 250 ml  
buffer A) was applied, and fractions (5 ml) were collected. 4-P-erythronate 
and 2-P-glycolate phosphatase activities were measured in fractions (described 
below). Fractions containing 2-P-glycolate/4-P-erythronate phosphatase  
activity were pooled, diluted five-fold in Buffer B (25 mM Tris, pH 8.0, 1 mM 
DTT, 1 g/ml leupeptin and antipain) and loaded onto a 25-ml Q-Sepharose 
column equilibrated with Buffer B. A linear NaCl gradient (0–0.5 M NaCl in 
2 × 125 ml Buffer C) was applied. Fractions containing 4-P-erythronate phos-
phatase activity were pooled and concentrated to 2 ml in an Amicon Ultra 
30-kDa concentration unit (Millipore) and loaded onto a Superdex S-200 gel 
filtration column (GE Healthcare) in the presence of markers of molecular 
mass, as described previously36.

Fractions containing 2-P-glycolate/4-P-erythronate phosphatase activity 
were loaded on a 10% (w/v) polyacrylamide-SDS gel. After electrophoresis, the 
gel was stained with colloidal Coomassie Blue (Fermentas). The bands of inter-
est were cut out and digested with trypsin. Peptides were analyzed by capillary 
LC/tandem MS in a LTQ XL ion trap mass spectrometer (ThermoScientific) 
fitted with a microelectrospray source. The data were analyzed with the 
ProteomeDiscoverer software (ThermoScientific), and the proteins were 
identified with SEQUEST against a target-decoy nonredundant human pro-
tein database obtained from NCBI. The false discovery rate was below 5%. In 
parallel, fractions were analyzed by Western Blot analysis using an anti-PGP 
antibody (Santa-Cruz Biotechnology, described below).

Cloning and preparation of expression vectors. B. crudilactis phosphoke-
tolase (PKT; WP_034252558.1;), Mus musculus PGP (PGP; GenBank refer-
ence sequence NM_025954), glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; GenBank reference sequence NM_001289726), acylphosphatase 1 
(ACYP; GenBank reference sequence NM_001107.4), phosphoglycerate kinase 
1 (PGK; GenBank reference sequence NM_008828), Homo sapiens pyruvate 
kinase M2 (PKM2; GenBank reference sequence NM_002654) and S. cerevisiae  
S288c PHO13 (GenBank reference sequence NM_001180296) were PCR 
amplified from B. crudilactis genomic DNA (kind gift from V. Delcenserie and  
G. Daube, University of Liège), mouse liver cDNA, human cDNA obtained from 
the colorectal cancer cell line HT29 or yeast genomic DNA, using 5  primers 
(PKT: GTC CAT GGC CAT ATG ACC GAT TTC ACC TGG TCT GAA CTG 
GAC G; PGP: GTCC GAT CGC CAT ATG GCA GAG GCG GAA GCC GGT 
GGC; GAPDH: CGC GGG ATC CAT ATG GTG AAG GTC GGT GTG AAC G; 
ACYP: GTC CAT GGC CAT ATG GCA GAA GGG GAC ACC TTG; PGK: ATT 
CAA CAT ATG TCG CTT TCC AAC AAG CTG A; PHO13: GTC CAT GGC 
CAT ATG ACT GCT CAA CAA GGT GTA; PKM2: ATA CAA ACA TAT GTC 
GAA GCC CCA TAG TGA AG) containing a NdeI restriction site (in bold) and 
3  primers containing a BamHI site (PKT: GTTA GCA GCC GGA TCC TCA 
GGC CTT GGC TTC GGC GAT GGA GGC C; PGP: GTTA GCA GGC GGA 
TCC TTA ACC TTG AAG GGC AGG CAA GAG CTC GGC; ACYP: GCC ATG 
GAC GGA TCC TTA TTT TAC AAT TTG GAA GTC TGA ATA ATC C; PGK: 
ATA TTA GGA TCC CTA AAC ATT GCT GAG AGC ATC; PHO13: GCC ATG 
GAC GGA TCC CTA TAA CTC ATT ATT GGT TAA GGT) or containing an 
XhoI site (GAPDH: GAG CTC CTC GAG CTC CTT GGA GGC CAT GTA 
GGC; PKM2: TTA TAT CTC GAG CCA TCA CGG CAC AGG AAC AAC A). 
The resulting PCR products were inserted in the pET15b bacterial expression 
vector at the NdeI-BamHI or NdeI-XhoI sites. The expression vector for E. coli 
GapB (NP_417402.1) was obtained from the ASKA collection37.

Human PFKFB4 cDNA in the vector pCDNA3 was generously provided 
by R. Bartrons (University of Barcelona)38. The protein-coding sequence was 
amplified by PCR (EcoRI_PFKFB4 (forward) 5 -AAA AGA ATT CAT GGC 
GTC CCC ACG GGA A-3  and XhoI_PFKFB4 5 -AAA ACT CGA GTC ACT 
GGT GAG CAG GCA C-3  (reverse)) and inserted into the EcoRI and XhoI 
restriction sites of the vector pGEX-6P-1 (GE Healthcare). The expression 
vector for GST-tagged PFKFB2 was previously described39, and that used for 
GST-tagged PFKFB3 was a generous gift from L. Novellasdemunt (Francis 
Crick Institute)40.

To generate a retroviral vector for expression of murine PGP, we performed 
a PCR with primers mPGP_s ATA CAT TGT ACA CAC CAT GGC AGA GGC 
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GGA AG and mPGP_as TTA TAT GCG GCC GCC CAG AGA TTA AAG ACA 
CTA GAT CT on mouse liver cDNA using Pfu polymerase. This PCR product 
was initially inserted in a lentiviral vector via the restriction sites NotI and 
BsrGI and subsequently shuttled into the BamHI and EcoRI sites of the retrovi-
ral vector pBABE-PURO as a PCR product obtained with the primers mPGP_s2 
ATA CAT GGA TCC CAC CAT GGC AGA GGC GGA AG and mPGP_as2 
TTA TAT GAA TTC CCA GAG ATT AAA GAC ACT AGA TCT.

CRISPR-Cas9 constructs were generated by ligating two different annealed 
primer pairs (CRISP_PGP_s1 CAC CGG CAG CGG GCG TCG TCG CCA C 
and CRISP_PGP_as1 AAA CGT GGC GAC GAC GCC CGC TGC C, CRISPR_
PGP_s2 CAC CGG CGG CGC TCA GCC GCA CGC AG and CRISP_PGP_as2 
AAA CCT GCG TGC GGC TGA GCG CCG CC) into the vector pSpCas9(BB)-
2A-Puro (PX459) (a gift from F. Zhang, Massachusetts Institute of Technology; 
Addgene plasmid no. 48139)15. All constructs were validated by sequencing 
(Beckman Coulter Genomics).

Expression and purification of recombinant proteins. His-tagged proteins 
were produced in Bl21pLysS carrying the appropriate expression plasmid as 
previously described35. The expression of PKT was carried out at 16 °C for 24 h,  
and the expression of PGP, GAPDH, ACYP1, PGK, PKM2, Pho13 and GapB 
was carried out at 37 °C for 4 h. The preparation of bacterial extracts and the 
purification of recombinant proteins on His-trap columns and subsequent 
desalting on PD-10 columns was performed as described before12. Purity was 
estimated to be at least 80%, based on SDS-PAGE analysis using Coomassie 
Blue staining (Supplementary Fig. 14).

GST-tagged PFKFB2, PFKFB3 and PFKFB4 were expressed overnight at  
18 °C in BL21 E. coli cells induced with 0.5 mM IPTG. Bacteria were col-
lected by centrifugation (5,000g × 10 min at 4 °C), resuspended in one-tenth 
of the culture volume of ice-cold lysis buffer (50 mM Tris-HCl pH 7.5, 150 
mM NaCl, 0.1% (v/v) 2-mercaptoethanol, 0.01% (w/v) Brij 35, 0.5 mM PMSF,  
0.5 mM benzamidine Cl, 1 g/ml leupeptin and 1 g/ml aprotinin) and homog-
enized using a French press. The lysate was cleared by centrifugation (17,000g 
× 20 min at 4 °C), and the supernatant was passed through a 45- m mesh 
filter (Millex-HA, Merck-Millipore) before loading onto a GSH-Sepharose 
column (0.5 × 20 cm, GE Healthcare). After extensive washing, the column 
was eluted with a 0–10 mM gradient of GSH. Fractions were analyzed by  
SDS-PAGE followed by Coomassie Blue staining. Fractions containing  
GST-tagged PFKFB protein were pooled and concentrated using a 50-kDa 
ultra-filtration unit (Amicon) while changing the buffer to enzyme storage 
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) 2-mercaptoethanol 
and 10% (v/v) glycerol).

Tissue distribution of 4-P-erythronate phosphatase. Mouse (male, C57BL/6) 
tissues were homogenized with 3 ml/g Buffer A (25 mM Hepes, pH 7.1,  
120 mM NaCl) and centrifuged for 30 min at 18,000g. The supernatants were 
used for the measurements of 4-P-erythronate phosphatase activity using  
radiolabeled substrate. Protein was assayed with the method of Bradford  
using bovine  globulin as a standard (Bio-Rad). A relative quantification of 
4-P-erythronate/2-P-glycolate phosphatase (PGP) was performed by quan-
titative western blot on an Odyssey Infrared Imager (Licor) using anti-PGP 
antibodies (Sigma Aldrich, diluted 1:2,000) and IRdye 680 anti-goat secondary 
antibodies (Licor, diluted 1:5,000).

Enzymatic assays. Phosphatase activity assays were performed at 30 °C in a 
mixture (usually 100 l) containing 25 mM Tris, pH 7.1, 1 mM MgCl2 and  
various concentrations of substrate and the appropriate amount of enzyme and 
incubation time to remain below 20% substrate consumption. The incuba-
tion was stopped (typically after 20–30 min) by heating 5 min at 80 °C. The 
denatured proteins were removed by centrifugation (15 min at 15,000g at 4 °C) 
and the released inorganic phosphate was measured according to the method 
described in ref. 33.

A more sensitive 4-P-erythronate phosphatase assay was also performed 
using radiolabeled [U-14C]4-P-erythronate in a mixture (200 l final volume) 
comprising, unless otherwise stated, 25 mM Hepes, pH 7.1, 5 mM glucose-
6-P, 1 mM MgCl2, 30,000 c.p.m. radiolabeled 4-P-erythronate and unlabeled  
4-P-erythronate in concentrations ranging from 0 mM to 1 mM. After  

30 min at 30 °C, the reaction was stopped by heating 5 min at 80 °C and centri-
fuged (15 min at 15,000g at 4 °C). The resulting supernatant was diluted with  
0.8 ml 10 mM Hepes, pH 7.1 (buffer C) and applied onto a 1-ml Dowex 
AG1-X8 column (Cl− form, 100–200 mesh, Acros Organics) prepared in a 
Pasteur capillary pipette. The resin was washed with 4 ml of buffer C, followed 
by 8 ml of 75 mM NaCl in buffer C to elute [U-14C]erythronate and then 8 ml 
of 150 mM NaCl in buffer C to elute [U-14C]4-P-erythronate. Fractions (2 ml) 
were collected and counted for radioactivity in the presence of Ultima Gold 
(Perkin Elmer) in a liquid scintillation counter.

Fructose-2,6-BP concentrations were determined in cellular lysates obtained 
by lysis in 0.1 M NaOH as described before41 and normalized to protein con-
centrations. PFK-2 activity was assessed by measuring the fructose-2,6-BP 
formation in a 500- l reaction containing 25 mM Hepes, pH 7.1, 2 mM MgCl2, 
25 mM KCl, 1 mM Pi, 500 M fructose-6-P, 1,750 M glucose-6-P and 5 mM 
ATP/Mg after incubation for 30 min at 30 C in the presence of 25 l of crude 
lysate (10 g/ l) and without or with 100 M 2-P-L-lactate. Crude lysates from 
HCT116 cells were obtained in three freeze-thaw cycles in a buffer containing 
50 mM Hepes, pH 7.5, 0.2% Triton X-100, 50 mM KF, 1 mM Pi, 5 mM EDTA, 
5 mM EGTA, 1 mM Na3VO4, 15 mM mercaptoethanol, 1 mM PMSF, 1 g/ml 
leupeptin and 2 mM DTT.

Kinase activities of PFKFB2, PFKFB3 and PFKFB4 were assessed in a similar 
reaction except for the presence of 100 M fructose-6-P, 350 M glucose-6-P 
and 0.62 g/ml of enzyme in the presence of the indicated concentrations  
of 2-P-L-lactate (Fig. 3f). Phosphofructokinase-2 reactions were stopped  
by addition of an equal volume of 0.2 M NaOH, and fructose-2,6-BP concen-
trations were measured as described before41.

Activity of pyruvate kinase was assessed by incubating sodium L-lactate  
(pH 8) (at the indicated concentrations; Fig. 3g) for 5 h at 30 °C in a mixture 
containing 25 mM Tris, pH 8, 5 mM MgCl2, 20 mM KCl, 2.5 mM ATP and 0.1 
mM fructose-1,6-BP. The reaction was stopped by heating for 5 min at 95 °C 
and was centrifuged to remove denatured proteins; 100 l of the supernatant 
were analyzed by HPLC on a strong anion exchange column (Partisphere SAX,  
125 × 4.6 mm) using an Agilent 1100 HPLC system with a diode array  
detector. Elution was performed with a gradient of ammonium phosphate 
buffer at pH 3.7 (10–500 mM) at a flow rate of 2 ml/min, and absorptions 
at 220 nm were followed. Concentrations of 2-P-lactate were determined by 
comparing the peak areas with those obtained from purified standards of 
defined concentration.

To follow the progression of the oxidative phosphorylation activity of 
GAPDH on erythrose-4-P and glyceraldehyde-3-P, we measured the absorp-
tion of NADH at 340 nm (Fig. 5e,f). Substrates were tested at a fixed concentra-
tion of 0.2 mM in a mixture containing 25 mM Hepes, pH 7.4, 1 mM MgCl2, 
0.5 mM NAD+, 1 mM DTT, 5 mM Pi and 0.1 mM BSA. Approximately 0.3 
mg/ml of rabbit muscle GAPDH were used in the tests with erythrose-4-P, 
and 100 times less enzyme was used for glyceraldehyde-3-P. Where indicated, 
mouse acylphosphatase-1, mouse or yeast phosphoglycerate kinase, ADP or 
arsenate were added.

To investigate the formation of 1,4-BP-erythronate in the presence of 32P 
(Fig. 5g–i), we incubated erythrose-4-P (1 mM) in a reaction mixture (2 ml) 
containing 25 mM Hepes, pH 7.4, 106 c.p.m. of [32P]Pi, 0.1 mM of cold Pi, 
0.5 mM NAD+, 0.05 mg/ml lactate dehydrogenase (LDH) and 2 mM pyru-
vate in the presence or absence of 0.15 mg/ml GAPDH and/or 0.0025 mg/ml 
acylphosphatase 1 (ACYP1) for 90 min at 30 °C. Pyruvate and LDH were 
incorporated in this reaction to keep concentrations of NADH low. The pH 
of the mixture was lowered to 5 by addition of 50 mM acetic acid to stabi-
lize the acyl-phosphate formed during the reaction, and the resulting sample 
was loaded onto a 1-ml AG1-X8 Dowex column (Cl− form). The column was 
washed with 1 ml of water. Five milliliters of 125 mM NaCl in 10 mM acetic 
acid and 4 ml of 300 mM NaCl in 10 mM acetic acid were successively applied, 
and fractions (1 ml) were collected. 32P was assayed by counting an aliquot  
(250 l) of each fraction in a liquid scintillation counter in the presence  
of Ultima Gold (Perkin Elmer) scintillation cocktail.

The combined action of phosphoglycerate kinase and GAPDH on 4-P-
erythronate (i.e., the reverse reaction of Fig. 5d) was assessed (Supplementary 
Fig. 11) by incubating 4-P-erythronate (0–75 M) in a reaction mixture  
containing 25 mM Hepes, pH 7.4, 1 mM MgCl2, 1 mM ATP and 0.1 mM 
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Sigma-Aldrich). Cells were homogenized on a rotary shaker at 2,200 r.p.m. for 
15 min at 4 °C (IKA Vibrax VXR). One milliliter of chloroform was added, 
and samples were shaken for 1 min using a vortex mixer. Phase separation was 
induced by centrifugation (13,200 r.p.m., 3 min, 4 °C). The upper aqueous phase, 
containing the polar metabolites, was collected, dried and stored at −80 °C.  
Samples were derivatized and analyzed as described below for mammalian 
samples. Protein concentration in parallel cultures was determined with the 
bicinchoninic acid method (BCA assay, Thermo Scientific).

Analysis of intracellular metabolites in mammalian cell lines. Metabolite 
extraction, derivatization and GC/MS analysis were performed using modifica-
tions of methods described previously46,47. Cells were plated at 700,000 cells per 
well of a six-well plate 18 h before harvesting (Fig. 5a–c). Alternatively, 400,000 
cells per well were plated 40 h before harvesting, and medium was replaced 16 h  
before harvesting by medium containing dialyzed FCS and 10 mM D-glucose 
(Figs. 2 and 3). Where indicated, 5 mM C3-2H3-L-lactate (Cambridge Isotope 
Laboratories) was added 6 h before harvesting.

After briefly rinsing with 2 ml of ice-cold 0.9% NaCl, we sequentially added 
0.5 ml of −80 °C cold methanol and 0.5 ml of ice-cold water (containing 3 M 
[U-13C4]4P-erythronate as an internal standard). Cells were collected with a 
scraper, transferred into a tube containing 1 ml of chloroform and vigorously 
vortexed for 30 min at 4 °C. The upper aqueous phase, obtained after centrifu-
gation at 22,000g for 5 min at 4 °C, was dried down under vacuum.

Dried samples were dissolved in 15 l 4% methoxyamine in pyridine 
and incubated for 90 min at 30 °C. Trimethylsilylation was performed by 
adding 30 l of MSTFA (Covachem) and incubating at 37 °C for 30 min. 
GC/MS analysis was performed using an Agilent 7890A GC equipped with a 
30-m DB-5 ultra inert capillary column connected to an Agilent 5977 mass-
sensitive detector operating under electron impact ionization at 70 eV. One 
microliter of sample was injected in splitless mode at 270 °C, using helium 
as the carrier gas at a flow rate of 1 ml min−1. The GC oven temperature was 
held at 100 °C for 3min and increased to 300 °C at 3.5 °C min−1 (ref. 46). 
The MS source and quadrupole detector were held at 230 °C and 150 °C, 
respectively. Data were acquired in combined selected-ion monitoring and 
scanning mode (68–700 m/z). Compounds were identified on the basis of 
their retention time and characteristic ions (Supplementary Fig. 13 and  
ref. 47). Selected-ion monitoring (SIM) chromatograms were integrated 
using Masshunter software (Agilent), and areas were normalized to total 
ion current47. GC/MS experiments were performed three or four times on 
separate days over a time frame of six weeks. In each experiment, for each 
condition three tissue-culture wells were quenched, extracted and deriva-
tized separately. Each sample was then analyzed separately (i.e., the samples 
were not pooled) by GC/MS. Peak areas of selected quantifier ion chromato-
grams were integrated and normalized to total ion current47 (Supplementary  
Data Sets 1 and 2, panel 1, #1). To facilitate the comparison between experi-
ments, we then divided the values by the average of the values obtained in 
the control cell line (Supplementary Data Sets 1 and 2). In each experi-
ment, the mean values for the normalized metabolite concentrations were 
calculated (Supplementary Data Sets 1 and 2, panel 1, #3). The resulting  
three or four mean values (depending on the number of experiments) 
were then used to calculate mean values and s.e.m. (Supplementary Data  
Sets 1 and 2, panel 1, #4), which are shown in the figures. Because metabolite  
concentrations are log-normal distributed, we log-transformed normalized 
metabolite concentrations (Supplementary Data Sets 1 and 2, panel 1, #3) 
before calculations of confidence intervals (Supplementary Tables 2 and 
3 and Supplementary Data Sets 1 and 2, panel 2). Calculations based on 
the peak area obtained with a known amount of [U-13C]4-P-erythronate 
spiked into the cell extracts allowed us to determine the absolute amount of  
4-P-erythronate per mg protein. Cellular concentrations were then esti-
mated on the basis of a cellular water content of 4 l per mg protein48. 
Concentrations of 2-P-L-lactate in PGP KO clone #1 were estimated by linear 
regression of the peak areas extracted from SIM chromatograms from sam-
ples, where different amounts of purified 2-P-L-lactate had been spiked in. 
Mass isotopomer distributions of 2-P-lactate (m/z 371–376) were extracted 
from SIM chromatograms and corrected for natural isotope distributions 
using the program Isocor49.

NADH in the presence or absence of 0.10 mg/ml phosphoglycerate kinase and  
0.15 mg/ml GAPDH in this order. NADH consumption was followed  
spectrophotometrically at 340 nm.

To detect the formation of 4-P-erythronate and erythronate by GAPDH 
(Supplementary Fig. 12), 1 mM erythrose-4-P was incubated in a mixture 
containing 25 mM Hepes, pH 7.4, 1 mM MgCl2, 0.5 mM NAD+, 1 mM DTT,  
5 mM Pi and 0.1 mM BSA in the presence of GAPDH (8 g/ml), 8 g/ml 
ACYP1 and/or 10 g/ml PGP. Reactions were quenched with an equivalent 
volume of cold methanol containing 25 M ribitol. Metabolites were extracted, 
derivatized and analyzed by GC/MS as described below. Integrated peak inten-
sities were normalized to those obtained for ribitol.

6-P-gluconate dehydrogenase inhibition assay. 6-P-gluconate dehydrogenase 
inhibition by 4-P-erythronate was measured in the presence of the indicated 
concentrations of this metabolite (Fig. 2c) in an assay mixture comprising  
20 mM Hepes, pH 7.1, 0.1 mM 6-P-gluconate, 0.5 mM NADP+, 1 mM MgCl2 
and 25 mM KCl. NADPH formation was followed spectrophotometrically at 
340 nm. Human 6-P-gluconate dehydrogenase was partially purified from 
human erythrocytes. Briefly, a hemolysate was prepared starting from 100 ml  
packed human erythrocytes as described35. The supernatant (250 ml) was 
diluted with 250 ml Buffer A (25 mM Hepes, pH 7.1, 1 mM DTT, 1 mM MgCl2, 
1 g/ml leupeptin and antipain) and loaded onto an 80-ml Blue Sepharose 
(GE Healthcare) column equilibrated with the same buffer. The column was 
washed, a linear gradient (0–1 M NaCl in 2 × 250 ml buffer A) was applied, 
and fractions (5 ml) were collected. Fractions containing 6-P-gluconate dehy-
drogenase activity were pooled and used for the assays. Yeast 6-P-gluconate 
dehydrogenase was purchased from Sigma-Aldrich (P4553).

Yeast strain construction and culture conditions. The S. cerevisiae strains used 
in this study were generated from the BY4742 strain (MAT ; his3  1; leu2  0;  
lys2  0; ura3  0) derived from S. cerevisiae S288C from EUROSCARF42. 
Strains were grown in YPD medium (1% Bacto yeast extract, 2% Bacto pep-
tone and 2% glucose) at 30 °C. For metabolite analysis, yeasts were grown in 
supplemented minimal medium (0.67% Bacto yeast nitrogen base without 
amino acids and 2% carbon source) to which we added 20 mg/l uracil, 20 mg/l 
L-histidine, 30 mg/l L-leucine and 30 mg/l L-lysine.

The deletion strains were generated by replacing the gene PHO13 with an 
antibiotic-resistance cassette by homologous recombination. A PCR product 
encompassing a kanamycin resistance cassette (KanMX) was amplified from 
the pUG6 plasmid43 with the primers 5 -AGC CAA ATC ACA AAA AAA GCC 
TTA TAG CTT GCC CTG ACA AAG AAT ATA CAA CTC GGG AAA CAG 
GTC GAC AAC CCT TAA T-3  and 5 -AAA CCT GAA TAT TTT TCC TTT 
TCA AAA AGT AAT TCT ACC CCT AGA TTT TGC ATT GCT CCT GTG 
GAT CTG ATA TCA CCT A-3  using PfuI polymerase.

To generate a plasmid vector for expression of yeast Pho13, we performed a 
PCR with primers Pho13_s GTC CAT GGC GGT ACC ATG ACT GCT CAA 
CAA GGT GTA and Pho13_as GCC ATG GAC GGA TCC CTA TAA CTC 
ATT ATT GGT TAA GGT on S. cerevisiae cDNA using Pfu polymerase. The 
resulting PCR product was inserted in the plasmid pRS426 via the restric-
tion sites KpnI and BamHI. Transformed yeasts were selected in synthetic 
complete medium without uracil. Yeasts transformed with an empty vector 
served as control.

Yeast transformations were performed by the lithium acetate procedure44 
and correctly targeted clones were identified by PCR and verified by sequenc-
ing. A commercial PHO13-deficient strain obtained from EUROSCARF  
(ID: Y13933)42 was also used, and similar results were obtained.

Extraction of metabolites from yeast after methanol quenching. Yeast cell 
cultures in mid-exponential phase (OD600 1.0) were quenched according to the 
method described in ref. 45 with the following adaptations. Samples (5 ml)  
were quickly released into a 25-ml methanol-water solution (60% v/v) at −20 °C,  
resulting in a final methanol concentration of 50% (v/v). Biomass was separated 
from the quenching solution by centrifugation at 3,900g for 3 min at −10 °C.  
Extraction was initiated by resuspending the pellet in 1 ml of methanol- 
water solution (50% v/v) at −20 °C with 45 nmol of [13C]erythronate-4-P  
(as internal standard) and 500 mg of acid-washed glass beads (150–212 m; 
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Determination of metabolite concentrations in culture medium. To 0.2 ml 
of clarified medium we added perchloric acid to a final concentration of 5%. 
Samples were centrifuged for 10 min at 12,000 r.p.m. and 4 °C, and the result-
ing supernatant was neutralized by addition of 2 M K2CO3. Concentrations of 
metabolites were determined at 30 °C by monitoring the change in absorb-
ance at 340 nm using a DU 800 UV/Vis Beckman Coulter spectrophotometer. 
Glucose concentration measurement was performed in a reaction mixture  
(1 ml) containing 50 mM Tris, pH 7.6, 1 mM NADP+, 5 mM MgCl2, 2 mM ATP, 
0.1% BSA using yeast hexokinase and glucose-6-phosphate-dehydrogenase as 
coupling enzymes. For the measurement of L-lactate, lactate dehydrogenase 
from rabbit muscle (Roche) was added to a reaction mixture (1 ml) containing 
2.5 mM NAD+ and 300 mM glycine/hydrazine sulfate buffer at pH 9.0.

Lentiviral and retroviral transduction. HCT116 cells, a gift from E. Fearon 
(University of Michigan, Ann Arbor), were cultured in DMEM (Dulbecco’s 
modified Eagle’s medium) containing 10% FBS, 2 mM L-glutamine and 
penicillin/streptomycin (Life Technologies). CRISPR constructs were trans-
fected using Lipofectamine 2000. After 24 h, cells were passaged into medium 
containing 2 g/ml puromycin. Medium was changed to medium without 
puromycin 48 h later to avoid selection of cell lines with genomic integra-
tion of the CRISPR construct. Colonies were picked 14 d later, expanded and 
analyzed using western blot for PGP protein expression. Sequencing of PCR 
products encompassing the targeted sites was used to validate that the analyzed 
clones are derived from distinct targeting events (Supplementary Table 1).  
Comparable results were obtained with clones obtained by cotransfection of 
two CRISPR/Cas9 constructs (clones #1, #2 and #4) or single CRISPR/Cas9 
(clone #3 and #5) constructs. A lentiviral shRNA construct targeting human 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was obtained from GE 
Healthcare Life Sciences in the vector pGIPZ (allowing expression of shRNA, 
GFP and puromycin resistance from the same transcript). Lentivirus produc-
tion was performed as described previously, and cell lines were transduced  
in the presence of 8 g/ml polybrene (Sigma)50. Selection was performed  
with 2 g/ml of puromycin for 4 d.

Recombinant retroviruses expressing mouse PGP were produced by 
cotransfection of the retroviral vector (pBABE-PURO and pBABE-PURO-
mPGP, respectively) and the packaging plasmid pCL-ampho (Promega) 
into HEK293T cells using the calcium phosphate precipitation method50. 
Supernatants were used to infect target cells three times at 12-h intervals. 
Selection with puromycin was performed as above.

Measurement of oxygen consumption rate. Cells were plated at 15,000 cells 
per well of a XF96 cell plate (Seahorse) 24 h before the experiment. Just before 
the assay, medium was replaced by DME base medium (Sigma, D5030) sup-
plemented with 4.5 g/l glucose, 0.584 g/l L-glutamine, 0.11 g/l sodium pyruvate, 
0.015 g/l phenol red and 1.85 g/l NaCl, and cells were incubated for 1 h in 
a non-CO2 incubator. A mitochondrial stress test was then performed using 
the different compounds of the Mitostress kit (Seahorse) at the following con-
centrations: 1 M oligomycin, 0.45 M FCCP, 1 M antimycin A and 1 M  
rotenone. Oxygen consumption rate was normalized to protein concentration.

Alamar Blue. Cell proliferation was assessed using the Alamar Blue assay51. 
Cells were plated in 96-well microtiter plates. Cell viability was assessed 24 h 
and 96 h after plating by adding one-tenth the volume of a 560- M solution 
of resazurin (prepared in 0.9% NaCl solution from a 10-mM stock solution in 
DMSO), incubating for 4 h at 37 °C and measuring fluorescence upon excita-
tion at 540 nm and emission at 590 nm. To exclude the influence of different 
plating efficiencies, we normalized the results obtained after 96 h to the results 
obtained after 24 h.

NADPH/NADP+ assay. NADPH and NADP+ concentrations were determined 
by modifying a previously described method52. 500,000 cells were plated 
in each well of a six-well plate. After 24 h, cells were washed once with ice-
cold PBS and lysed in 200 l of a 1:1 mixture of alkaline lysis buffer (100 mM 
Na2CO3, 20 mM NaHCO3, 0.05% (v/v) Triton X-100, 10 mM nicotinamide, 1% 
dodecyltrimethylammonium bromide (DTAB)) and PBS. Lysates were clari-
fied by centrifugation for 1 min at 12,000g and 4 °C. The resulting supernatant 

was divided in three portions of 50 l. To measure both NADP+ and NADPH, 
portion A was neutralized by adding 45 l of a 1:1:1 mixture of 1 M HCl,  
1 M NaOH and 1 M bicine. To destroy NADPH, we heated portion B for  
20 min at 60 °C after addition of 15 l of 1 M HCl. To destroy NADP+,  
portion C was directly heated for 20 min at 60 °C. Portions B and C were neu-
tralized by addition of 30 l of a 1:1 mixture of 1 M NaOH and 1 M bicine or 
by addition of 45 l of a 1:1:1 mixture of 1 M HCl, 1 M NaOH and 1 M bicine, 
respectively. The concentrations of NADPH and NADP+ were determined in 
a cycling assay (total volume 120 l) containing 50 l of the treated lysates,  
0.1 M bicine, 50 mM EDTA, 50 M resazurin, 5 mM glucose 6-phosphate, 1 
U/ml of yeast glucose 6-phosphate dehydrogenase (Roche) and 10 g/ml dia-
phorase from Clostridium kluyveri (Sigma D2197). The increase of fluorescence 
resulting from the reduction of resazurin to resorufin (excitation 530 nm, exci-
tation 590 nm) was measured over time using a temperature-controlled (30 °C) 
multiwell plate fluorescence reader (Spectramax XS, Molecular Devices) and 
compared to standards.

Statistical analysis. Statistical analysis was performed with GraphPad Prism. 
When two conditions were compared, a two-sided Student’s t-test was per-
formed. When multiple groups were compared, two-way ANOVA was performed  
followed by a comparison of groups using Dunnett’s test for multiple compari-
sons (when comparing to a single control group) or the Tukey’s test (when 
performing several pairwise comparisons). Metabolite concentrations were 
log-transformed before statistical analysis. In all cases, a multiplicity adjusted  
P value of < 0.05 was considered significant and is indicated by an asterisk.
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ORIGINAL ARTICLE

6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 is
essential for p53-null cancer cells
S Ros1,2, J Flöter3, I Kaymak3, C Da Costa4, A Houddane5, S Dubuis6, B Griffiths1, R Mitter7, S Walz8, S Blake4, A Behrens4,9, KM Brindle2,
N Zamboni6, MH Rider5 and A Schulze1,3

The bifunctional enzyme 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase-4 (PFKFB4) controls metabolic flux through
allosteric regulation of glycolysis. Here we show that p53 regulates the expression of PFKFB4 and that p53-deficient cancer cells are
highly dependent on the function of this enzyme. We found that p53 downregulates PFKFB4 expression by binding to its promoter
and mediating transcriptional repression via histone deacetylases. Depletion of PFKFB4 from p53-deficient cancer cells increased
levels of the allosteric regulator fructose-2,6-bisphosphate, leading to increased glycolytic activity but decreased routing of
metabolites through the oxidative arm of the pentose-phosphate pathway. PFKFB4 was also required to support the synthesis and
regeneration of nicotinamide adenine dinucleotide phosphate (NADPH) in p53-deficient cancer cells. Moreover, depletion of
PFKFB4-attenuated cellular biosynthetic activity and resulted in the accumulation of reactive oxygen species and cell death in the
absence of p53. Finally, silencing of PFKFB4-induced apoptosis in p53-deficient cancer cells in vivo and interfered with tumour
growth. These results demonstrate that PFKFB4 is essential to support anabolic metabolism in p53-deficient cancer cells and
suggest that inhibition of PFKFB4 could be an effective strategy for cancer treatment.

Oncogene advance online publication, 16 January 2017; doi:10.1038/onc.2016.477

INTRODUCTION
Cancer cells need to generate large amounts of metabolic
precursors to support macromolecule biosynthesis during cell
growth and proliferation. Cancer cell metabolism is characterized
by enhanced nutrient uptake and increased activity of many
biosynthetic processes, including protein and lipid biosynthesis.
Nicotinamide adenine dinucleotide phosphate (NADPH) is a
cofactor for anabolic reactions and required for the regeneration
of reduced glutathione for the detoxification of reactive oxygen
species (ROS). The enhanced demand for biosynthetic processes
and control of oxidative stress makes NADPH synthesis and
regeneration an essential process in cancer.1

The tumour suppressor p53 counteracts many of the metabolic
alterations observed in cancer cells.2 Indeed, modulation of
metabolic activity was shown to be a major component of the
tumour suppressor activity of p53.3 Loss of p53 function leads to
enhanced glucose uptake4 but decreased mitochondrial oxidative
metabolism.5 Activation of p53 by DNA damage induces the
expression of TIGAR, a fructose-2,6-bisphosphatase domain contain-
ing protein, which reduces glycolytic activity and increases the flux of
metabolites to the oxidative pentose-phosphate pathway (PPP)6 to
facilitate nucleotide synthesis for DNA repair. Seemingly contra-
dictory to this, loss of p53 in cancer cells enhances oxidative PPP
activity by increasing the activity of glucose-6-phosphate dehydro-
genase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD), the
two NADPH-generating enzymes of this pathway.7,8 p53 also
regulates the expression of malic enzymes 1 and 2 (ME1 and ME2),

two additional NADPH producing metabolic enzymes.9 It can
therefore be concluded that deletion of p53 overall increases the
synthesis and regeneration of NADPH to support biosynthetic
processes in cancer cells.
We have previously shown that 6-phosphofructo-2-kinase/

fructose-2,6-biphosphatase-4 (PFKFB4) supports the survival of
prostate cancer cells in vitro and in vivo by reducing the
generation of the allosteric regulator fructose-2,6-bisphosphate
(Fru-2,6-BP), thereby inhibiting glycolytic flux and promoting the
production of NADPH for lipid synthesis and regeneration of
glutathione.10 Silencing of PFKFB4 blocked acetate-dependent
lipid synthesis and resulted in the accumulation of ROS in cancer
cells.10 However, it was not known whether loss of p53 function
alters the dependency of cancer cells on allosteric regulation of
glycolysis by PFKFB4, thereby postulating a potential biomarker
for therapeutic targeting strategies.
We now demonstrate that p53 negatively regulates PFKFB4

expression by directly binding to the promoter of the gene.
Conversely, loss of p53 function either by deletion of mutation
increases the expression of PFKFB4 in cancer cells. Cancer cells
that have lost p53 function are also highly sensitive to PFKFB4
depletion. Allosteric regulation of glycolysis by PFKFB4 is required
for the routing of metabolites to the oxidative PPP to maintain
NADPH synthesis and regeneration. Depletion of PFKFB4 in p53-
deficient cancer cells increases oxidative stress and results in the
induction of apoptosis. This dependence was also observed in
xenograft tumours, where silencing of PFKFB4 caused more
efficient blockade of tumour growth of p53-negative cancer cells.

1Gene Expression Analysis Laboratory, Cancer Research UK London Research Institute, London, UK; 2Cancer Research UK Cambridge Institute, University of Cambridge,
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Our results reveal that inhibition of PFKFB4 interacts in a synthetic
lethal manner with loss of function of p53 in cancer cells and
provide a rationale for targeting allosteric regulation of glycolysis
for pharmaceutical intervention in cancers that are defective
in TP53.

RESULTS
p53 negatively regulates PFKFB4 expression
To investigate whether PFKFB4 is regulated by p53, we analysed
expression of the four human PFKFB isoforms in isogenic p53+/+

and p53− /− HCT116 colon cancer cells. mRNA levels of PFKFB4, but
not any of the other PFKFB isoforms, were markedly increased in

p53− /− cells compared to their wild-type counterparts (Figure 1a).
This induction was similar to the increased expression of malic
enzyme 1 (ME1) and malic enzyme 2 (ME2), which were previously
identified as negative targets of p53,9 while expression of TIGAR
was not altered between p53+/+ and p53− /− cells (Figure 1b).
In agreement with altered mRNA levels, we also detected
increased expression of PFKFB4 protein in HCT116 p53− /− cells
(Figure 1c), whereas the other PFKFB isoforms showed no
differential expression (Supplementary Figure 1a). Moreover,
CRE-mediated deletion of p53 in primary embryonic fibroblasts
(MEF) derived from tpr53fl/fl mice also resulted in increased Pfkfb4
expression (Figure 1d). Silencing of TP53 in HCT116 p53+/+ cells,
using a lentiviral vector for the doxycycline-inducible expression
of short hairpin RNA (shRNA) targeting p53, efficiently reduced the
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Figure 1. Differential expression of PFKFB4 in p53-deficient cells. (a) HCT116 p53+/+ or p53− /− cells were cultured in full medium for 24 h.
Expression of PFKFB1, PFKFB2, PFKFB3 and PFKFB4 was determined by qPCR and normalized to B2M. Data are presented as mean± s.e.m. (n= 6).
(b) Levels of ME1, ME2 and TIGAR in p53+/+ or p53− /− HCT116 cells. Data are presented as mean± s.e.m. (n= 6). (c) Expression of PFKFB4 protein
in HCT116 p53+/+ and p53− /− cells. Vinculin was used as loading control. Bar graph shows the mean± s.e.m. of three replicate experiments.
(d) MEFs from tpr53fl/fl mice were infected with Adeno-CRE-GFP to excise the floxed allele. mRNA from selected cells was analysed for
expression of Pfkfb4. Data are presented as mean± s.e.m. (tpr53+/+ n= 7 wt, tpr53− /− n= 8). (e) HCT116 p53+/+ cells were transduced with
lentiviral vectors expressing inducible shRNA targeting p53. Cells were treated with 1 μg/ml doxycycline (Dox) or solvent for 8 days. Expression
of PFKFB4, ME2, TP53 and p21 was determined by qPCR. Data are presented as mean± s.e.m. (n= 4). (f) SKOV3 cells were transduced with a
lentiviral vector expressing wild-type p53 or a control vector. Expression of TP53, PFKFB4 and ME2 was determined by qPCR in monoclonal
populations. Data are presented as mean± s.d. (n= 3). (g) Expression of PFKFB4 and p53 protein in cells as f. Actin was used as loading control.

p53 regulates PFKFB4 in cancer
S Ros et al

2

Oncogene (2017) 1 – 13 © 2017 Macmillan Publishers Limited, part of Springer Nature.



 

 

 

 

 

 

	

99 
  

p2
1 

m
R

N
A

0

4

8
6

2

10

Etoposide (µM)

PFKFB4 (site1)

p21

input

p5
3 

 -
/-

p5
3 

 -
/-

p5
3 

 -
/-

p5
3 

 -
/-

no
Ab

IgG TP53-
Ab

PFKFB4 (site2)

in
pu

t p
53

+/
+

p5
3 

 -
/-

p5
3 

 -
/-

p5
3 

+/
+

p5
3 

+/
+

p5
3 

+/
+

p5
3 

+/
+

p5
3 

+/
+

p5
3 

+/
+

P
F

K
F

B
4 

m
R

N
A

0

0.5

1

Etoposide (µM)

0

0.5

1

M
E

2 
m

R
N

A

Etoposide (µM)

PFKFB4exon 1 exon 2

site1 site2

TP53-
Ab

no
Ab

0

1

2

3

4

5

P
F

K
F

B
4 

m
R

N
A

TSA

0 20 Etopo (µM)0 20
TSA

0 20 Etopo (µM)0 20

Etoposide (µM)

0

0.5

1

1.5

P
F

K
F

B
4 

m
R

N
A

Etoposide (µM)

0

0.5

1

1.5

M
E

2 
m

R
N

A

Etoposide (µM)

p2
1 

m
R

N
A

 

10

8

6

4

2

0

Etoposide (µM)

p2
1 

m
R

N
A

0

4

8
6

2

10

P
F

K
F

B
4 

m
R

N
A

Etoposide (µM) Etoposide (µM)

0

0.5

1

1.5

M
E

2 
m

R
N

A

0

0.5

1

1.5

HCT116 (p53 +/+) 
1.5

1

0.5

0

P
F

K
F

B
4 

m
R

N
A

TSA
0 20 Etopo (µM)0 20

1.5

1

0.5

0

P
F

K
F

B
4 

m
R

N
A

MCF7 (p53 WT) 

LOVO (p53 WT)

HCT (p53 +/+)

**

*
** ** **

*

**

** **
*** ***

**

*** *

*****

LOVO (p53 WT) MCF7 (p53 WT) 

201050 201050201050

201002010020100

510510510

Figure 2. p53 represses PFKFB4 expression in cancer cells. (a) HCT116 p53+/+ cells were treated with different concentrations of etoposide for
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(d) Overview of the structure of the human PFKFB4 promoter. Sequences corresponding to putative p53 response elements are indicated.
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HCT p53+/+ cells data are presented as mean± s.e.m. (n= 2). LOVO and MCF7 data are presented as mean± s.d. (n= 3).
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expression of p53 and p21 but increased expression of PFKFB4 and
ME2 (Figure 1e). Conversely, expression of p53 in the p53-deficient
ovarian cancer cell line SKOV3 caused a marked decrease in the
expression of PFKFB4 mRNA and protein (Figures 1f and g).
The normally short-lived p53 protein is stabilized in response to

DNA damage.11 We therefore treated p53+/+ and p53− /− HCT116
cells with the genotoxic agent etoposide and monitored changes
in expression of p53 target genes. Etoposide caused a dose-
dependent induction in p21 expression only in p53+/+ but not in
p53− /− cells (Figure 2a; Supplementary Figure 1b, left graphs).
In the same cells, expression of PFKFB4 was reduced in response to
etoposide treatment only in the presence of p53+/+ (Figure 2a;
Supplementary Figure 1b, middle graphs). This was similar to the
regulation of ME2 (Figure 2a; Supplementary Figure 1b, right
graphs). Similar results were also obtained in a second p53 wild-
type colon cancer cell line, LOVO (Figure 2b), and a p53 wild-type
breast cancer cell line, MCF7 (Figure 2c).
Analysis of the human PFKFB4 promoter revealed several

putative p53 response elements. Chromatin immunoprecipitation
(ChIP) experiments showed specific binding of p53 to two of these
sites (Figure 2d), confirming that p53 regulates PFKFB4 expression
by binding to its promoter. Negative regulation of transcription by
p53 frequently involves the recruitment of histone deacetylases to
the promoter regions of target genes.12,13 We therefore investi-
gated whether inhibition of histone deacetylases by trichostatin
A prevents the negative effect of p53 on PFKFB4 expression.
Trichostatin A treatment efficiently blocked PFKFB4 downregula-
tion in the presence of etoposide in HCT116 p53+/+ and LOVO
colon cancer cells, as well as in MCF7 breast cancer cells
(Figure 2e).
Taken together, these results demonstrate that p53 negatively

regulates expression of PFKFB4, both at basal levels and when p53
is activated in response to DNA damage. To confirm the link
between PFKFB4 expression and p53 also in human cancer, we
interrogated public data sets from the Gene Expression Omnibus
(GEO). We retrieved expression data of cancer samples with
differential p53 status from a study investigating somatic
mutations in lung adenocarcinoma.14 Comparative analysis
revealed that PFKFB4 expression is significantly increased in
p53− /− lung adenocarcinomas when compared to p53+/+ tissues
of the same cancer type (Supplementary Figure 1c).

PFKFB4 is essential for the viability of p53-null cancer cells
PFKFB proteins are homodimeric bifunctional enzymes that
control the rate of glycolysis by modulating levels of Fru-2,6-BP,
an allosteric activator of phosphofructokinase 1 and inhibitor of
fructose-1,6-bisphosphatase (FBPase-1).15 Allosteric regulation by
PFKFB4 regulates the distribution of metabolites between glycolysis
and the oxidative PPP and is required for the generation of NADPH
for anabolic reactions and antioxidant synthesis in cancer cells.10,16

To investigate whether the increased expression of PFKFB4 is
linked to the altered metabolic demand of p53− /− cancer cells, we

performed silencing experiments using inducible expression of
shRNAs targeting PFKFB4. Depletion of PFKFB4 using two
independent shRNA hairpins only slightly reduced the cell number
in p53+/+ cells. In contrast, depletion of PFKFB4 caused a
substantial reduction of viability in p53− /− cells (Figure 3a).
Efficient depletion of PFKFB4 was confirmed in both HCT116
p53+/+ and p53− /− cell lines, with sequence #68 achieving an 80%
reduction in mRNA while expression of sequence #64 resulted in a
50% reduction (Figure 3b). We also controlled that depletion of
PFKFB4 did not cause any changes in the expression of PFKFB1,
PFKFB2 or PFKFB3 (Supplementary Figure 2a). Furthermore, to
establish specificity of silencing, we generated shRNA-insensitive
expression constructs by introducing silent mutations within the
PFKFB4 coding sequence. These constructs were expressed in
p53+/+ and p53− /− HCT116 colon cancer cells, which were
subsequently infected with the lentiviral shRNA expression
constructs targeting endogenous PFKFB4. We confirmed that the
expression of exogenous PFKFB4 mRNA was not changed upon
doxycycline treatment (Supplementary Figures 2b and c). Impor-
tantly, reduced viability of HCT116 p53− /− cells in response to
shRNA induction was completely rescued by re-expression of
PFKFB4 (Figure 3c).
We next investigated the wider applicability of these findings

using a panel of colon cancer cell lines. These included three
additional p53 wild-type colon cancer cell lines (RKO, LOVO and
LS174T) and two colon cancer cell lines (SW680 and SW620)
expressing a mutant form of p53 carrying a mutation within the
DNA binding domain (R273H). This mutant exerts a dominant
negative effect by blocking DNA binding of the wild-type
protein.17 Wild-type cell lines expressed significantly lower levels
of PFKFB4, with RKO cells expressing nearly undetectable levels
(Figures 3d and e). We next transduced two p53 wild-type and
p53-mutant cell lines with lentiviral shRNA constructs targeting
PFKFB4. Depletion of PFKFB4 reduced the viability of both p53-
mutant cell lines, while not affecting viability of cells expressing
wild-type p53 (Figures 3e and f). Conclusively, these results
confirm that PFKFB4 is selectively required for the viability of
p53-deficient cancer cells.

PFKFB4 maintains balance of metabolite flux between glycolysis
and PPP in p53-deficient cancer cells
We next asked which catalytic activity of PFKFB4 mediates the
survival of p53− /− cells. We first established the efficiency and
timing of PFKFB4 protein depletion in response to shRNA
expression. Although mRNA levels were already efficiently
reduced after 2 days of doxycycline treatment in cells expressing
sequence #68, substantial amounts of protein were still detectable
after 3 days of shRNA induction (Supplementary Figures 3a and b).
Moreover, p53-deficient cells showed a larger increase in PFKFB4
protein expression at the later time point (Figure 4a; Supplementary
Figure 3d). We next determined the levels of Fru-2,6-BP, the substrate
of the fructose-2,6-bisphosphatase activity of PFKFB4 at 3 and 6 days

Figure 3. PFKFB4 is required for viability of p53-deficient cancer cells. (a) HCT116 p53+/+ and p53− /− cells were transduced with lentiviral
vectors expressing inducible shRNA targeting PFKFB4 (shPFKFB4 #68 or #64). Cells were seeded at low density, treated with 1 μg/ml
doxycycline (Dox) or solvent for 8 days and stained with crystal violet. Left: representative images. Right: quantification. Data are presented as
mean± s.e.m. (n= 5) and are relative to HCT116 p53+/+ shCtrl cells treated with solvent. (b) Cells were treated with 1 μg/ml doxycycline (Dox)
or solvent for 6 days and expression of PFKFB4 was determined by qPCR and normalized to B2M. Data are presented as mean± s.e.m. (n= 5)
and are relative to HCT116 p53+/+ shPFKFB4 cells treated with solvent. (c) HCT116 cells (p53+/+ and p53− /−) expressing inducible shRNAs
targeting PFKFB4 were stably transfected with pBabe-vectors expressing shRNA-insensitive versions of PFKFB4 (PFKFB4ins). Cells were seeded
at low density and treated with doxycycline (Dox) for 8 days. Cultures were fixed and analysed by crystal violet staining. Data are presented as
mean± s.e.m. (n= 6). (d) Expression of PFKFB4 in p53 wild-type cells (RKO, LOVO, LS174T) or p53-mutant cells (SW480 and SW620) was
determined by qPCR relative to B2M. Box plot represents the differential expression of PFKFB4 between both groups of cell lines. (e) LOVO,
LS174Tm SW480 and SW460 cells were transduced with lentiviral vectors expressing inducible shRNA targeting PFKFB4 (shPFKFB4 #68 or #64).
Silencing of PFKFB4 was confirmed by qPCR. (f) Cells in e were seeded at low density, treated with 1 μg/ml doxycycline (Dox) or solvent for
8 days and stained with crystal violet. Data are presented as mean± s.e.m. (n= 3) and are relative to cells treated with solvent.
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after PFKFB4 depletion in both cell types. At the earlier time point,
depletion of PFKFB4 caused an increase in Fru-2,6-BP in both
p53+/+ and p53− /− cells (Supplementary Figure 3c). However, at
the later time point, where p53− /− cells show increased expression
of the protein, no changes in metabolite levels were observed in
p53+/+ cells. In contrast, depletion of PFKFB4 for 6 days caused a
significant increase in Fru-2,6-BP levels in p53-deficient cells
(Figure 4b). Induction of the second, less effective, shRNA
sequence only caused partial ablation of PFKFB4 protein after

6 days, which also increased the levels of Fru-2,6-BP only in p53− /−

cells, although the data failed to reach statistical significance
(Supplementary Figure 3e).
To further investigate the consequences of PFKFB4 depletion on

cellular metabolism, we examined changes in glucose uptake
using 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-
glucose (2-NBDG), a fluorescent derivative of 2-deoxyglucose.
p53 inhibits glucose uptake by downregulating the expression of
glucose transporters GLUT1 and GLUT4.18 Moreover, activation of

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

) p53 -/- 
p53+/+

p53 +/+
+ DOX

shCtrl

p53 -/-

shPFKFB4
#64

0.0

0.5

1.0

1.5

*
**

*

0.0

0.5

1.0

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

) *** ****
n.s. n.s.

0.0

0.5

1.0

1.5

SW480
(R273H)

****

0.0

0.5

1.0

1.5

LS174T
(WT)

n.s.

0.0

0.5

1.0

1.5

SW620
(R273H)

****

0.0

0.5

1.0

1.5

LOVO
(WT)

n.s.

- DOX + DOX- DOX

shPFKFB4
#68

*

*

***

0

1

2

1.5

0.5

2.5

p53 -/- 
p53+/+*

****

***

+- +- DOX+- +-

PF
KF

B4
 m

R
N

A

0

0.5

1

1.5 n.s.

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

)

p53 -/- 
p53+/+

***

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

)

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

)

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

)

ce
ll 

vi
ab

ili
ty

 (
A

bs
 5

60
nm

)

0

10

20

30

40

50

SW480
(R273H)

LS174T
(WT)

SW620
(R273H)

LOVO
(WT)

DOX

P
F

K
F

B
4 

m
R

N
A

 

****

*

*

*

R
KOWT

MUT
0

20

40

60 ***

P
F

K
F

B
4 

m
R

N
A

 

+-

EV B4ins EV B4ins

shPFKB4 #64

DOX+-+-+-+-
EV B4ins

shPFKFB4 #68
EV B4ins

DOX+-+-+-+-

shCtrl shB4
#68

shCtrl shB4
#64

shB4
#68

shB4
#64

DOX+-+-+-+-+-+-

shPFKFB4
#64

DOX+-
shPFKFB4

#64

DOX+-
shPFKFB4

#68

DOX+-
shPFKFB4

#64

DOX+-

--- +++

shB4#68 shB4#64 

p53 regulates PFKFB4 in cancer
S Ros et al

5

© 2017 Macmillan Publishers Limited, part of Springer Nature. Oncogene (2017) 1 – 13



 

 

 

 

 

 

	

102 
  

p53 suppresses NF-κB activation and reduces glucose uptake and
glycolysis by blocking the expression of GLUT3.4 However, we
observed no major differences in 2-NBDG uptake between p53+/+

and p53− /− cells. Depletion of PFKFB4 caused a moderate increase
in 2-NBDG uptake in both cell lines, which was significant only in
p53− /− cells (Supplementary Figure 3f).
To provide further detail of the metabolic response to PFKFB4

depletion, we also performed mass isotopomer distribution (MID)
analysis after exposing cells to [1,2-13C]-glucose that allows us to
estimate the relative contribution of the PPP to the metabolite
pool in glycolysis. Specifically, molecules with one 13C atom (M+1)
indicate that they transited through the oxidative PPP, whereas
molecules with two 13C atoms (M+2) came directly from glycolysis
(Supplementary Figure 3g). We analysed the mass isotopomer
fractions of FBP and phosphoenolpyruvate, and found that
silencing of PFKFB4 in p53− /− HCT116 cells leads to an increased
fraction of M+1 over the M+2 fraction for both FBP and
phosphoenolpyruvate (Supplementary Figure 3h), that means a
relative increase in the fraction of pentose phosphates that is
routed back to glycolysis through the non-oxidative PPP. The most
plausible explanation for this result is that PFKFB4 depletion
causes a difference in the outflow of pentose phosphate for purine
biosynthesis, which is the major biosynthetic sink for PPP
intermediates. Hence, depletion of PFKFB4 from p53− /− cells
induces a reduction in the net flux through the oxidative PPP from

glucose-6-phosphate to the pentose-phosphate pool, but the
latter is seemingly channelled back because of a reduced outflow
to purine synthesis.
MID analysis is not able to provide any estimation of the rate at

which metabolites pass through a metabolic pathway. We next
investigated the effect of PFKFB4 depletion on glycolytic flux
(extracellular acidification rates (ECAR)) and oxygen consumption
(oxygen consumption rates (OCR)) using the Seahorse Bioanalyzer.
Both cell lines showed similar ECAR/OCR ratios in the basal state
and depletion of PFKFB4 had only a minor effect in p53+/+ cancer
cells (Figure 4c). In contrast, p53− /− cells showed a strong increase
in the ECAR/OCR ratio upon PFKFB4 depletion (Figure 4c). This was
caused by an increase in glycolysis and a decrease in respiration
(Figure 4d), confirming that PFKFB4 is required to limit glycolytic
flux in these cells.
Increased glycolysis affects metabolite flux towards the

oxidative and non-oxidative arm of the PPP. We therefore
analysed the activity of the oxidative PPP by comparing the
production of 14CO2 from 1-14C-glucose relative to that from 6-14C-
glucose. We observed a significant reduction of this ratio in
HCT116 p53− /− cells after silencing of PFKFB4 (Figure 4e).
In contrast, silencing of PFKFB4 had no effect on PPP flux in
p53+/+ cells (Figure 4e). This confirms that PFKFB4 is required
to maintain the activity of the oxidative arm of the PPP in
p53-deficient cancer cells.
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Figure 4. PFKFB4 maintains balance between glycolysis and pentose-phosphate pathway in p53-deficient cancer cells. (a) Downregulation of
PFKFB4 protein in HCT116 p53+/+ and p53− /− cells after 6 days of shRNA-mediated silencing. Actin was used as loading control. (b) HCT116
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PFKFB4 maintains NADPH production for biosynthetic activity and
antioxidant production
The metabolic outputs of the PPP include the synthesis of riboses
for nucleotide biosynthesis and the regeneration of NADPH.
We therefore investigated whether PFKFB4 influences NADPH
levels and oxidation status in cancer cells. Interestingly, we found
that levels of NADPH as well as the total amount of this coenzyme
(NADPH+NADP+) where reduced following PFKFB4 silencing only
in p53− /− cells (Figure 5a, left graph). In contrast, the ratio
between the reduced and oxidized forms of the coenzyme was
not altered (Figure 5a, right graph). Moderate depletion of PFKFB4
protein achieved by the second, less efficient sequence also
reduced NADPH levels (Supplementary Figure 4a). This effect was
only detectable at the later time point, when efficient depletion of
PFKFB4 protein was achieved (Supplementary Figure 4a), while
short-term silencing had no effect (Supplementary Figure 4b). We
additionally determined expression of ME1 and ME2 after PFKFB4
knockdown and observed no compensation by these genes
(Supplementary Figure 4c). In agreement with the results of the
MID analysis, this result suggests that PFKFB4 is required to
maintain NADPH regeneration through the oxidative arm of the
PPP and also facilitates the synthesis of the coenzyme by
providing riboses via the biosynthetic output of this pathway.
NADPH provides reducing power for biosynthetic reactions,

including lipid biosynthesis, leading us to investigate whether
inhibition of PFKFB4 affects the activity of this process in cancer
cells. We first established that p53− /− cells display a higher rate of
acetate-dependent lipid biosynthesis compared to p53+/+ cells
(Figure 5b). Moreover, p53-deficient cells also showed increased
activity of a reporter containing a fragment of the human HMG-
CoA synthase promoter carrying an intact sterol regulatory
element (SRE) (Figure 5c). This activity depends on the SRE-
binding proteins (SREBP), a family of transcription factors
controlling genes involved in fatty acid and cholesterol
biosynthesis.19 This is in agreement with previous reports showing
that SREBP is activated by loss or mutation of p53.20,21 It is
therefore possible that p53-deficient cancer cells have a higher
demand for NADPH than their p53 proficient counterparts, which
is aided by the induction of PFKFB4. In agreement with this
hypothesis, silencing of PFKFB4 caused a stronger reduction in
acetate-dependent lipid synthesis in p53− /− cells compared with
p53+/+ cells (Figure 5d).
Increased NADPH demand also compromises the availability of

this coenzyme for the production of antioxidants, leading to
oxidative damage and ROS generation. We therefore investigated
the effect of PFKFB4 depletion on cellular ROS levels in the two
cell lines. Although silencing of PFKFB4 had no effect on ROS in
p53+/+ cells, it caused a strong increase in ROS levels in p53− /−

cells (Figure 5e). Furthermore, treatment with the antioxidant
N-acetylcysteine blocked the induction of apoptosis in response to
PFKFB4 depletion in p53− /− cells (Figure 5f), indicating that ROS
accumulation is the cause of the reduced viability observed in
these cells.
Taken together, these results confirm the role of PFKFB4 in

promoting the routing of metabolites from glycolysis into the PPP
for the synthesis and regeneration of NADPH to support anabolic
reactions and maintain cellular redox balance. This function is
essential to fulfil the increased NADPH demand of p53-deficient
cancer cells to drive biosynthetic processes including lipid
synthesis (Figure 5g).

PFKFB4 silencing inhibits spheroid and tumour growth in the
absence of p53
Metabolic reprogramming in cancer supports cell growth under
oxygen and nutrient limited conditions, such as those found
in hypo-vascularized tumour regions.22,23 The environmental
conditions found in tumours can generate specific metabolic

constraints and reveal sensitivities of cancer cells that could be
exploited for therapy.
To investigate the contribution of PFKFB4 to the viability of p53-

deficient cancer cells under nutrient limited conditions, we
employed tumour spheroid culture conditions. These multi-
layered three-dimensional structures recreate nutrient and oxygen
gradients found in live tumours.24 Silencing of PFKFB4-induced a
reduction in spheroid volume in both p53+/+ and p53− /− HCT116
colon cancer cells (Supplementary Figure 5a), indicating that the
metabolically compromised conditions present in this culture
system could sensitize p53+/+ cells towards PFKFB4 inhibition.
However, depletion of PFKFB4 caused a further reduction in
spheroid growth in p53− /− cells, confirming the increased
dependency of the cells on this enzyme in the absence of the
tumour suppressor.
We next investigated the importance of PFKFB4 for tumour

growth using a xenograft tumour model. For this, we first
generated p53+/+ and p53− /− HCT116 cells expressing luciferase
and used these for expression of inducible shRNA constructs
targeting PFKFB4 or scrambled shRNA controls. Efficient PFKFB4
silencing and inhibition of cell proliferation was confirmed in
these cells (Supplementary Figures 5b and c). Cells were then
injected subcutaneously into nude mice and tumour growth was
followed over time in control and doxycycline treated cohorts.
As control, we established that PFKFB4 silencing had no effect on
the size of tumours generated by HCT116 cells expressing a
scrambled shRNA control (Supplementary Figures 5d and e).
Interestingly, we found that PFKFB4 mRNA levels were higher in

p53− /− tumours, confirming that the differential expression of this
gene is also maintained in vivo, and that doxycycline treatment
efficiently depleted PFKFB4 mRNA from both types of tumours
(Supplementary Figure 5f). Strong silencing of PFKFB4 by
sequence #68 slowed the growth of p53+/+ tumours, with a
plateau being reached after 15 days of doxycycline treatment.
Induction of the less efficient sequence (#64) did not impair
growth of p53+/+ tumours (Figure 6a, left graphs). In contrast,
expression of either shRNA sequences efficiently blocked tumour
growth in the p53− /− background. Indeed, strong silencing by
sequence #68 caused a reduction of the initial tumour mass and a
17-fold reduction of tumour size compared with untreated
controls at the end of the experiment (Figure 6a, right graphs).
Consequently, the effects of PFKFB4 depletion on biolumines-
cence detection (Figure 6b), tumour weight (Supplementary
Figure 5d) and tumour size (Supplementary Figure 5e) were more
pronounced in p53− /− background.
Histological analysis showed that tumour regression was

accompanied by the appearance of apoptotic areas (Figure 6c),
while minor changes in proliferation were detected (Figure 6d;
Supplementary Figure 5g). We also analysed transcriptional
changes associated with PFKFB4 inhibition in these tumours
using whole-genome RNA sequencing (RNAseq). Interestingly,
both p53+/+ and p53− /− tumours showed downregulation of
genes associated with ribosome synthesis, assembly of the ternary
translation complex and rapamycin sensitivity (Figure 6e;
Supplementary Figure 6a). However, only p53− /− tumours showed
regulation of genes linked to apoptosis and oxidative stress
(Supplementary Figure 6a). Finally, analysis of public gene
expression data revealed that high expression of the glycolytic
enzyme PFKFB4 is a predictor of reduced survival in breast and
non-small cell lung cancer patients (Supplementary Figures 6b
and c).
In conclusion, our study demonstrates that p53 represses

PFKFB4 expression, and that allosteric regulation of glycolytic flux
by PFKFB4 supports lipid synthesis and prevents oxidative stress in
p53-deficient cancer cells to support cell proliferation and tumour
growth.
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Figure 5. PFKFB4 maintains NADPH production for biosynthetic activity and antioxidant production in p53-deficient cancer cells.
(a) HCT116 p53+/+ and p53− / − cells expressing inducible shRNAs targeting PFKFB4 were treated with 1 μg/ml doxycycline (Dox) or solvent
for 6 days. Levels of NADP+ and NADPH were determined and normalized to total protein content. Values are presented relative to solvent
controls. Data are presented as mean± s.e.m. (n= 8). (b) Rates of acetate-dependent lipid biosynthesis in HCT116 p53+/+ and p53− / − cells.
Data are presented as mean± s.e.m. (n= 6). (c) HCT116 p53+/+ and p53− / − cells were transfected with 0.25 μg pRL-TK and 2.5 μg pGL3-
SYNwt-luc (SYNwt) or pGL3-SYNmutSRE1 (SYNmutSRE1). Firefly luciferase activity was determined 48 h post-transfection and normalized
to renilla luciferase. Data are presented as mean± s.d. (n= 3). (d) Rates of acetate-dependent lipid biosynthesis in HCT116 p53+/+ and
p53− / − cells after 6 days of PFKFB4 silencing. Data are presented as mean± SD (n= 3). (e) HCT116 (p53+/+ and p53− / −) cells expressing
shRNAs targeting PFKFB4 or controls were treated with 1 μg/ml doxycycline (Dox) for 6 days. ROS levels were determined by DCFDA
fluorescence. Data are presented as mean± s.e.m. (n= 3). (f) HCT116 p53− / − cells were depleted of PFKFB4 as in e. Cells were treated with
10 mM N-acetylcysteine (NAC) 24 h before detection of ROS (n= 5). (g) Diagram of allosteric regulation of glycolytic flux and pentose-
phosphate pathway (PPP) activity by PFKFB4.
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Figure 6. PFKFB4 supports tumour growth in p53-deficient cancer cells. (a) HCT116luc p53
+/+ and p53− /− cells expressing inducible shRNAs

targeting PFKFB4 (shPFKB4#68 above and shPFKFB4 #64 below) were injected subcutaneously into nude mice. Mice were divided into two
cohorts with equal tumour burden and one cohort received doxycycline in their food (DOX) started one day after implantation. Tumour
growth was monitored by in vivo quantification of luciferase. Graphs show mean bioluminescence (p/s/cm2/sr)± s.e.m. for each group.
(b) Representative mice for each group at day 21 are shown. (c) Analysis of fragmented DNA in apoptotic cells using TUNEL assays in tumours
recovered at day 21, representative images. (d) Analysis of proliferation using histological staining for the Ki-67 marker in tumours recovered
at day 21, representative images. (e) Selected gene sets showing decreased expression in tumours depleted of PFKFB4 compared with
controls by gene set enrichment analysis (GSEA).
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DISCUSSION
Loss of p53 in cancer cells inactivates important DNA damage and
cell cycle checkpoints but has also multiple effects on cellular
metabolism.25 Indeed, the metabolic effects of p53 may be
sufficient to explain its functions as a tumour suppressor.3

In normal cells, p53 regulates metabolism on multiple levels.2

For example, p53 reduces glucose uptake by lowering NF-κB
dependent expression of GLUT3.4 Induction of p53 in response to
DNA damage inhibits glycolysis through the induction of TIGAR.6 It
also reduces the expression of several glycolytic enzymes via a
microRNA-dependent mechanism26 and increases mitochondrial
activity by inducing the expression of cytochrome c oxidase 2
(SCO2).5 At the same time, p53 also increases the ability of cells to
respond to nutrient starvation, by facilitating cell cycle arrest,
autophagy or the use of alternative energy source, such as lipids.2

Cancer cells deficient in p53 can therefore be more sensitive
towards perturbations within the metabolic network and these
selective vulnerabilities can be exploited for cancer therapy.27

Enhanced macromolecule biosynthesis increases the cellular
demand for NADPH, the reducing coenzyme for anabolic reaction.
Cancer cells therefore need to upregulate mechanisms that
increase NADPH synthesis and regeneration to maintain rapid
proliferation and prevent excess oxidative stress. We demonstrate
that p53 negatively regulates expression of PFKFB4, while loss of
p53 increases the expression of PFKFB4, an enzyme that controls
cellular levels of the allosteric regulator Fru-2,6-BP. Through this
regulation, p53 alters the routing of metabolites between
glycolysis and the PPP, which is critical for NADPH synthesis and
regeneration. Depletion of PFKFB4 impairs the ability of cancer
cells to generate sufficient amounts of reducing cofactors to fulfil
the demand generated by increased lipid synthesis. As a result,
inhibition of PFKFB4 selectively increases oxidative stress in
p53-deficient cancer cells, leading to reduced viability in vitro
and tumour regression in vivo.
Several mechanisms have been proposed for the negative

regulation of gene expression by p53. These include competition
for DNA binding or transactivation function of positive regulators
of transcription.28 We found that p53 directly binds to two p53
response elements within the PFKFB4 promoter. Moreover, we
found that activation of p53 by DNA damaging agents reduced
PFKFB4 expression, which was blocked by addition of trichostatin
A, suggesting that p53 represses transcription by recruiting
histone deacetylases. Loss of p53 relieves this inhibition and
allows increased expression of PFKFB4.
Allosteric regulation of glycolytic activity by PFKFB proteins is an

important principle for the control of metabolic flux in cancer
cells.29 PFKFB proteins have two independent catalytic centres
and it is important to establish the exact role of PFKFB4 within the
metabolic network of cancer cells. We have previously shown that
PFKFB4 limits Fru-2,6-BP levels and induce the routing of
metabolites into the PPP to support NADPH production and ROS
detoxification in prostate cancer cells.10 In contrast, a recent study
observed that PFKFB4 promotes the synthesis of Fru-2,6-BP to
increase glycolytic flux in cancer cells grown under hypoxic
conditions or as xenograft tumours.30 Here we show that
depletion of PFKFB4 increases the levels of Fru-2,6-BP in p53-
deficient colon cancer cells. Mass isotopomer distribution analysis
confirmed that depletion of PFKFB4 increases the relative fraction
of pentose phosphates that are routed back to glycolysis from the
non-oxidative PPP. We also found that PFKFB4 depletion increases
glycolytic rate and decreased activity of the oxidative arm of the
PPP. Together, these metabolic changes results in reduced
availability of PPP intermediates for biosynthetic processes, such
as the production of NADPH, an essential cofactor for biosynthetic
reaction. Indeed, NADPH levels were markedly reduced following
PFKFB4 depletion. This resulted in the selective induction of
oxidative stress and cell death in p53-deficient cancer cells.

There are several factors that contribute to the exquisite sensitivity
of p53-deficient cancer cells towards PFKFB4 depletion. One is the
increased biosynthetic demand of p53-deficient cancer cells. p53 was
shown to decrease the expression of lipogenic genes in adipocytes
of obese mice.21 Loss of p53 increases the activity of mTORC1,31

which drives both protein and lipid biosynthesis.32 As lipid
biosynthesis requires large amounts of NADPH, regulatory mechan-
isms that support the production of this coenzyme must be
upregulated when lipid biosynthesis is high. Another explanation
could be that p53-deficient cancer cells fail to undergo cell cycle
arrest under metabolic starvation conditions, such as the absence of
exogenous serine.27 It is therefore likely that p53-deficient cells are
unable to adapt to the altered metabolite flux following PFKFB4
depletion by efficiently downregulating NADPH-consuming biosyn-
thetic processes. This would cause further NADPH depletion, leading
to oxidative stress and cell death. In line with this hypothesis, the
reduction in tumour growth observed after strong PFKFB4 depletion
in p53 proficient cancers was not associated with the induction of
cell death. Remarkably, p53 proficient cancer cells were not affected
in their ability to form xenograft tumours when PFKFB4 was partially
depleted using a less efficient shRNA sequence. In contrast,
p53-deficient cancer cells were highly dependent on PFKFB4, as
both partial and efficient silencing blocked tumour growth. More-
over, depletion of PFKFB4 from p53-deficient tumours resulted in the
induction of apoptosis and tumour regression.
Dynamic regulation of carbohydrate flux is essential to counter-

act oxidative stress in yeast.33 In cancer, the control of NADPH
synthesis and regeneration to maintain anabolic metabolism and
antioxidant production is an essential function of drivers of
oncogenic transformation. The results of this study demonstrate
that allosteric regulation of the glycolytic flux by PFKFB4 is
essential for the survival of p53-deficient cancer cells. This
synthetic lethality suggests that targeting PFKFB4 could be an
effective strategy for the treatment of tumours that have lost the
function of this important tumour suppressor.

MATERIALS AND METHODS
Cell culture and reagents
HCT116 p53+/+ and p53− /−34 were a gift of B. Vogelstein (Johns Hopkins
University, Baltimore, MD, USA). HEK 293T, MCF7, LOVO, LS174T, SW480
and SW620 cells were from LRI Cell Services (London, UK). SKOV3, and also
MCF7, LOVO were from CRUK-CI Biorepository Services (Cambridge, UK). All
cell lines were authenticated by STR profiling and used at low passage. All
cell lines were confirmed to be free from mycoplasma throughout the
experiments by regular testing. Cells were cultured at 37 °C in a humidified
incubator at 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies, Carlsbad, CA, USA) with 10% foetal bovine serum (FBS,
Sigma-Aldrich, St Louis, MO, USA) and 2 mM L-glutamine. Primary MEF were
derived from embryonic day 12.5 (E12.5) embryos and were cultured in
DMEM supplemented with 10% FBS at 37 °C with 5% CO2 and 3% O2.
For Cre-mediated deletion of p53 floxed alleles, MEF from tp53fl/fl mice
were infected with Adeno-Cre-green fluorescent protein (GFP) or Adeno-
GFP virus (Gene Transfer Vector Core, Iowa University) for 48 h. Virus was
removed and the cells were allowed 48 h to recover before passaging.
Antibodies for PFKFB1 (SAB1408617) and PFKFB2 (SAB1406248) were

from Sigma-Aldrich, for PFKFB3 (H00005209-A01) from Abnova (Taipei City,
Taiwan) and PFKFB4 (ab137785) from Abcam (Cambridge, UK) or from
Abgent (Center, AP815c; San Diego, CA, USA). Antibodies for p53 (DO-1, sc-
126 x) were from Santa Cruz Biotechnology (Dallas, TX, USA). All other
reagents were from Sigma-Aldrich. The HMGCS promoter constructs pGL3-
SYNwt-luc and pGL3-SYNmutSRE1 were a gift from J. Swinnen (Catholic
University, Leuven).

RNA extraction, reverse transcription and RT–qPCR
Total RNA was isolated using an RNeasy kit (Qiagen, Hilden, Germany). Two
micrograms of total RNA was used for first strand cDNA synthesis with
SuperScript II Reverse Transcriptase and oligo-dT primers (Invitrogen, Carlsbad,
CA, USA). Real time PCR was performed with SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA, USA) using Quantitect primers (Qiagen) in
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an ABI PRISM 7900 Sequence Detection System (Applied Biosystems). The
relative amount of all mRNAs was calculated using the comparative CT method
after normalization to B2M and/or Bactin.

Protein analysis
Cells were lysed in Triton lysis buffer (1% Triton X-100, 50 mM Tris pH 7.5,
300 mM NaCl, 1 mM EGTA, 1 mM DTT, 1 mM NaVO4, Protease-Inhibitor-
Cocktail and Phosphatase-Inhibitor-Cocktail (Roche, Burgess Hill, UK)).
Proteins were separated on SDS–PAGE and blotted onto PVDF membrane
(Immobilon, Merck Millipore, Watford, UK). Membranes were blocked with
3% bovine serum albumin, incubated with antibody solutions and signals
were detected using ECL-reagent.

Generation of doxycycline-inducible shRNA cell lines and
expression of p53 in SKOV3 cells
Lentiviral vectors containing short hairpin RNA sequences targeting PFKFB4
were described previously.10 shRNA sequences targeting p53 were cloned into
the TetOnPLKO lentiviral vector using the following oligonucleotides: forward
5′- CCGGCACCATCCACTACAACTACATCTCGAGATGTAGTTGTAGTGGATGGTGTT
TTT and reverse 5′- AATTAAAAACACCATCCACTACAACTACATCTCGAGATGTA
GTTGTAGTGGATGGTG. Lentiviruses were produced by co-transfecting HEK
293T with shRNA plasmids and the packaging plasmids pCMVΔR8.91 (gag-pol)
and pMD.G (VSV-G glycoprotein).35 Supernatants containing lentiviruses were
collected 48 h after transfection, mixed with polybrene (8 μg/ml) and used for
infection. Fresh medium containing puromycin (2 μg/ml) was added after 24 h
and cells were selected for at least 48 h before use.
The coding sequence of human TP53 was excised from pCMV-Neo-Bam p53

wt (Addgene, 16434) and inserted into the lentiviral vector pBOBI (a gift from
the Verma laboratory, Salk Institute, La Jolla to K.M.Brindle). In the resulting
vector, mStrawberry is separated from TP53 by an E2A sequence (EF1-S-
p53_WT), which results in expression from a single mRNA transcript in equi-
molar concentrations. After lentiviral transduction, SKOV3 cells displaying similar
levels of fluorescence were single cell sorted using a cell sorter BD FACSAria
(Flow Cytometry, CRUK-CI), and a homogenous population was established.

ChIP assay
TP53 binding sites were predicted in the promoter of the human PFKFB4
gene using the MatInspector tool from Genomatix. For ChIP assays, cells
were washed with phosphate-buffered saline (PBS) and crosslinked with
1% formaldehyde for 15 min at 37 °C. The reaction was stopped by the
addition of glycine to 125 mM final concentration. Samples were sonicated
to generate DNA fragments with an average size below 1000 base pairs,
followed by immunoprecipitation with the indicated antibodies. Bound
DNA fragments were eluted and amplified by PCR using the following
primer pairs: PFKFB4_p53-site1 5′-CGTCCACACTGCCTGGAAA-3′, 5′-CACAG
CCCAACTCCATTGC-3′; PFKFB4_p53-site2 5′-TGAGCATGTGCGGAAGGA-3′, 5′-
AAAGGAACCCATGAGGGAAGTT-3′; p21_p53-site 5′-CTGAAAACAGGCAGCCC
AAG-3′, 5′-GTGGCTCTGATTGGCTTTCTG-3′

Cell viability assays
Cells were seeded on 12-well plates. After incubation, cells were fixed with 70%
ethanol, stained with 0.01% crystal violet, washed and dried. For quantification,
dye was extracted with 10% acetic acid and OD was measured at 560 nm.

Generation of PFKFB4 constructs
The Hs_PFKFB4 cDNA was obtained from Origene and used as template for
cloning into pBabe-blast using the BD In Fusion PCR Cloning kit (Clontech,
Takara, Mountain View, CA, USA) and the following primers: (forward 5′-
TCTAGGCGCCGGCCGATGGCGTCCCAACGG and reverse 5′-CTGTGCTGGC
GAATTTCACTGGTGAGCAGG). shRNA-insensitive constructs were generated
by site-directed mutagenesis using the following primers: (PFKFB4ins68:
forward 5′- GGCCAGTATCGCCGGGATGTCGTGAACACGTATAAATCTTTTG and
reverse 5′- CAAAAGATTTATACGTGTTCACGACATCCCGGCGATACTGGCC;
PFKFB4ins64: forward 5′-CCTGAGGTCATAGCTGCGAATATAGTCCAGGTCAA
ACTGGGCAGCC and reverse 5′- GGCTGCCCAGTTTGACCTGGACTATATTCGC
AGCTATGACCTCAGG).

Determination of Fru-2,6-BP
Cells were homogenized in 50 mM NaOH and 0.1% Triton X-100, heated
to 80 °C for 5 min, and centrifuged for 5 min. The supernatant was

neutralized with acetic acid in 20 mM N-(2-Hydroxyethyl)piperazine-N′-(2-
ethanesulfonic acid). Fru-2,6-BP was determined as previously described.36

Protein concentration was used for normalization.

2-NBDG uptake
Cells were treated with 1 μg/ml doxycycline for 6 days, washed with PBS
and incubated in media with 100 μM of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl) amino]-2-deoxy-D-glucose (2-NBDG, Sigma-Aldrich), a fluorescent
derivative of 2-doexyglucose, for 20 min. Medium was removed and cells
were washed twice in PBS followed by fluorescence-activated cell sorting
(FACS) analysis. 4′,6-diamidine-2′-phenylindole dihydrochloride was added
before analysis to exclude dead cells.

Analysis of cellular respiration
Cells were treated with 1 μg/ml doxycycline for 5 days. Cells (4×105) were
plated in sextuplets in a 96-well XF culture plate. Twenty-four hours later,
medium was changed to assay medium (Seahorse Biosciences/Agilent
Technologies, Santa Clara, CA, USA) supplemented with 1 mM sodium pyruvate
and 10 mM glucose with pH adjusted to 7.4. Cells were incubated in a CO2-free
atmosphere for 1 h and oxygen consumption (OCR) and extracellular
acidification (ECAR) rates were determined using a XF96 Extracellular Flux
Analyser (Software Version 1.4, Seahorse Biosciences/Agilent Technologies).
During the experiment, 1 μM oligomycin A, 0.4 μM FCCP and 1 μM antimycin A
(all Sigma-Aldrich) were injected. Rates were normalized to total protein
content determined by sulforhodamine B staining.

14C-glucose incorporation into CO2

Cells were cultivated in the presence or absence of doxycycline for 6 days
and then treated with 1 μCi 1-14C or 6-14C-glucose and incubated at 37 °C
for 90 min. To release 14CO2, 150 μl perchloric acid was added to each well,
immediately covered with phenylethylamine saturated paper and incu-
bated at room temperature for 24 h. The paper was then analysed by
scintillation counting.

Mass isotopomer distribution analysis
Cells were labelled with 17.5 mM 1,2-13C-glucose (Cambridge Isotope
Laboratories, Tewksbury, MA, USA) for 24 h and extracted using
acetonitrile/methanol/water (40/40/20). Dried cell extracts were resus-
pended in 100 μl deionized water, 10 μl of which were injected into a
Waters Acquity UPLC with a Waters T3 column (150× 2.1 mm× 1.8 μm;
Waters Corporation, Milford, MA, USA) coupled to a Thermo TSQ Quantum
Ultra triple quadrupole instrument (Thermo Fisher Scientific, Waltham, MA,
USA) with electrospray ionization. Compound separation was achieved by
a gradient of two mobile phases (i) 10 mM tributylamine, 15 mM acetic acid,
5% (v/v) methanol and (ii) 2-propanol37 and MIDs of intact and fragmented
carbon backbones were acquired as described in Ruhl et al.38 and correct
for natural isotopic abundance.

Determination of NADPH levels
For detection of NADPH, cells were lysed in buffer containing 20 mM

nicotinamide, 20 mM NaHCO3 and 100 mM Na2CO3. Scraped cells were
sonicated and 150 μl cleared supernatants were incubated for 30 min at
60 °C. Twenty microlitre of heated or not heated supernatant were then
mixed with 160 μl NADP-cycling buffer (100 mM Tris-Cl pH 8.0, 0.5 mM

thiazolyl blue, 2 mM phenazine ethosulfate, 5 mM EDTA and 1.3 IU glucose-
6-phosphate dehydrogenase). After 1 min incubation in the dark at 30 °C,
1 mM glucose-6-phosphate was added and the change in absorbance at
570 nm was measured every 30 s for 4 min at 30 °C. Protein concentration
was used for normalization.

Determination of acetate-dependent lipid synthesis
Cells were incubated in medium containing 10 μCi/ml [1-14C] acetate
(85 μM final concentration, Perkin Elmer) for 3 h. After washing three times
with PBS, cells were lysed in 0.5% Triton X-100/PBS. Lipids were extracted
by successive addition of 2 ml methanol, 2 ml chloroform, and 1 ml dH2O.
Phases were separated by centrifugation before the organic phase was
dried and used for scintillation counting. Results were normalized to total
protein content determined by sulforhodamine B staining.
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Reporter assays
Cells were transfected with 0.5 μg pGL3-SYNwt-luc or pGL3-SYNmutSRE139 and
0.5ng phRL-SV40 using Lipofectamine 2000. Cells were lysed and activity was
determined using a Dual Luciferase assay (Promega, Madison, WI, USA).

Determination of ROS levels
ROS levels were determined by incubating cells for 30 min at 37 °C in
medium with 1.6 μM CM-H2-DCFDA (Molecular Probes, Eugene, OR, USA)
followed by FACS analysis. 4′,6-Diamidine-2′-phenylindole dihydrochloride
was added prior to analysis to exclude dead cells.

Apoptosis assay
Cells were trypsinized and stained with Annexin V-pacific blue and
propidium iodide. Apoptotic cells were determined by FACS analysis.

Induction of spheroid growth
For spheroid formation, cells were trypsinized, counted and placed in
96-well ultralow attachment plates (Corning/Costar, Sigma-Aldrich).
Spheroid formation was initiated by centrifugation at 650 g for 10 min
and cultures were incubated for 13 days. Spheroid size was determined by
imaging on an inverted microscope (Axiovert 100 M, Carl Zeiss,
Oberkochen, Germany) and images were processed in ImageJ.

Xenograft experiments
To generate luciferase expressing cells, a pBabe-Luciferase retroviral vector
(a gift from J. Downward) was packaged in Phoenix-Ampho cells and used
to infect HCT116 p53+/+ and p53− /− cells. After selection, cells were
transduced with lentiviral vectors and selected as in Generation of
doxycycline-inducible shRNA cell lines section. Cells (1× 106) were
subcutaneously injected into the dorsal flank of male nude mice (ICRF
nude). Animals were randomly assigned to two cohorts. For induction of
shRNA expression, one animal cohort received doxycycline (Doxycycline
diet, 0.2 g/kg food pellet, Harlan D.98186) starting 1 day after implantation,
and tumour growth was followed over 21 days. HCT116lucp53

+/+shCrtl
(n=6), HCT116lucp53

+/+shCtrl DOX (n=6), HCT116lucp53
+/+shB4#68

(n=5), HCT116lucp53
+/+shB4#68 DOX (n= 4), HCT116lucp53

− /−shCtrl
(n=5), HCT116lucp53

− /−shCtrl DOX (n= 6), HCT116lucp53
− /−shB4#68

(n=4), HCT116lucshB4#68 DOX (n= 6), HCT116lucp53
+/+shB4#64 (n= 6),

HCT116lucp53
+/+shB4#64 DOX (n= 5), HCT116lucp53

− /−shB4#68 (n=5),
HCT116lucshB4#68 DOX (n=5). Mice were anaesthetized, intraperitoneally
injected with Luciferin (Promega) and imaged using an IVIS Spectrum
imaging system. Investigators were blinded to group allocation. Images
were analysed using the IVIS Living Image software. Criteria for the
exclusion of animal from the analysis were pre-defined based on morbidity
unrelated to experimental treatment. This was not observed during the
experiment and no animals were excluded. All animal experiments were
performed according to UK Home Office guidelines.

Histology
Four-micrometer thick tissue sections were mounted, dewaxed and rehy-
drated. Antigen retrieval was performed with citrate buffer (pH 6.0) in a
microwave oven for 30 min. Endogenous peroxidase activity was blocked by
incubating sections in 3% (v/v) hydrogen peroxide for 10 min. Sections were
blocked with 3% (w/v) bovine serum albumin for 30 min and incubated with
the monoclonal mouse anti-human Ki-67 antibody (9106, Thermo Scientific,
Waltham, MA, USA), diluted 1:200 over night at 4 °C in a humidified chamber.
Sections were washed in PBS and incubated with biotinylated secondary
antibody followed by streptavidin-horseradish-peroxidase assay (Vector Labs,
Dako). Reaction was developed using 3,3′-diaminobenzidine (Cell Signaling
Technologies, Danvers, MA, USA). Slides were counterstained with Gilmore 3
hematoxylin, dehydrated, cleared and mounted with coverslips. TUNEL assay
was performed according to the manufacturer’s instructions (In Situ Cell Death
Detection Kit, Roche no. 11684795910).

RNAseq analysis
Total RNA from three tumours in each treatment group (HCT116lucp53

+/+shCtrl,
HCT116lucp53

+/+shB4#68, HCT116lucp53
− /−shCtrl and HCT116lucp53

− /−shB4#68
all treated with DOX) was extracted using RNeasy mini columns (Qiagen) with
on column DNase I digestion. PolyA+ RNA was extracted using the NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB, Ipswich, MA, USA). For library

preparation, the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) was used.
Quantification and quality control was performed using the Experion
Automated Electrophoresis System (BioRad, Hercules, CA, USA). Sequen-
cing was performed using an Illumina NextSeq500 System (Illumina,
San Diego, CA, USA).
Fastq files were mapped to the human genome assembly hg19 using

TopHat v2.0.7 (Johns Hopkins University, Center for Computational Biology,
Baltimore, MD, USA) with default parameters and subsequently normalized
to the number of mapped reads in the smallest sample. Reads per gene
were counted using the countOverlaps function from the R package
(Genomic Ranges). Weakly expressed genes were removed (threshold:
mean read count over all samples o1) and differentially expressed genes
were called using EdgeR (www.bioconductor.org). GSE analyses40 were
performed with signal2noise metric, 1000 permutations and the C2 gene
set. Pathway analysis of differentially expressed genes (logFC⩽ 0.7,
q⩽ 0.05) was performed using the DAVID tool41,42 with default settings.
RNAseq data was deposited in GEO with accession number GSE89110.

Analysis of patient data and survival analysis
Lung cancer data were downloaded from the Gene Expression Omnibus
(GSE12667) and MAS 5.0 processed signals were generated on Affymetrix
Human Genome U133 Plus 2.0. Normalized data were log2 transformed.
A Wilcoxon rank sum test was used to assess significant chances in
expression between p53+/+ and p53− /− groups for probeset detecting the
PFKFB4 gene. Analysis of survival data from public data sets for breast
cancer43 and non-small cell lung cancer44 was performed using
PROGene.45 Patients were divided based on median PFKFB4 expression
and relapse-free survival was analysed. Expression data for PFKFB4 in lung
adenocarcinoma were extracted from public data sets.14

Statistical analysis
Graphs were generated using GraphPad Prism 5.0 (GraphPad Software, La
Jolla, CA, USA). All experiments were performed with three biologically
independent replicates unless stated otherwise. Sample sizes are
calculated to allow significance to be reached. Statistical significance of
magnitude of changes between different conditions was calculated using
the parametric two-tailed unpaired Student t-tests. Statistical significance
was defined as a P-value of o0.05. P-values are depicted as follows:
*P⩽ 0.05, **P⩽ 0.01, ***P⩽ 0.001 and ****P⩽ 0.0001. NS = not significant.
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SUPPLEMENTARY FIGURE LEGENDS 

 

Supplementary Figure 1 (related to Figure 1 and 2)  

a) Expression of PFKFB1, PFKFB2, PFKFB3 and p53 protein in HCT116 p53+/+ 

and p53-/- cells. Actin was used as loading control. 

b) HCT116 p53-/- cells were treated with different concentrations of etoposide for 

24 hours. Expression of PFKFB4, p21 (CDKN1A) and ME2 was determined by 

qPCR, and normalised to B2M. Data are presented as mean ± SEM (n=3) 

c) Differential expression of PFKFB4 in p53+/+ or p53-/- human lung 

adenocarcinoma. 

 

Supplementary Figure 2 (related to Figure 3) 

a) HCT116 p53+/+ and p53-/- cells expressing inducible shRNAs targeting PFKFB4 

were treated with 1µg/ml doxycycline (DOX) or solvent for 6 days. Expression of 

PFKFB1, PFKFB2 and PFKFB3 protein was determined by Western blot using 

vinculin as loading control. 

b) HCT116 p53+/+ and p53-/- cells expressing inducible shRNAs targeting PFKFB4 

(shPFKFB4 #68) were stably transfected with pBabe-vectors expressing shRNA-

insensitive versions of PFKFB4 (PFKFB4ins) for this sequence. Silencing of 

endogenous PFKFB4 and expression of shRNA-insensitive exogenous PFKFB4 

was determined by qPCR. Data are presented as mean ± SD (n=4). 

c) Cells expressing inducible shRNAs targeting PFKFB4 (shPFKFB4 #64) were 

stably transfected with pBabe-vectors expressing shRNA-insensitive versions of 

PFKFB4 (PFKFB4ins) for this sequence. Silencing of endogenous PFKFB4 and 

expression of shRNA-insensitive exogenous PFKFB4 was determined by qPCR. 

Data are presented as mean ± SD (n=4). 
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Supplementary Figure 3 (related to Figure 4) 

a) HCT116 p53+/+ and p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #68) were treated with 1µg/ml doxycycline (Dox) or solvent for 2 

days. Expression of PFKFB4 was determined by qPCR and normalised to B2M. 

Data are presented as mean ± SEM (n=4). 

b) Expression of PFKFB4 protein was determined after 3 days of doxycycline 

treatment. Actin expression was used as a loading control.  

c) HCT116 p53+/+ and p53-/- cells expressing inducible shRNAs targeting PFKFB4 

(shPFKFB4 #68) were treated with 1µg/ml doxycycline (Dox) or solvent for 3 

days. Intracellular levels of fructose 2,6-biphosphate (Fru-2,6-BP) were 

determined. Data are presented as mean ± SEM (n=5). 

d) HCT116 p53+/+ and p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #64) were treated with 1µg/ml doxycycline (Dox) or solvent for 6 

days. Expression of PFKFB4 protein was determined. Actin is shown as a loading 

control. 

e) HCT116 p53+/+ and p53-/- cells expressing inducible shRNAs targeting PFKFB4 

(shPFKFB4 #64) were treated with 1µg/ml doxycycline (Dox) or solvent for 6 

days. Intracellular levels of fructose 2,6-biphosphate (Fru-2,6-BP) were 

determined. Data are presented as mean ± SEM (n=3). 

f) HCT116 p53+/+ and p53-/- cells expressing inducible shRNAs targeting PFKFB4 

(shPFKFB4 #68) were treated with 1µg/ml Dox or solvent for 6 days.  Uptake of 2-

NBDG was measured after 20 minutes incubation. Data are presented as mean ± 

SEM (n=2). 

g) Mass isotopomer distribution in cells exposed to  [1,2-13C]-glucose. The 

diagram shows the differential labelling of glycolytic metabolites depending on 

whether they are generated via glycolysis or the PPP.  

h) HCT116 p53-/- cells were treated with doxycycline (Dox) for 6 days and 

exposed to 17.5mM [1,2-13C]-glucose for 24h. Mass isotopomer analysis (MID) 

was performed using mass spectrometry. The relative fraction of M+0, M+1 and 
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M+2 isotopomers of FBP and PEP are displayed. Data are presented as mean ± 

SEM (n=3). 

 

Supplementary Figure 4 (related to Figure 5)  

a) HCT116 p53+/+ and p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #64) were treated with 1µg/ml doxycycline (Dox) or solvent for 6 

days. Levels of NADP+ and NADPH were determined and normalised to total 

protein content. Values are presented relative to solvent controls. Data are 

presented as mean ± SEM (n=5).  

b) HCT116luc p53+/+ or p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #68) were treated with 1µg/ml doxycycline (DOX) or solvent for 3 

days. Levels of NADP+ and NADPH were determined and normalised to total 

protein content. Values are presented relative to solvent controls. Data are 

presented as mean ± SEM (n=5). 

c) HCT116 p53+/+ and p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #68) were treated with 1µg/ml doxycycline (Dox) or solvent for 6 

days. Expression of ME1 and ME2 was determined by qPCR and normalised to 

B2M. Data are presented as mean ± SEM (n=3) and are relative to HCT116 p53+/+ 

cells treated with solvent. 

 

Supplementary Figure 5 (related to Figure 6) 

a) HCT116 p53+/+ and p53-/- cells expressing shRNAs targeting PFKFB4 

(shPFKFB4#68) were seeded in spheroid cultures and treated with 1µg/ml 

doxycycline (Dox) or solvent. Spheroid size was determined over 13 days. Data 

represent median ± SEM (n=4). 

b) HCT116luc p53+/+ or p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #68) were treated with 1µg/ml Dox or solvent for 6 days. Expression 

of PFKFB4 was determined by qPCR and normalised to B2M. Data are presented 

as mean ± SEM (n=3).  
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c) HCT116luc p53+/+ or p53-/- cells expressing inducible shRNA targeting PFKFB4 

(shPFKFB4 #68) were seeded at low density, treated with Dox or solvent for 8 

days and stained with crystal violet. Left: representative images. Right: 

Quantitation of results. Graphs show means ± SEM (n=5) 

d) HCT116luc p53+/+ and p53-/- cells expressing inducible shRNAs targeting 

PFKFB4 (shPFKFB4 #68 or shPFKFB4 #64) were injected subcutaneously into 

nude mice. Mice were divided into two cohorts and one cohort received 

doxycycline in their food (Dox). Tumours from the PFKFB4 (shPFKFB4 #68) or 

control (shCtrl) xenograft were excised on day 21 and tumour weight was 

determined. Data are presented as mean ± SEM. n.s = not significant. 

e) Representative images of tumours from the different cohorts. 

f) Expression of PFKFB4 in excised tumours (shPFKFB4 #68 or shPFKFB4 #64) 

was determined in triplicates by qPCR and normalised to B2M (for shPFKFB4 

#68) and the geomean of B2M and Bactin (for shPFKFB4 #68). 

g) Tumours from the PFKFB4 (shPFKFB4 #64) xenograft were stained for Ki67 

and H&E. Images are taken from the animals represented in Fig. 6A. 

 

Supplementary Figure 6 (related to Figure 6) 

a) Pathway analysis (DAVID) of genes downregulated in HCT116 p53+/+ or p53 -

/- tumours following silencing of PFKFB4. 

b) Kaplan-Meier curves for breast cancer patients (Ivshina et al., 2006) displaying 

low or high levels of PFKFB4 expression. Patients were divided based on median 

PFKFB4 expression and relapse-free survival was analysed. 

c) Kaplan-Meier curves for non-small cell lung cancer patients (Lee et al., 2008) 

displaying low or high levels of PFKFB4 expression. Patients were divided based 

on median PFKFB4 expression and relapse-free survival was analysed. 
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                       Ros et al.  Supplemenary Figure  6
a

Term Pvalue Genes
GO:0022627~cytosolic small ribosomal subunit 0.0132 RPS28, FTLP2, HBA2, HBA1
GO:0015935~small ribosomal subunit 0.0310 RPS28, FTLP2, HBA2, HBA1
GO:0005840~ribosome 0.0680 RPS17P5, RPS28, FTLP2, HBA2, HBA1

250µm

Term Pvalue Genes
GO:0003735~structural constituent of ribosome

2.15E-18
RPL18, MRPL41, RPL8P2, RPL37AP8, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, MRPL28, RPL18A, 
RPS15, RPL8, RPS7P4, RPL37A, RPS11, RPS21, RPS23, RPL36AL

hsa03010:Ribosome
2.40E-18

RPL18, RPL8P2, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, RPL18A, RPS15, RPL8, RPS7P4, RPL37A, 
RPS11, RPS21, RPS23, RPL36AL

GO:0005840~ribosome
8.07E-17

RPL18, MRPL41, RPL8P2, FTLP2, RPL37AP8, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, MRPL28, 
RPL18A, RPS15, RPL8, RPS7P4, RPL37A, RPS11, RPS21, RPS23, RPL36AL

ribosomal protein
9.06E-17

RPL18, MRPL41, RPL8P2, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, MRPL28, RPL18A, RPS15, RPL8, 
RPS7P4, RPL37A, RPS11, RPS21, RPS23, RPL36AL

GO:0022626~cytosolic ribosome
1.68E-16

RPL18, RPL8P2, FTLP2, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPS3, RPS28, RPL18A, RPS15, RPL8, RPS7P4, RPS11, 
RPS21, RPS23

GO:0033279~ribosomal subunit
4.96E-16

RPL18, MRPL41, RPL8P2, FTLP2, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, RPL18A, RPS15, RPL8, 
RPS7P4, RPS11, RPS21, RPS23

REACT_1762:3' -UTR-mediated translational regulation
7.19E-15

RPL18, RPL8P2, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, RPL18A, RPS15, RPL8, RPS7P4, RPL37A, 
RPS11, RPS21, RPS23

GO:0006412~translation
1.57E-14

RPL18, RPL8P2, MRPL41, RPL37AP8, RPLP0P2, RPL13AP5, RPS3, RPS28, RPL8, RPS7P4, RPS21, RPS23, RPL36AL, EEF1A2, RPS9, 
RPS5, RPL35P2, RPL35P1, SARS2, RPL28, RPL18A, MRPL28, RPS15, RPL37A, RPS11

ribonucleoprotein
1.38E-13

RPL18, MRPL41, RPL8P2, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, MRPL28, RPL18A, RPS15, RPL8, 
RPS7P4, RPL37A, RPS11, RPS21, RPS23, RPL36AL

protein biosynthesis
4.31E-13

RPL18, RPL8P2, EEF1A2, RPS9, RPLP0P2, RPS5, RPL13AP5, SARS2, RPS3, RPS28, RPL18A, RPS15, RPL8, RPS7P4, RPS11, RPS21, 
RPS23, RPL36AL

GO:0022627~cytosolic small ribosomal subunit 3.74E-11 RPS28, FTLP2, RPS15, RPS7P4, RPS9, RPS11, RPS21, RPS5, RPS23, RPS3
REACT_17015:Metabolism of proteins

3.85E-11
RPL18, RPL8P2, SPHK1, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, RPS3, RPS28, RPL18A, RPS15, RPL8, RPS7P4, 
RPL37A, RPS11, RPS21, RPS23

GO:0030529~ribonucleoprotein complex
3.07E-10

RPL18, RPL8P2, MRPL41, FTLP2, RPL37AP8, RPLP0P2, RPL13AP5, RPS3, RPS28, RPL8, RPS7P4, RPS21, RPS23, RPL36AL, RPS9, RPS5, 
RPL35P2, RPL35P1, RPL28, RPL18A, MRPL28, RPS15, RPL37A, RPS11, POP7

REACT_71:Gene Expression
1.10E-09

RPL18, RPL8P2, POLR2I, RPS9, RPLP0P2, RPL35P2, RPS5, RPL35P1, RPL28, RPL13AP5, SARS2, RPS3, RPS28, RPL18A, RPS15, RPL8, 
TCEB2, RPS7P4, RPL37A, RPS11, RPS21, RPS23

GO:0015935~small ribosomal subunit 2.75E-09 RPS28, FTLP2, RPS15, RPS7P4, RPS9, RPS11, RPS21, RPS5, RPS23, RPS3
GO:0015934~large ribosomal subunit 1.54E-06 RPL18, RPL8P2, MRPL41, RPL18A, RPL8, RPLP0P2, RPL35P2, RPL35P1, RPL28, RPL13AP5
GO:0022625~cytosolic large ribosomal subunit 1.65E-05 RPL18, RPL8P2, RPL18A, RPL8, RPLP0P2, RPL35P2, RPL35P1, RPL28
GO:0034599~cellular response to oxidative stress 3.86E-04 GPX1, G6PD, GPX4, ROMO1, PRDX5
GO:0034614~cellular response to reactive oxygen species 0.0018 GPX1, GPX4, ROMO1, PRDX5
GO:0043066~negative regulation of apoptosis 0.0022 GPX1, MSX1, CEBPB, EEF1A2, SPHK1, TNFRSF18, HSPB1, PRDX5, PDE3A, GSTP1
GO:0043069~negative regulation of programmed cell death 0.0024 GPX1, MSX1, CEBPB, EEF1A2, SPHK1, TNFRSF18, HSPB1, PRDX5, PDE3A, GSTP1
GO:0060548~negative regulation of cell death 0.0025 GPX1, MSX1, CEBPB, EEF1A2, SPHK1, TNFRSF18, HSPB1, PRDX5, PDE3A, GSTP1
GO:0000302~response to reactive oxygen species 0.0031 GPX1, UCP2, GPX4, ROMO1, PRDX5
GO:0042274~ribosomal small subunit biogenesis 0.0034 RPS28, RPS15, RPS7P4
GO:0042981~regulation of apoptosis 0.0051 PLEKHF1, GPX1, EPHA7, MSX1, CEBPB, EEF1A2, LGALS1, SPHK1, TNFRSF18, HSPB1, PRDX5, PDE3A, ID3, GSTP1, RPS3
GO:0043067~regulation of programmed cell death 0.0056 PLEKHF1, GPX1, EPHA7, MSX1, CEBPB, EEF1A2, LGALS1, SPHK1, TNFRSF18, HSPB1, PRDX5, PDE3A, ID3, GSTP1, RPS3
GO:0010941~regulation of cell death 0.0057 PLEKHF1, GPX1, EPHA7, MSX1, CEBPB, EEF1A2, LGALS1, SPHK1, TNFRSF18, HSPB1, PRDX5, PDE3A, ID3, GSTP1, RPS3
GO:0006916~anti-apoptosis 0.0064 GPX1, CEBPB, EEF1A2, SPHK1, TNFRSF18, HSPB1, GSTP1
GO:0006979~response to oxidative stress 0.0105 GPX1, G6PD, UCP2, GPX4, ROMO1, PRDX5
GO:0042254~ribosome biogenesis 0.0170 RPS28, EXOSC4, RPS15, RPS7P4, RPLP0P2
selenocysteine 0.0171 GPX1, DIO3, GPX4
GO:0042743~hydrogen peroxide metabolic process 0.0171 CYBA, GPX1, GPX4
GO:0006749~glutathione metabolic process 0.0212 GPX1, G6PD, GPX4
GO:0042127~regulation of cell proliferation 0.0244 HYAL1, KRT6A, ACVRL1, CRIP2, SPHK1, IGFBP6, RPS9, ROMO1, SPARC, GPX1, MSX1, PTGES, FGFBP1
GO:0006364~rRNA processing 0.0381 RPS28, EXOSC4, RPS15, RPS7P4
GO:0008219~cell death 0.0643 PLEKHF1, HYAL1, GPX1, MRPL41, SLC25A6, LGALS1, TNFRSF18, HSPB1, CGB7, PHLDA2, RPS3
GO:0016265~death 0.0667 PLEKHF1, HYAL1, GPX1, MRPL41, SLC25A6, LGALS1, TNFRSF18, HSPB1, CGB7, PHLDA2, RPS3
GO:0004602~glutathione peroxidase activity 0.0839 GPX1, GPX4

Functional annotation of genes downregulated in response to PFKFB4 depletion in HCT116 p53 NULL 

Functional annotation of genes downregulated in response to PFKFB4 depletion in HCT116 p53 WT 
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