
 
 
 

 
 
 

 
 
 
 
 
 

 
 

 
Targeting mitochondrial metabolism in cancer: 

development and validation of PEPCK-M  
and PYCR1 inhibitors 

 
Marc Aragó Belenguer, 

 
 
 

 
 
 
 
 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intelꞏlectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu) 
ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos privados enmarcados en 
actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a 
disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentación de su 
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta 
tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis es obligado 
indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the TDX 
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual 
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing 
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those 
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis 
it’s obliged to indicate the name of the author. 



 

 

 

 

 

Thesis for doctoral degree (PhD) 

Targeting mitochondrial metabolism in 
cancer: development and validation of 

PEPCK-M and PYCR1 inhibitors. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Marc Aragó i Belenguer 

L’Hospitalet de Llobregat, 2022 



 
 

  





 
 

 



 

 
 

 
 
 
 
 
 
 
 

INDEX 
 
 
 
 
 
 



 

 
 

  



INDEX 

 

5 
 

INDEX 
INDEX ................................................................................................................................................................. 5 

LIST OF FIGURES AND TABLES ........................................................................................................................... 9 

ABBREVIATIONS ............................................................................................................................................... 15 

INTRODUCTION ............................................................................................................................................... 19 

Cancer ...................................................................................................................................................... 21 

Introduction ......................................................................................................................................... 21 

Hallmarks of cancer ............................................................................................................................. 22 

Sustained proliferative signaling ......................................................................................................... 22 

Enabled replicative immortality .......................................................................................................... 24 

Resistance to cell death ....................................................................................................................... 24 

Induced angiogenesis .......................................................................................................................... 25 

Invasion and metastasis ...................................................................................................................... 25 

Immune evasion .................................................................................................................................. 26 

Genome instability .............................................................................................................................. 26 

Tumor inflammation ............................................................................................................................ 27 

Deregulated cellular energetics ........................................................................................................... 27 

Metabolism .............................................................................................................................................. 28 

Enzymes ............................................................................................................................................... 28 

Bioenergetics ....................................................................................................................................... 29 

Glycolysis ............................................................................................................................................. 30 

Gluconeogenesis .................................................................................................................................. 31 

Tricarboxylic acid cycle and oxidative phosphorylation ...................................................................... 32 

Fatty acid metabolism ......................................................................................................................... 35 

Pentose phosphate pathway ............................................................................................................... 36 

Regulation of metabolism by signaling pathways and transcription factors ...................................... 37 

PI3K-AKT-mTOR pathway .................................................................................................................... 37 

Nuclear factor erythroid 2-related factor 2 (Nrf2) .............................................................................. 38 

Myc ...................................................................................................................................................... 38 

Hypoxia-inducible factors (HIF) ........................................................................................................... 39 

TP53 ..................................................................................................................................................... 39 

AMP activated protein kinase (AMPK) ................................................................................................ 40 

Cancer metabolism .................................................................................................................................. 41 

Warburg effect .................................................................................................................................... 41 

TCA cycle & OXPHOS ........................................................................................................................... 43 



INDEX 

 

6 
 

Glutamine metabolism ........................................................................................................................ 44 

Serine synthesis pathway .................................................................................................................... 45 

One-carbon metabolism ...................................................................................................................... 46 

Lipid metabolism ................................................................................................................................. 47 

Metabolic diversity and plasticity ........................................................................................................ 49 

Phosphoenolpyruvate carboxykinase (PEPCK) ........................................................................................ 51 

PEPCK-C ............................................................................................................................................... 51 

PEPCK-M .............................................................................................................................................. 53 

PEPCK inhibitors .................................................................................................................................. 56 

Proline metabolism.................................................................................................................................. 58 

Proline catabolism ............................................................................................................................... 59 

Proline biosynthesis ............................................................................................................................. 59 

PYCR inhibitors .................................................................................................................................... 63 

Drug discovery ......................................................................................................................................... 65 

Structure-based drug discovery .......................................................................................................... 66 

Molecular docking ............................................................................................................................... 67 

Molecular dynamics ............................................................................................................................ 68 

AIMS ................................................................................................................................................................ 69 

RESULTS AND DISCUSSION .............................................................................................................................. 73 

CHAPTER 1: PEPCK-M INHIBITORS .............................................................................................................. 75 

Target engagement ................................................................................................................................. 75 

Kinetic evaluation ................................................................................................................................ 77 

Cellular target engagement ................................................................................................................. 79 

Preclinical validation of iPEPCK-2 and its target (PEPCK-M) for cancer treatment ................................. 81 

Antineoplastic activity in cancer cell lines ........................................................................................... 81 

In vivo PEPCK-M inhibition in mouse xenograft models ..................................................................... 85 

PEPCK-M role in glucose physiological conditions .................................................................................. 92 

Metabolite quantification by GC-MS ................................................................................................... 92 

Transcriptomic analysis ....................................................................................................................... 94 

Development of PEPCK-M selective inhibitors ........................................................................................ 99 

iPEPOs ADME profile ......................................................................................................................... 100 

Evaluation of inhibitory potency in recombinant protein ................................................................. 101 

Target engagement ........................................................................................................................... 102 

Antineoplastic activity ....................................................................................................................... 103 

CHAPTER 2: PYCR INHIBITORS ................................................................................................................... 105 



INDEX 

 

7 
 

In silico-guided discovery of PYCR1 inhibitors for cancer therapy ........................................................ 105 

PYCR1 structural insights ................................................................................................................... 105 

Virtual screening protocol ................................................................................................................. 107 

2nd Virtual screening campaign .......................................................................................................... 112 

Inhibition mechanism .................................................................................................................... 115 

Analog search ................................................................................................................................ 117 

Study of hit conformations by molecular dynamics simulations .................................................. 118 

PY13 optimization .......................................................................................................................... 120 

Compounds without the tricycle moiety ....................................................................................... 125 

Preliminary evaluation in cancer cell lines ........................................................................................ 130 

CONCLUSIONS ............................................................................................................................................... 135 

MATERIALS AND METHODS ........................................................................................................................... 139 

Computational procedures .................................................................................................................... 141 

Virtual screening ................................................................................................................................ 141 

Molecular dynamic simulations ......................................................................................................... 141 

Cell culture ............................................................................................................................................. 143 

Cell lines ............................................................................................................................................. 143 

Stable PCK2-overexpressing MCF7 .................................................................................................... 143 

Pancreatic islets culture..................................................................................................................... 143 

Gene and protein expression quantification ......................................................................................... 144 

RT-qPCR ............................................................................................................................................. 144 

RNA extraction and reverse transcription PCR .............................................................................. 144 

Real-time PCR (qPCR) .................................................................................................................... 144 

Western Blot ...................................................................................................................................... 145 

RNA-seq ............................................................................................................................................. 147 

Target engagement ............................................................................................................................... 148 

Expression of recombinant proteins E. coli ....................................................................................... 148 

Transformation .............................................................................................................................. 148 

Procurement of competent E. coli................................................................................................. 149 

Protein expression & purification .................................................................................................. 149 

PEPCK activity .................................................................................................................................... 151 

PYCR1 ACTIVITY ASSAY ...................................................................................................................... 153 

Cellular thermal shift assay (CETSA) .................................................................................................. 154 

Metabolites quantification .................................................................................................................... 156 

Perchloric acid extraction .................................................................................................................. 156 



INDEX 

 

8 
 

PEP determination ............................................................................................................................. 156 

G6P determination ............................................................................................................................ 157 

Glucose stimulated insulin secretion................................................................................................. 157 

Metabolite quantification by GC-MS ................................................................................................. 158 

Cell biology evaluation .......................................................................................................................... 160 

Viability evaluation ............................................................................................................................ 160 

MTT assay ...................................................................................................................................... 160 

Crystal violet .................................................................................................................................. 160 

Annexin V ....................................................................................................................................... 161 

Anchorage independent growth: soft agar ....................................................................................... 162 

Wound healing assay ......................................................................................................................... 162 

Cell cycle ............................................................................................................................................ 162 

In-vivo studies in animal models ........................................................................................................... 164 

Pharmacokinetics of iPEPCK-2 by HPLC ............................................................................................. 164 

Xenograft models .............................................................................................................................. 164 

Statistical analysis .................................................................................................................................. 166 

BIBLIOGRAPHY ............................................................................................................................................... 167 

 

 



 

 
 

 
 
 
 
 
 
 
LIST OF FIGURES AND TABLES 



 

 
 

  



LIST OF FIGURES AND TABLES 

 

11 
 

INTRODUCTION 

Figure I-1: Estimated age-standardized incidence and mortality of the 15 most common cancers in 2020 
worldwide. ....................................................................................................................................................... 21 

Figure I-2: The hallmarks of cancer. ................................................................................................................ 22 

Figure I-3: Free energy diagram of an enzymatic reaction.............................................................................. 29 

Figure I-4: Glycolysis & gluconeogenesis. ........................................................................................................ 31 

Figure I-5: TCA cycle. ....................................................................................................................................... 33 

Figure I-6: Oxidative phosphorylation. ............................................................................................................ 34 

Figure I-7: Pentose Phosphate Pathway. ......................................................................................................... 36 

Figure I-8: Serine and one-carbon metabolism. .............................................................................................. 47 

Figure I-9: PEPCK-M is the PEPCK isoform preferentially expressed in tumors of diverse origin. .................. 55 

Figure I-10: Gluconeogenesis/glycolysis and branching biosynthetic pathways. ........................................... 56 

Figure I-11: P5C-proline cycle in cancer. ......................................................................................................... 62 

Figure I-12: PYCR1 inhibitors ........................................................................................................................... 63 

Figure I-13: Drug development process. ......................................................................................................... 65 

 

RESULTS AND DISCUSION 

Figure R-1: Pairwise sequence alignment for human PEPCK-C (PCK1; UniProtKB: P35558) and PEPCK-M 
(PCK2; UniProtKB: Q16822). ............................................................................................................................ 76 

Figure R-2: PEPCK inhibitors ............................................................................................................................ 76 

Figure R-3: Docking analysis. ........................................................................................................................... 77 

Figure R-4: Inhibition of purified human recombinant PEPCK-C and PEPCK-M by iPEPCK-2 and 3-MPA. ...... 78 

Figure R-5: Cellular target engagement by CETSA. .......................................................................................... 79 

Figure R-6: Glucose stimulated insulin secretion (GSIS) inhibition. ................................................................ 80 

Figure R-7: Western blot analysis of PEPCK-M and PEPCK-C levels in HEK-293 and SW-480 wild type and 
PCK2del/del clones. ......................................................................................................................................... 81 

Figure R-8: iPEPCK-2 treatment inhibits cell growth. ...................................................................................... 82 

Figure R-9: Apoptosis by annexin V assay. ...................................................................................................... 82 

Figure R-10: PEPCK-M inhibition reduces cell viability under glucose deprivation......................................... 83 

Figure R-11: PEPCK-M inhibition reduce anchorage independent growth. .................................................... 83 

Figure R-12: PCK2 expression affects anchorage independent growth. ......................................................... 84 

Figure R-13: PEPCK-M inhibition non-significantly reduces migration in a wound healing assay. ................. 85 

Figure R-14: Plasmatic concentration of iPEPCK-2 .......................................................................................... 86 

Figure R-15: In vivo evaluation of iPEPCK-2 antitumoral activity in two murine subcutaneous xenograft 
models. ............................................................................................................................................................ 87 

Figure R-16: Analysis of tumor histopathology from HEK-293 and SW-480 explants. .................................... 88 



LIST OF FIGURES AND TABLES 

 

12 
 

Figure R-17: Toxicity evaluation of iPEPCK-2 treatment. ................................................................................ 89 

Figure R-18: Metabolite quantification by GC-MS after iPEPCK-2 treatment. ................................................ 93 

Figure R-19: OXPHOS evaluation by high resolution respirometry with Oxygraph. ....................................... 94 

Figure R-20: Heatmap of the differentially expressed genes. ......................................................................... 94 

Figure R-21: Selected gene sets enriched in iPEPCK-2 treated cells. .............................................................. 95 

Figure R-22: Selected signaling gene sets enriched in DMSO treated cells. ................................................... 95 

Figure R-23: Selected metabolic gene sets enriched in the DMSO treated group. ......................................... 96 

Figure R-24: Selected cell division related enriched gene sets in DMSO treated cells. .................................. 96 

Figure R-25: Enrichment gene map of significant results from GSEA ............................................................. 97 

Figure R-26: Strategy followed to develop PEPCK-M selective inhibitors. ...................................................... 99 

Figure R-27: Structure of the synthetized inhibitors with the tryphenylphosphonium group (iPEPO family).
 ....................................................................................................................................................................... 100 

Figure R-28: Glucose stimulated insulin secretion (GSIS) inhibition. ............................................................ 102 

Figure R-29: Evaluation of in vitro target engagement by Cellular thermal shift assay. ............................... 103 

Figure R-30: iPEPO-2 activity on cancer cells. ............................................................................................... 104 

Figure R-31: PYCR1 structural insights. ......................................................................................................... 106 

Figure R-32: Schema of the followed screening protocol. ............................................................................ 107 

Figure R-33: PYCR1 binding site ..................................................................................................................... 108 

Figure R-34: Purchased compounds resulting from the virtual screening. ................................................... 109 

Figure R-35: Enzymatic assay set up. ............................................................................................................. 109 

Figure R-36: PY04 inhibition mechanism. ...................................................................................................... 111 

Figure R-37: PY04’s analogs. .......................................................................................................................... 111 

Figure R-38: PY04_2 MD simulation. ............................................................................................................. 112 

Figure R-39: Workflow diagram of the second HTVS strategy. ..................................................................... 113 

Figure R-40: Structure of the compounds selected in the second virtual screening .................................... 114 

Figure R-41: Lineweaver-Burk plots of hit compounds. ................................................................................ 115 

Figure R-42: Most probable binding modes of PY13, PY16, PY17. ................................................................ 116 

Figure R-43: PY13 and PY17 analogs. ............................................................................................................ 118 

Figure R-44: Study of binding mode stability of hit compounds by MD simulation. .................................... 119 

Figure R-45: Conformation of the carboxylate moiety of PY13 in both binding modes. .............................. 120 

Figure R-46: Schema followed during the optimization of PY13. .................................................................. 120 

Figure R-47: Analysis of PY13 binding mode by 300 ns of molecular dynamic simulation. .......................... 121 

Figure R-48: First proposed PY13 modifications based on PYCR1 cavities.................................................... 122 

Figure R-49: Analysis of PY27 binding mode by 300 ns of molecular dynamic simulation. .......................... 123 

Figure R-50: Analysis of PY28 binding mode by 300 ns of molecular dynamic simulation. .......................... 124 

Figure R-51: Proposed PY13 modifications substituting the tricyclic moiety. .............................................. 125 



LIST OF FIGURES AND TABLES 

 

13 
 

Figure R-52: Evaluation of PY38 by 250 ns of molecular dynamic simulation. ............................................. 126 

Figure R-53: Evaluation of PY39 by 250 ns of molecular dynamic simulation. ............................................. 127 

Figure R-54: Evaluation of PY41 by 250 ns of molecular dynamic simulation. ............................................. 128 

Figure R-55: Evaluation of PY42 by 250 ns of molecular dynamic simulation. ............................................. 129 

Figure R-56: Evaluation of the linker length. ................................................................................................. 129 

Figure R-57: Treatment with PYCR1 inhibitors reduce viability in cancer cell lines. ..................................... 130 

Figure R-58: Metabolites quantification by GC-MS after PY27 treatment. ................................................... 131 

 

Table R-1: Microsomal stability of iPEPCK-2 in human and mice microsomes. .............................................. 85 

Table R-2: Pharmacokinetic parameters. ........................................................................................................ 86 

Table R-3: Results of % of inhibition of cytochromes by iPEPO-1 at 10 µM. ................................................ 101 

Table R-4: Microsomal stability of iPEPO-1 in in human/mouse/rat microsomes. ....................................... 101 

Table R-5: Evaluation of inhibitory potency in purified human recombinant PEPCK-C and PEPCK-M ......... 102 

Table R-6: Evaluation of purchased compounds in the enzymatic assay. ..................................................... 110 

Table R-7: Evaluation of the VS selected compounds through the enzymatic assay .................................... 113 

Table R-8: Predicted physicochemical descriptors and ADME parameters by SwissADME. ......................... 115 

Table R-9: Evaluation of PY13 & PY17 analogs by the enzymatic assay. ....................................................... 117 

Table R-10: Inhibition potency of PY13 analogs with substituents in R1 and R2. .......................................... 123 

 

MATERIALS AND METHODS 

Figure MM-1: Reaction evaluated in the PEPCK assay. ................................................................................. 151 

Figure MM-2: Reaction evaluated in the PYCR1 assay. ................................................................................. 153 

 

Table MM-1: Master mix for reverses transcription using High-Capacity cDNA Reverse Transcription Kit. 144 

Table MM-2: RT-PCR protocol ....................................................................................................................... 144 

Table MM-3: Mixtures for qPCR. ................................................................................................................... 145 

Table MM-4: Composition of RIPA buffer for protein extraction. ................................................................ 145 

Table MM-5: Composition of loading buffer for western blot sample preparation. .................................... 146 

Table MM-6: Antibodies used in western blot .............................................................................................. 147 

Table MM-7: Reagents for restriction analysis. ............................................................................................. 149 

Table MM-8: Composition of Lysis, Wash, and Elution buffers. ................................................................... 151 

Table MM-9: PEPCK reaction buffer composition ......................................................................................... 151 

Table MM-10: PEPCK reaction buffer composition ....................................................................................... 152 

Table MM-11: Reagents to add to PEPCK reaction buffer after CO2 charge. ................................................ 152 

Table MM-12: PYCR1 reaction buffer ............................................................................................................ 153 



LIST OF FIGURES AND TABLES 

 

14 
 

Table MM-13: PYCR1 reaction buffer ............................................................................................................ 154 

Table MM-14: Reaction buffer for PEP determination ................................................................................. 156 

Table MM-15: Reaction buffer for G6P determination. ................................................................................ 157 

  



 

 
 

 
 
 
 
 
 
 

ABBREVIATIONS 



 

 
 

  



ABBREVIATIONS 

 

17 
 

 

3MPA 3-mercaptopicolinic acid 

2PG 2-phosphoglycerate 

3PG 3-phosphoglycerate 

ACC Acetyl-CoA carboxylase 

ADP Adenosine diphosphate 

AMPK AMP-activated kinase 

ATP Adenosine triphosphate 

CETSA Cellular thermal shift assay 

CoA Coenzyme A 

CV Cristal violet 

DEPC Diethyl pyrocarbonate 

DHP 3,4-dihydroproline 

ECM Extracellular matrix 

EMT Epithelial to mesenchymal transition 

ER Endoplasmic reticulum 

F6P Fructose-6-phosphate 

FBPase Fructose-1,6-bisphosphatase 

FBS Fetal bovine serum 

G3P Glyceraldehyde-3-phosphate 

G6PDH Glucose-6-phosphate dehydrogenase 

GFP Green fluorescent protein 

Gln Glutamine 

GSAL Glutamate-γ-semialdehyde 

GSIS Glucose-stimulated insulin secretion 

H Enthalpy 

H-bonds Hydrogen bonds 

KD Knock-down 

KO Knock-out 

LDH Lactate dehydrogenase 

MD Molecular dynamics 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 

NAD+/NADH Nicotinamide adenine dinucleotide oxidated/reduced state 

NADP+/NADPH Nicotinamide adenine dinucleotide phosphate oxidated/reduced state 

NFLP N-formyl-L-proline 



ABBREVIATIONS 

 

18 
 

NSCLC Non-small cell lung carcinoma 

OAA Oxalacetate 

OXPHOS Oxidative phosphorylation 

P/S Penicillin/Streptomycin 

P5C Δ-1-pyrroline-5-carboxylate  

P5CS Δ-1-pyrroline-5-carboxylate synthase 

PC Pyruvate carboxylase 

PDH Pyruvate dehydrogenase 

PDK Pyruvate dehydrogenase kinase 

PEP Phosphoenolpyruvate 

PEPCK Phosphoenolpyruvate carboxykinase 

PFK Phosphofructokinase 

PPP Pentose Phosphate Pathway 

Pro Proline 

PRODH/POX Proline dehydrogenase/oxidase 

PYCR Pyrroline-5-carboxylate reductase 

R5P Ribose-5-phosphate 

ROS Reactive oxygen species 

rT Room temperature 

S Entropy 

SDS Sodium dodecyl sulfate 

shRNA Short-hairpin RNA 

siRNA Small interfering RNA 

TCA cycle Tricarboxylic acid cycle 

THFA Tetrahydrofuroic acid 

TPP Triphenylphosphonium 

VS Virtual screening 

α-KG Alpha ketoglutarate 

ΔG Binding free energy 

 



 

 
 

 
 
 
 
 
 
 

INTRODUCTION 



 

 
 



INTRODUCTION 

 

21 
 

Cancer 

Introduction 

Cancer is a large group of diseases characterized by the uncontrolled growth of a population of transformed 

cells that can affect almost any organ or tissue of the body. Among these population of transformed cells, 

some of them have the potential to invade contiguous tissues and spread to other organs. The last process 

is called metastasis, and it is the principal cause of death related to cancer (Ferlay et al., 2020). 

Cancer is the second leading cause of death worldwide and in Europe, behind ischemic heart disease. In 2018, 

it is estimated that it caused 9.6 million deaths. The number of newly diagnosed cancers in Europe had 

increased around 50% in the last 20 years (from 2.1 million in 1995 to 3.1 million in 2018). However, cancer 

related deaths showed a blunted increase (20%), thanks to the advances in cancer research and prevention 

programs. However, it is predicted that cancer incidence will continue to rise during the coming decades 

(Ferlay et al., 2018, 2020; Hofmarcher et al., 2020; Hulvat, 2020; Keum & Giovannucci, 2019).  

Breast, colorectal, lung, cervical and thyroid cancer are the most common types of cancer in women, while 

Lung, prostate, colorectal, stomach and liver cancer are the most common among men (Ferlay et al., 2020). 

The incidence and mortality of the most common cancers worldwide are represented in Figure I-1. 

 

Figure I-1: Estimated age-standardized incidence and mortality of the 15 most common cancers in 2020 
worldwide. The age-standardized rate per 100,000 habitants of incidence (blue) and mortality (red) are 
showed in the graph (Ferlay et al., 2020).  

 

Evolution of multicellular organisms dictated a strict control on cell proliferation. Cell growth regulation is 

essential to maintain cellular and tissue organization, and therefore ensure a proper function.  There are 

indeed cells in proliferation in adult multicellular organisms (e.g. blood cells progenitors, intestinal stem cells, 

epidermal stem cells), but the process is highly regulated to avoid aberrant proliferation (Cooper, 2000). 
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After accumulating genetic mutations in key genes (oncogenes and tumor suppressors), some cells gain the 

capacity to avoid the control mechanisms that bind them to multicellular state, and they start dividing 

without control. Interestingly, cancer cells seem to have evolved back to unicellular organisms which its 

unique purpose is divide as much as possible (Alberts B et al., 2002; Nedelcu, 2020). The origin of the 

mutations is diverse, mutations can be inherited from the progenitors or caused by external factors: physical 

(radiation), chemical (electrophiles) or biological (human papillomaviruses) carcinogens (Parsa, 2012). 

Hallmarks of cancer 

There are more than 100 different types of cancer; it is an heterogenous group of diseases. Hanahan and 

Weinberg suggested that all the different cancer genotypes are the manifestation of ten defined alterations 

in cell physiology: the hallmarks of cancer (Figure I-2). In the year 2000 Hanahan and Weinberg firstly 

proposed six characteristics (sustained proliferative signaling, evasion of growth suppressors, enabled 

replicative immortality, induced angiogenesis, resistance to cell death, and capacity of invasion and 

metastasis). A decade later, they revised their work taking into account the new scientific discoveries on the 

field, and they included two new hallmarks (immune evasion and deregulated cellular energetics) and to 

enabling characteristics (genome instability and tumor inflammation) into the original hallmarks (Hanahan & 

Weinberg, 2000, 2011). 

 

 

Sustained proliferative signaling 

The production and release of growth signals (mainly growth factors) is carefully controlled in healthy tissues 

(Alberts B et al., 2002). Growth factors bind plasma membrane receptors, most of them containing a tyrosine 

kinase domain in the intracellular domain that initiate the signaling cascade that will end up promoting cell 

division. Cancer cells gain the ability to over-activate growth-signaling pathways by different mechanisms: by 

 

Figure I-2: The hallmarks of cancer. Adapted from Hanahan & Weinberg 2011. 
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autocrine stimulation (producing growth factors themselves), by achieving an hyperresponsive phenotype 

(augmenting the amount of growth factor receptors in the cell surface or with structural alterations on the 

receptor that increase the response to ligand) , by stimulating the tumor microenvironment cells that will 

end up secreting growth factors , or by structural alterations in proteins downstream in the signaling pathway 

that will lead to a constitutive activity of that (Bhowmick et al., 2004; Kattan & Hancock, 2020; Lemmon & 

Schlessinger, 2010; Witsch et al., 2010).  

For example, the PI3K-AKT-mTOR pathway is highly active in many cancers. The origin of its overactivation 

could be caused by many alterations along the pathway. The overexpression of insulin-like growth factor (Bol 

et al., 1997), overexpression of the receptors (Weber et al., 2002), gain of function of the PI3K subunit 

(Ligresti et al., 2009), loss of function of PTEN (Álvarez-Garcia et al., 2019), gain of function in AKT (Yi & 

Lauring, 2016), loss of function of TSC1 and TSC2, and activating mutations of mTOR (Grabiner et al., 2014). 

Evasion growth suppressors 

Besides increasing proliferative signaling, cancer cells should bypass the control mechanisms that negatively 

regulate cell growth. Many of these mechanisms are orchestrated by tumor suppressor genes, which ensure 

that there is no abnormal proliferation. Two of the most well-known tumor suppressors are pRb and p53 

proteins.  

RB protein prevents excessive growth by inhibiting the cell cycle progression (from G1 to S phase) until the 

cell is ready to divide. RB is regulated by phosphorylation, in the active form (hypophosphorylated) it binds 

to the transcription factors of the E2F family, and thereby inhibit the transcription of genes that stimulate 

DNA replication and cell cycle progression. Interestingly Rb function is disrupted in most human cancers (Dick 

& Rubin, 2013). 

TP53, also known as “the guardian of the genome” is the most famous tumor suppressor. Among its 

functions, p53 could sense many intracellular inputs (e.g. DNA damage, metabolite levels, oxygen 

concentration) and if the conditions are not optimal it can arrest cell cycle (at G1) until the conditions have 

been normalized (J. Chen, 2016). 

In addition, normal cells stop proliferating when they form cell to cell adhesions. Merlin, the product of NF2 

gene, mediates the contact inhibition of proliferation by coupling cell surface adhesion molecules (e.g., E-

cadherin) to transmembrane receptor tyrosine kinases (growth factor receptors). Merlin sequestration of the 

growth factor receptors hinders its ability of emitting mitogenic signals. Interestingly, contact cell inhibition 

is lost in most cancer cells (Curto et al., 2007; Mendonsa et al., 2018). 
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Enabled replicative immortality 

Telomers are repetitive and conserved sequences at the ends of the chromosomes, and its function is to 

protect the genomic DNA. Since the DNA polymerase is not able to replicate the 5’ ends of the chromosomes, 

after every division, somatic cells shorten the end of the chromosomes about 50-200 bp. Due the continuous 

shortening, after certain divisions, the telomers are lost and the cells suffer DNA damage entering in 

replicative crisis, and therefore apoptosis or senescence. For this reason, somatic cells can divide only limited 

number of times. 

Telomerase is a specialized DNA polymerase that adds the telomeric repeats at the end of the chromosomes 

extending the telomers. This enzyme is expressed in stem cells, germ cells, and some immune cells but it is 

not expressed in somatic cells. About 85% of cancer reactivate the expression of telomerase achieving 

unlimited proliferative potential (Akincilar et al., 2016; Shay & Wright, 2005). 

Resistance to cell death 

The cancer cell expansion depends on the cell proliferation as well as the cell death rate. Apoptosis is a form 

of programmed cell death that curses without inflammation and it is involved in the regulation of many 

physiological and pathological processes. Among other functions, apoptosis is responsible to eliminate 

“damaged” cells (DNA damage, viral infections) to avoid cancer and other pathologies. It is triggered in 

response to diverse physiologic stresses that cancer cells suffer during tumorigenesis or as a result of 

anticancer therapy.  

Apoptosis can be activated by two main pathways: the intrinsic or the extrinsic pathway. The intrinsic 

pathway is triggered by diverse intracellular signals (e.g., DNA or mitochondrial damage) and curse with the 

release of cytochrome C to the cytosol. The extrinsic pathway is activated through extracellular death 

inducing signals that bind membrane receptors. Both pathways end up activating a family of latent proteases 

(caspases), that start the proteolytic cascade. 

Once apoptosis is activated there is no way back, for this reason the trigger of these process is very regulated. 

There are families of pro-apoptotic and anti-apoptotic proteins, and the relation between both groups is 

what decides cell fate. Bax and Bak are pro-apoptotic proteins that trigger apoptosis creating pores in the 

mitochondria to release cytochrome C and other apoptotic signaling proteins. The anti-apoptotic proteins of 

the Bcl-2 family (e.g., Bcl-XL, Bcl-2) carry out its purpose by binding to (and therefore, inhibiting) Bax and Bak 

(X. Xu et al., 2019). 

In addition to determine if the cell is going to enter cell cycle arrest, p53 can induce apoptosis if the sensed 

signal (mainly DNA damage) is severe enough. P53 activates apoptosis by upregulating the expression of 

PUMA and NOXA, two pro-apoptotic proteins that bind to Bcl-2 anti-apoptotic proteins that will release Bax 

and Bak enabling them to initiate apoptosis (Junttila & Evan, 2009). 
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Cancer cells success evading apoptosis by various mechanisms. The most common is the lost p53 tumor 

suppressor function. Alternatively, cancer cells reach this end by upregulating the anti-apoptotic proteins 

(Bcl-2, Bcl-XL, …), downregulating the pro-apoptotic ones (Bax, Bak, PUMA, …), and by breaking the ligand 

induced cell death pathway (e.g., decreasing the expression of death receptors) among others (Fulda, 2009). 

Induced angiogenesis 

Tumors require a continuous supply of nutrients and oxygen as well as a way to evacuate the carbon dioxide 

and other metabolic residues. Tumors are able to generate new blood vessels that irrigate them by a process 

named angiogenesis. We can find angiogenesis in the adulthood in some physiological processes such as 

wound healing or adaptation to muscle exercise. However, the activation of angiogenesis in such processes 

is just transitory. In contrast, angiogenesis is always activated during tumor progression (Lugano et al., 2020). 

Vascular endothelial growth factor (VEGF) is the main angiogenesis activator, it signals via tyrosine kinase 

receptors (VEFGR 1-3). The expression of VEGF can be activated by hypoxia and oncogene signaling. In 

contrast, thrombo-spondin 1 (TSP-1) inhibits angiogenesis also binding to membrane receptors of the 

endothelial cells (Ferrara, 2009; Kazerounian et al., 2008).  

Since the activation of angiogenesis in tumors is always activated with a mix of unbalanced proangiogenic 

signals, the newly formed blood vessels are typically aberrant. Unlike vasculature from a normal tissue, tumor 

blood vessels are disorganized, with excessive and irregular branching, larger than the normal, fenestrated. 

This leads to an erratic blood flow and an impairment in nutrient and waste products exchange. Therefore, 

the distribution of nutrients and oxygen is heterogenous in the tumor leaving areas with low nutrient 

availability, ischemia, and necrosis (Nagy et al., 2010). 

Invasion and metastasis 

While primary tumors could be successfully treated by surgery and adjuvant chemo/ radiotherapy, 

metastasis is largely incurable. In addition, metastatic tumors are usually resistant to current therapies. This 

is why more than 90% of cancer related deaths are due to metastasis. 

The formation of metastasis is a succession of complex mechanisms named the metastatic cascade. Firstly, 

cells form the primary tumor invade the neighbor tissue (local invasion). Then some cells could intravasate 

into the blood vessels, most of the cells would die during the transport though the vasculature, but some of 

them will survive and extravasate into the parenchyma of a distant organ. Few of these cells would adapt to 

the new microenvironment forming micrometastases. The micrometastes can remain latent during years, 

until the cells restart the proliferation at metastatic sites generating macroscopic and clinically detectable 

metastatic tumors (Ganesh & Massagué, 2021; Massagué & Obenauf, 2016). 
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Among the myriad of processes involved in the metastatic cascade, the epithelial to mesenchymal transition 

(EMT) features prominently. During the EMT, epithelial cells develop the ability to invade, resist stress, and 

disseminate. It is a reversible process, during the formation of micrometastases, cells have that have 

undergone to EMT and migrated to a distant tissue, had to switch back to an epithelial morphology. Another 

important ability for invasion is the capacity to disassembly of the extracellular matrix and its constituents. 

This is performed by a family of enzymes named metalloproteinases, the expression of which plays an 

essential role during invasion but also proliferation, survival, immune evasion, and angiogenesis (Fares et al., 

2020; Valastyan & Weinberg, 2011).    

Immune evasion 

Genetic mutations leading to potential tumor initiation cells are quite abundant during lifetime, however the 

immune system is responsible to identify these cells and eliminate them. This concept agrees with the higher 

incidence of cancer in immunodeficient human and mice. However, cancer is also found in 

immunocompetent individuals, showing that sometimes cancer cells find the way to evade the immune 

system surveillance.  

The last theory on the fight of the immune system against cancer is called immunoediting. It has three 

different phases: elimination, equilibrium, and evasion. The elimination phase occurs when the incipient 

tumors are successfully eliminated by the immune system. If the cancer cells are not completely eliminated, 

then is when the equilibrium phase take place. The immune system restraints cancer progression avoiding 

the formation of tumors, but it fails at eliminating them. Cancer cells can then enter to dormant states that 

could last for years at this point. Some cancer cells may escape from immune control and start growing freely, 

entering to the evasion phase. This evasion could take place through different mechanisms such as reducing 

immune recognition, increasing resistance to immune cells attacks, or by setting up an immunosuppressive 

tumor microenvironment (Muenst et al., 2016). 

Genome instability 

Tumorigenesis is a microevolutionary process where mutations take place in single cells, and if they lead to 

acquisition of favorable features, they persist. Tumor progression though, is a multistep process of successive 

subclonal expansions. The acquisition of most of the hallmarks described takes place by this process. 

However, the genome maintaining systems (such as p53) watch over DNA integrity and would activate cell 

cycle arrest or apoptosis if mutations are detected. Therefore, the genome maintaining machinery should be 

“switched off” in cancer cells to enable the increased mutation rate, and therefore facilitate the apparition 

of mutations favorable for the tumorigenic process. The defects in these systems could be found in the DNA 

damage sensors, in the repair machinery, or in the molecules that inactivate the mutagenic molecules 

(Negrini et al., 2010; C. I. Wu et al., 2016). 
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Furthermore, some of the tumorigenic phenotypes could be achieved by epigenetic modifications such as 

DNA methylation and histone modification (Esteller, 2009; Hanahan, 2022). 

Tumor inflammation 

Cancer appearance is linked to chronic infection, diet, obesity, inhalation of pollutants or tobacco, alcoholism. 

All these factors had in common that they curse with chronic inflammation. Inflammation is a protective 

response to a loss of tissue homeostasis, however, when inflammation becomes chronic it becomes harmful 

and may lead to disease. 

The chronic inflammation can contribute to the acquisition of some of the hallmark capabilities described by 

suppling bioactive molecules to the tumor microenvironment. Macrophages (the predominant immune cells 

in chronic inflammation) together with leukocytes can release these bioactive molecules such as growth 

factors, survival factors, proangiogenic factors, cytokines, chemokines, extracellular enzymes, and high levels 

of reactive oxygen species that can act as mutagenic agents. Furthermore, this signaling can also lead to the 

suppression of the immune cells that cancer progression (Elinav et al., 2013; N. Singh et al., 2019). 

Deregulated cellular energetics 

Finally, cells in continuous proliferation have different metabolic requirements than differentiated cells. 

Thus, cancer cells modify their metabolism in order to fulfil their needs, in a process known as metabolic 

reprograming. Alterations of many pathways have been described in cancer cells, the most reported being 

the increase of glycolysis known as the Warburg effect. Furthermore, the availability of some nutrients could 

be compromised in some areas of the tumor and the ability of cancer cells to adapt to these environments 

could determine its fate (vander Heiden & DeBerardinis, 2017). This hallmark will be further discussed below 

as it is the main focus of this thesis. 
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Metabolism 

Metabolism is the sum of all the chemical transformations that take place in a cell or organism to sustain live. 

It includes a myriad of biochemical reactions and transport processes that occur in a coordinated manner to 

fulfil four main functions: i) obtain energy available to run cellular processes from degrading nutrients from 

the environment, ii) convert nutrients into building blocks (e.g., amino acid, fatty acids) and their 

polymerization into macromolecules (e.g., proteins, polysaccharides), iii) synthetize and degrade 

biomolecules in specialized cellular functions, and iv) the elimination of metabolic waste and xenobiotics. 

Metabolic reactions are often grouped into metabolic pathways, which are a group of interconnected 

reactions that accomplish a given role. 

Metabolism can be generally divided into catabolism and anabolism. Catabolism consists in the degradation 

of complex macromolecules to simpler ones. Catabolic pathways release energy, some of which can be 

conserved as ATP and reductive power (NAD(P)H and FADH2). In contrast, anabolism consists in the 

biosynthesis of complex macromolecules from simpler ones. Anabolic reactions often require an input of 

energy (in the form of ATP or reductive power) (Judge & Dodd, 2020; Nelson & Cox, 2000). 

In order to maintain cellular and organism homeostasis, adapt to the external environment, and perform its 

tissular function, metabolic fluxes (and therefore, metabolite pools) must be tightly regulated. Regulation is 

performed by key metabolic sensors (such as AMPK, which sense ATP/AMP ratio), hormones and growth 

factors (B. Xiao et al., 2011). 

Enzymes 

Most of the biochemical reactions that take place in cells are catalyzed by enzymes. Enzymes enable reactions 

that otherwise would not take place, or would take place much slowly, by reducing their activation energy 

(Figure I-3). They accomplish this by providing a specific environment where the reaction is energetically 

more favorable. Specifically, the reaction takes place inside a pocket of the enzyme called the active site, 

where there are specific amino acids that bind the substrates and catalyze the reaction (by modulating the 

conformation of the substrates, stabilizing highly reactive intermediates, etc). Interestingly, enzymatic 

catalysis does not modify the reaction equilibrium, it just increases the rate of the reaction. 

Furthermore, enzymes are the primary regulation point for modulating metabolism, and therefore 

maintaining metabolic homeostasis. Enzymatic activity can be regulated at different levels: it can be 

regulated by substrate and product concentrations; by allosteric binding of a metabolic intermediate or 

coenzyme that senses the metabolic state of the cell; by covalent modifications (such as phosphorylation) of 

allosteric sites; or by modifying the intracellular concentration of the enzyme. The later mechanism could be 

achieved by increasing the enzyme synthesis or degradation rates. Interestingly, extracellular signals such as 
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hormones and growth factors can end up modulating the enzymatic activity through various of the described 

mechanisms (Nelson & Cox, 2000). 

 

Figure I-3: Free energy diagram of an enzymatic reaction. The catalyzed reaction (red) exhibit a lower Gibbs 
activation energy (Δ‡G) compared with the uncatalyzed reaction (black). However, the thermodynamic 
equilibrium stays unchanged (ΔG). (E, enzyme; S, substrate; P, product; ES, enzyme–substrate complex; EP, 
enzyme–product complex; ‡, transi on state). Figure adapted from Hess et al., 2019. 

 

Bioenergetics 

Metabolism is a dynamic process where there is a continuous and coordinated synthesis and degradation of 

biomolecules in order to fulfil cell requirements. Many of the synthetic pathways are energetically 

unfavorable, therefore, they need an external contribution of energy to take place. Cells can use the energy 

stored on the phosphate bond of ATP to enable the endergonic reactions by coupling them to the ATP 

hydrolysis. Moreover, energy can also be stored in electron-exchange carriers or redox “couples”, such as 

electron NADH, NADPH, FADH2, and FMNH2. These carriers can accept or donate electrons allowing both 

oxidation and reduction reactions, for example those required for the biosynthesis of compounds such as 

fatty acids, require various oxidation-reduction reactions that need an electron donor to take place. In redox 

reactions, one molecule gives electrons (therefore, gets oxidized) to a second one that accept them (and 

therefore, gets reduced).  

As previously described, catabolic pathways break nutrients and complex molecules to obtain simpler and 

smaller ones. During this process, energy stored in the broken bonds of the molecules degraded, is released. 

And cells, can benefit from this release if coupling these catabolic reactions to ATP synthesis (from ADP + Pi) 

directly or indirectly through the generation of an energy containing redox couple such as NADH or FADH 

that can be later oxidized in the oxidative phosphorylation (OXPHOS) pathway to generate ATP. Other 

catabolic pathways might result in the generation of a reduced NAD(P)H equivalents that can be then utilized 
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for biosynthetic processes and to obtain energy through OXPHOS. In conclusion, catabolic pathways aim to 

obtain energy, reductive power, and smaller molecules needed for the biosynthesis of building blocks. 

Glycolysis 

Glucose is the most abundant monosaccharide, and it constitutes the major source of energy and carbons 

(for anabolic processes) in most living organisms. Glucose can be oxidized to pyruvate by glycolysis, a pathway 

present in almost all living cells. It is also known as Emden-Meyerhof-Parnas (EMP glycolysis) in honor of the 

biochemists that made the major contributions to completely elucidate this pathway in 1940. Only a few 

prokaryotic organisms metabolize glucose through other pathways, such as the Entner-Duodoroff or hexose 

monophosphate pathways (Akram, 2013a; Lunt & vander Heiden, 2011; Nathan Entner & Doudoroff, 1952; 

Nelson & Cox, 2000).  

Glycolysis is a pathway formed by 10 consecutive cytosolic reactions that oxidize glucose to two pyruvate 

molecules. Glycolysis can be divided in two phases: the preparatory phase and the payoff phase (Figure I-4). 

The preparatory phase requires energy (2 ATP molecules) and ends up splitting the fructose 1,6-bisphosphate 

into two three-carbon phosphorylated sugars: glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone 

phosphate (DHAP). During the second payoff energy phase, the G3P is oxidated to pyruvate generating 2 ATP 

and 1 NADH molecules. Since DHAP can be reversibly converted to G3P by phosphotriose isomerase, the 

amount of total amount of energy formed in this phase is 4 ATP and 2 NADH per glucose molecule. Therefore, 

the net energy yield is 2 ATP and 2 NADH. Pyruvate formed in this process can be metabolized to acetyl-CoA 

and enter the tricarboxylic acid (TCA) cycle to get completely oxidated to CO2 and H2O (Akram, 2013a; Nelson 

& Cox, 2000).  

In the presence of oxygen, NADH formed during glycolysis can be recycled to NAD+ by donating the electrons 

to the electron transport chain (ETC) to generate more energy. However, glycolysis does not need oxygen to 

work. Under hypoxic and anoxic conditions cells should find a way to regenerate NAD+, in most cases 

fermentation is the solution. During fermentation NADH can be re-oxidated by donating its electrons to a 

terminal acceptor that will be finally excreted by the cell (primary as an alcohol or an acid). For example, 

animal cells under hypoxic conditions can reduce pyruvate to lactate recycling the NADH formed during 

glycolysis (Akram, 2013a; M. Müller et al., 2012; Nelson & Cox, 2000). 

Besides generating reductive power and energy, glycolysis is a major supply of carbons for other catabolic 

and anabolic pathways (Figure I-4). For example, glucose-6-phosphate can be oxidized through the pentose 

phosphate pathways to obtain NADPH -for fatty acid synthesis- and pentoses needed for nucleotide synthesis 

(Patra & Hay, 2014). Other intermediates are precursors of amino acid synthetic pathways, such as 3-

phosphoglycerate (3PG) that is used in the serine synthesis pathway (Mattaini et al., 2016). Fructose-6-

phosphate (F6P) can be used for the synthesis of hexosamines, basic for protein glycosylation (X. Liu, 
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Blaženović, et al., 2021); or together with G3P, can enter the non-oxidative branch of the pentose phosphate 

pathway. In addition, DHAP is needed for glycerol 3-phosphate synthesis, important for lipogenesis (Rotondo 

et al., 2017).  

All the reactions that constitute glycolysis are reversible with three exceptions. The reactions catalyzed by 

the hexokinase (from glucose to glucose-6-phosphate), phosphofructokinase (form fructose 6-phosphate to 

fructose 1,6-bisphosphate), and pyruvate kinase (from phosphoenolpyruvate to pyruvate), are irreversible 

and are highly regulated (Akram, 2013a; Nelson & Cox, 2000).  

 

Figure I-4: Glycolysis & gluconeogenesis. Glycolysis can be divided into two phases: the preparatory phase, 
which requires energy and ends up splitting the fructose 1,6-bisphosphate into two three-carbon 
phosphorylated sugars: glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP). And 
the payoff energy phase, where the G3P is oxidated to pyruvate generating 2 ATP and 1 NADH molecules. 
Glycolysis and gluconeogenesis share the same reactions (which are reversible) except three steps catalyzed 
by: hexokinase (HK) or glucose-6-phosphatase (G6Pase); phosphofructokinase 1 (PFK1) or fructose-1,6-
bisphosphatase (FBPase); pyruvate kinase (PK) or phosphoenolpyruvate carboxykinase (PEPCK). 

 

Gluconeogenesis 

Gluconeogenesis is the pathway that generates glucose from non-carbohydrate substrates, mainly lactate, 

glutamine, alanine, and glycerol. In humans, gluconeogenesis is restricted to a few tissues and its function is 

to control glucose homeostasis. It mainly takes place in the liver, but it also occurs in kidney and intestine.   
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It shares most of the enzymes of glycolysis, although the reactions work in the opposite direction (Figure I-

4). However, there are three irreversible reactions that are exclusive to the gluconeogenic pathway. These 

reactions are catalyzed by phosphoenolpyruvate carboxykinase (PEPCK), fructose 1,6-bisphosphatase 

(FBPase), and glucose 6-phosphatase (G6Pase) (Figure I-4). Gluconeogenic flux is regulated through these 

three enzymes, by transcriptional factors and activators/inhibitors. Importantly, glycolysis and 

gluconeogenesis regulation must be coordinated to avoid energy futile cycling since gluconeogenesis is a 

highly endergonic process (Grasmann et al., 2019; Judge & Dodd, 2020; Nelson & Cox, 2000; Z. Wang & Dong, 

2019).  

Tricarboxylic acid cycle and oxidative phosphorylation 

The Tricarboxylic acid (TCA) cycle, also known as citric acid cycle or Krebs cycle, is the final common oxidative 

pathway of carbohydrates, proteins, and lipids. Described by Hands Adolf Krebs in 1937, TCA cycle is a 

mitochondrial cyclic pathway that fully oxidize acetyl-CoA to CO2 and H2O. Coupled with oxidative 

phosphorylation (OXPHOS), TCA cycle is the major source of ATP in aerobic organisms, accounting for 2/3 of 

the total ATP generation. Furthermore, TCA cycle and OXPHOS are responsible for 2/3 of the oxygen 

consumption of the whole body (Akram, 2013b; Baldwin & Krebs, 1981). 

The TCA cycle is constituted by eight consecutive reactions that form a closed loop (Figure I-5). Each cycle 

fully oxidizes a molecule of acetyl-CoA, mainly coming from glycolysis and fatty acid oxidation, to CO2 and 

H2O and generates energy in form of GTP (one molecule) and redox power (three NADH and one FADH2). 

Reduced cofactors (NADH and FADH2) generated during TCA cycle are fed into the oxidative phosphorylation 

electron transport chain (ETC) to generate more energy (Figure I-6) (Akram, 2013b; Nelson & Cox, 2000). 

NADH and FADH2 initially donate electrons to ETC, to complex I and II respectively. Electrons are transferred 

across the different components of the ETC releasing small amounts of energy in each step. Finally, during 

the last step of electron transfer, electrons end up reducing O2 to H2O molecules. The energy released during 

the electron transfer is used to pump protons across the inner mitochondrial membrane forming an 

electrochemical proton gradient. The energy stored in this proton gradient can be used by the ATP synthase 

to generate ATP by allowing protons to return to the mitochondrial matrix (dissipating the gradient), which 

couples the proton flux to ATP synthesis. Up to 3 ATP molecules can be obtained from each NADH molecule, 

and up to 2 ATP molecules from each FADH2. These values can be diminished depending on the uncoupled 

respiration (due the proton leak). In conclusion, up to 12 ATP molecules can be generated through the TCA 

cycle and OXPHOS per each acetyl-CoA molecule (Gnaiger & MitoEAGLE Task Group, 2020; Nelson & Cox, 

2000; Nolfi-Donegan et al., 2020).  
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Figure I-5: TCA cycle. Oxalacetate condensate with acetyl-CoA to form citrate. Citrate is isomerized to 
isocitrate, which can undergo oxidative decarboxylation forming α-ketoglutarate and reducing a NAD+ 
cofactor. α-ketoglutarate dehydrogenase catalyzes the oxidative decarboxylation of α-ketoglutarate to 
succinyl-CoA producing NADH. The thioester bond of succinyl-CoA is cleaved forming succinate, and the 
energy released is coupled to GTP formation. Succinate is converted to fumarate reducing a FAD 
molecule, which donate electrons to ubiquinone. Fumarate is then hydrated to malate, which is finally 
converted back to oxalacetate generating another NADH molecule. Some anaplerotic (pyruvate 
carboxylase reaction and glutaminolysis) and cataplerotic (PEPCK and malic enzyme reactions) reactions 
are also represented in the figure. 

 

TCA cycle flux needs to be coordinated with OXPHOS to maintain energetic balance in cells. Interestingly, 

high energetic levels (high ATP and NADH concentrations) slow down the TCA cycle flux while ADP and NAD+ 

would stimulate it. The cycle is mainly regulated by three enzymes: citrate synthase, isocitrate 

dehydrogenase, and α-ketoglutarate dehydrogenase. Citrate synthase is inhibited by high levels of ATP, 

NADH, and succinyl-CoA. Isocitrate dehydrogenase is inhibited by high NADH concentration. And high 

concentrations of succinyl-CoA and NADH inhibit α-ketoglutarate dehydrogenase. Similarly, high OAA levels 

slow down the TCA flux inhibiting succinyl dehydrogenase. Furthermore, the TCA cycle can also be regulated 

by calcium and some transcriptional factors – such as HIF1α which promotes the expression of pyruvate 

dehydrogenase kinase 1 (PDK1), that inhibits pyruvate dehydrogenase lessening acetyl-CoA production and 

therefore, the TCA cycle flux- (Akram, 2013b; J. W. Kim et al., 2006; Nelson & Cox, 2000; Wan et al., 1989).  
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Figure I-6: Oxidative phosphorylation. Reduced cofactors (NADH and FADH2) generated during TCA cycle 
are fed into the oxidative phosphorylation electron transport chain to generate energy. Electrons are 
transferred across the different components of the ETC releasing small amounts of energy which is used 
to pump protons across the inner mitochondrial membrane to the intermembrane space, forming an 
electrochemical proton gradient. Oxygen is the last electron acceptor, and its reduction forms a water 
molecule.  Finally, ATP is formed by the dissipation of the proton gradient through ATP synthase. Figure 
from Mohamed Yusoff 2015. 

 

Besides the catabolic role of the TCA cycle, it provides metabolites from the cycle that act as building blocks 

for biosynthetic pathways, such as the synthesis of carbohydrates, non-essential amino acids, and fatty acids. 

For example, citrate can be exported to the cytosol, where it will be converted to oxalacetate (OAA) and 

acetyl-CoA for nucleotide and lipid synthesis. The export of TCA cycle intermediates for other purposes is 

called cataplerosis (“emptying”). Interestingly, TCA intermediates used in cataplerotic pathways need to be 

replenished by anaplerotic (“filling-up”) pathways to keep the TCA cycle running. Two important anaplerotic 

pathways are glutaminolysis -which apports α-ketoglutarate from glutamine-, and the pyruvate carboxylase 

(PC) reaction -which converts pyruvate to OAA-. Therefore, the TCA cycle is considered an amphibolic 

pathway since it has both catabolic and anabolic functions (Akram, 2013a; Nelson & Cox, 2000).  

Furthermore, it has been demonstrated that TCA cycle metabolites can play an active role in cell signaling 

through controlling transcription factors and modifying chromatin structure. For example, succinate and 

fumarate inhibit 2-oxoglutarate-dependent dioxygenases, a group of enzymes that include histone 

demethylases, modifying histone methylation and therefore gene expression (Martínez-Reyes & Chandel, 

2020). 
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In conclusion, the high energetic production potential, the convergence between lipid, amino acid, and 

carbohydrates metabolism, and the bioactive activities of its intermediates make the TCA cycle one of the 

most important pathways of cell metabolism. 

Fatty acid metabolism 

Fatty acids are a diverse group of biomolecules with three main biological functions: source of energy, 

building blocks for cell structure components (i.e., cell membranes), and precursors of second messengers 

(such as eicosanoids).  

The oxidation of fatty acids takes place in the mitochondria, and it consist in the repetition of a four-step 

process termed β-oxidation. During β-oxidation, two carbon units are removed from the fatty acid in form of 

acetyl-CoA. This process generates one NADH and one FADH2 molecules that can feed the ETC for energy 

obtention. Before starting the β-oxidation fatty acids need to be activated, this activation is performed by a 

family of enzymes called acyl-CoA synthetases which catalyze the addition of a coenzyme A molecule to the 

fatty acid. During the activation, an ATP molecule is converted to AMP. Therefore, the total ATP yield of fatty 

acid oxidation is up to 17 ATP for each 2 carbon units minus 2 ATP spent in the fatty acid activation. 

In addition to a potent energy source, fatty acids are key components of cellular structures such the 

cytoplasmatic membrane. The synthesis of fatty acids takes place in the cytosol, and it is a highly endergonic 

process that requires several NADPH molecules. Interestingly, it mainly occurs in the liver and the adipose 

tissue. Since acetyl-CoA cannot cross the mitochondrial membrane, it has to be transported to the cytosol as 

citrate and then, converted back to acetyl-CoA and oxalacetate. The first reaction for fatty acid biosynthesis 

is the carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase (ACC), it consumes one ATP 

molecule, and it is the rate-limiting step. Then, malonyl-CoA undergoes polymerization to obtain fatty acids. 

This is catalyzed by fatty acid synthase (FAS) and consumes 2 NADPH molecules for each elongation step.  

Regulation of fatty acid synthesis and oxidation is essential to avoid energy waste. ACC is the rate-limiting 

step in fatty acid biosynthesis, and it is regulated by various mechanisms. It is regulated allosterically by 

citrate (activation) and long chain fatty acids (inhibition). Furthermore, it is regulated by phosphorylation. 

AMP-activated protein kinase (AMPK) can phosphorylate ACC, and therefore inhibit it, when there are low 

energy levels. It can also be phosphorylated/de-phosphorylated in response to different hormones such as 

glucagon or insulin. Additionally, hormones and growth factors can further regulate fatty acid metabolism by 

regulating the expression of enzymes such as FAS. The oxidation of fatty acids is regulated by the NADH/NAD+ 

ratio (high levels of NADH would inhibit the β-oxidation). Malonyl-CoA also inhibits fatty acid oxidation by 

inhibiting CPT1, therefore blocking the entry of fatty acids to the mitochondria (Judge & Dodd, 2020; Kalish 

et al., 2012; Nelson & Cox, 2000). 
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Pentose phosphate pathway 

The pentose phosphate pathway (PPP) is the major source of NADPH and it is necessary for the synthesis of 

ribonucleotides. The PPP has two distinct paths (Figure I-7): the oxidative and nonoxidative branches. The 

oxidative branch oxidizes glucose-6-phosphate to ribose-5-phosphate (R5P) in three irreversible reactions to 

yield 2 NADPH molecules. The nonoxidative branch consist of a series of reversible reactions that allows the 

interconversion of fructose-6-phosphate and glyceraldehyde-3-phosphate to ribose-5-phosphate without 

generating NADPH. Both branches take place in the cytosol.  

Glucose 6-phosphate dehydrogenase (G6PDH) is the rate-limiting enzyme of the oxidative branch. The 

enzymes of the pathway are allosterically regulated by its own products. Furthermore, the expression of PPP 

enzymes is regulated by different signaling pathways such as mTOR or PI3K. Interestingly, G6PDH is the most 

regulated enzyme of the pathway, since it determines the G6P flux that enters into the oxidative branch of 

the PPP.  

 

Figure I-7: Pentose Phosphate Pathway. Glucose can be metabolised via glycolysis or through the pentose 
phosphate pathway, branching at glucose 6-phosphate. The glycolytic pathway is shaded in blue and 
enzymes hexokinase (HK), phosphoglucose isomerase (PGI), and pyruvate kinase (PK) are marked. Other 
reactions between fructose 6-phosphate and glyceraldehyde 3-phosphate (GA3P) are summarised through 
the presence of dotted lines. The oxidative branch of the pentose phosphate pathway, shaded in green, 
comprises the enzymes glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconolactonase (6-
PGL), and 6-phosphogluconate dehydrogenase (6PGDH). The nonoxidative branch, shaded in purple, 
comprises the enzymes ribulose-5-phosphate epimerase (RuPE), ribose-5-phosphate isomerase (RPI), 
transketolase (TKT), and transaldolase (TAL). Figure from Kovářová & Barrett, 2016. 
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The reversibility of the nonoxidative branch in addition to its regulation by product, allows the PPP flux 

adaptation to the metabolic requirements of the cell. For instance, cells that have high NADPH demand rather 

than R5P, recycle R5P into the glycolytic pathway as F6P and G3P. Furthermore, F6P can be converted back 

to G6P to replenish the oxidative branch generating more NADPH (Eggleston & Krebs, 1974; Judge & Dodd, 

2020; Nelson & Cox, 2000; Patra & Hay, 2014).  

 

In addition to biosynthetic pathways such as fatty acid synthesis, NADPH is required for glutathione (GSH) 

synthesis to deal with oxidative stress -in part generated by reactive oxygen species (ROS)-. The oxidative 

branch of the pentose phosphate pathway is the largest contributor to cytosolic NADPH generation. 

However, there are additional pathways that can produce NADPH. Among these, we can find the reactions 

catalyzed by malic enzyme (ME), isocitrate dehydrogenase (IDH), and one carbon metabolism enzymes 

(Hosios & vander Heiden, 2018). 

Regulation of metabolism by signaling pathways and transcription factors 

To achieve high efficiency and avoid energy and carbon waste, metabolism is modulated in a coordinated 

manner. Multiple enzymes and metabolic pathways are regulated simultaneously by signaling pathways and 

transcription factors to accomplish different cell functions, often activated by the same signaling pathways 

and transcription factors. In this section, some of these pathways/transcription factors most relevant to the 

focus of thesis would be briefly introduced. 

PI3K-AKT-mTOR pathway 

The PI3K-AKT-mTOR signaling pathway regulates a large array of cellular functions, including cell survival, 

cellular proliferation, differentiation and stem cell properties, migration, angiogenesis and metabolism. It is 

activated by binding of signaling peptides (mainly growth factors) to tyrosine kinase receptors. Binding 

triggers and activates PI3K by recruitment to the plasmatic membrane, PI3K catalyze the phosphorylation of 

phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PI3P). 

Contrariwise, PTEN is a phosphatase that catalyze the dephosphorylation of PI3P to PIP2, preventing the 

over-activation of the pathway. PI3P recruits and activates different effectors such as AKT, a serine/threonine 

kinase. Activated AKT (pAKT), modulates a wide array of proteins by phosphorylation such as TSC2, AS160, 

FOXO, and GSK3β among others. The phosphorylation of these proteins promotes cell survival and 

proliferation, glycolysis, fatty acid and glycogen synthesis (Pons-Tostivint et al., 2017; Revathidevi & 

Munirajan, 2019; Vanhaesebroeck et al., 2010).  

The proteins TSC1 and TSC2 are constitutively a dimer that inhibits the mTORC1 complex, when AKT 

phosphorylates the TSC1/2 complex, it releases mTORC1 inhibition. The mammalian target of rapamycin 

complex (mTORC1) is a master regulator of cell metabolism, it activates protein, lipid and nucleotide 

biosynthesis, inhibits autophagy and modulates energy metabolism. Furthermore, it promotes cellular 



INTRODUCTION 

 

38 
 

processes such as cell proliferation, cell survival, invasion, and angiogenesis. Through phosphorylation of 

proteins that regulate the translation of RNA such as S6 kinases and 4EBFPs, mTORC1 increases ribosome 

biogenesis and the expression of a heterogeneous group of proteins that will promote many of the functions 

described before. For example: anti-apoptotic proteins (Bcl2), cell cycle activators (cyclin D1, cMyc, CDK2), 

proteins involved in metastasis (MM9), the transcription factor HIF1α (that activates glycolysis and 

angiogenesis), and pro-angiogenic proteins (VEGF). It also modulates lipid and nucleotide biosynthesis 

through SREBP, and inhibits autophagy through ULK, ATG13 and FIP200 inhibition. Additionally, TSC1/2 

complex and therefore mTORC1 activity, can be also regulated by the Ras-MAPK pathway (that ends up 

activating mTORC1), and AMPK, Wnt pathway (GSK3β) and p53 that lead to mTORC1 inhibition. Furthermore, 

mTORC1 activity can be activated by nutrient availability (especially the amino acids leucine and arginine, but 

also glutamine) independently to TSC1/2 (Hara et al., 1998; Huang & Manning, 2009; Laplante & Sabatini, 

2012; Pons-Tostivint et al., 2017).  

Moreover, there is a second mTOR complex: mTORC2. Active mTORC2 activates AKT (creating a positive 

feedback loop of PI3K-AKT-mTOR pathway), SGK1 and different isoforms of PKC (G. Yang et al., 2015). 

Nuclear factor erythroid 2-related factor 2 (Nrf2)  

Nrf2 pathway is one of the main pathways in the fight against oxidative stress. In low oxidative stress 

conditions, Nrf2 binds to Keap1 which mediates its ubiquitination and subsequent degradation in the 

proteosome. However, during oxidative stress, reactive oxygen species (ROS) and other electrophiles oxidize 

Keap1 sensor cysteines inducing a conformational change that release Nrf2 (inhibiting its degradation). Free 

Nrf2 can then translocate to the nucleus and perform its transcriptional factor function. Nrf2 induces the 

expression of enzymes that participate in the obtention of NADPH (G6PDH, ME1, IDH1), the glutathione 

metabolism, xenobiotics metabolism, and other antioxidant genes to fight the oxidative stress. Furthermore, 

Nrf2 upregulates the expression of other genes coding for glycolytic enzymes (and glucose transporter 

GLUT1), PPP enzymes, enzymes of the serine synthesis pathway and one carbon metabolism (nucleotide 

synthesis). Interestingly, Nrf2 activates the expression of key genes related to lipid metabolism, however, 

this response varies depending on the cell type.  Moreover, Nrf2 plays a role in endoplasmic reticulum stress 

(ER stress), caused by protein synthesis defects under oxidative stress conditions or nutrient scarcity, 

activating the unfolded protein response. Accordingly, it activates the expression of autophagy related genes, 

proteosome subunits, and ATF4 among others (He, Antonucci, & Karin, 2020; He, Antonucci, Yamachika, et 

al., 2020; Mitsuishi et al., 2012; Pi et al., 2010; Tonelli et al., 2018). 

Myc 

Myc is a family of three transcription factors (i.e., c-Myc or MYC, n-Myc, and l-Myc) that controls the 

transcription of a large number of genes. The set of genes regulated by MYC may be context specific, however 
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it generally promotes the expression of genes that promote and support cell proliferation, mitochondria 

biogenesis and cell cycle progression. Furthermore, MYC also reprograms cell metabolism to match the 

enhanced demand of anabolic metabolites upregulating pathways such as glycolysis or glutaminolysis, and 

the synthesis of nucleotides, amino acids, and folate among others (Dejure & Eilers, 2017; Goetzman & 

Prochownik, 2018; Soucek et al., 2008).  

Interestingly, MYC expression is activated by growth factors and proliferating signals (such as PI3K-AKT-

mTOR, Wnt, Notch JAK, and STAT3 pathways). Moreover, MYC can be regulated posttranslationally by 

phosphorylation at different sites. For example, phosphorylation by cyclin dependent kinases (CDK), MAPK, 

and Ca2+/calmodulin-dependent protein kinase II-γ (CaMKIIγ) enhance its stability while phosphorylation by 

GSK3β induces MYC degradation (Farrell & Sears, 2014; Gu et al., 2017; P. Liu et al., 2017).  

Hypoxia-inducible factors (HIF)  

Hypoxia-inducible factors is a family of heterodimeric transcription factors in charge of modulating the 

adaptation to hypoxia. HIF mediate this adaptation to hypoxia by upregulating genes that activate 

angiogenesis and genes that promote glycolysis coupled to lactate production. HIF is mainly regulated by the 

HIFα subunit: in normoxic conditions HIFα is hydroxylated by prolyl hydroxylase enzymes (PHDs) leading to 

its ubiquitination and degradation in the proteasome. Oxygen and α-ketoglutarate are necessary for PHDs 

function, while succinate and fumarate inhibit them. Therefore, in low oxygen conditions (hypoxia) PHDs are 

inhibited, and consequently, HIFα stabilized. Stabilized HIFα forms the active HIF heterodimer and 

translocate to the nucleus to perform its function. Furthermore, there are more mechanisms that regulate 

HIF function. For example, mTORC1 promotes HIF1α expression; it can be phosphorylated in different sites 

destabilizing the HIFα subunit (by GSK3β) or enhancing its nuclear translocation (MAPK) (Benita et al., 2009; 

Laplante & Sabatini, 2012; Nagao et al., 2019; Sodhi et al., 2001). 

TP53 

P53 induces cell cycle arrest and DNA repair or apoptosis if cellular stress (DNA damage) is sensed. It is a 

transcription factor, but it also performs its function through protein interactions. P53 modulates the 

metabolism at different levels. It inhibits the PI3K-AKT-mTOR pathway by inducing PTEN and Parkin 

expression, it also promotes the expression and activation of different proteins that inhibit mTORC1 (AMPK, 

TSC1/2). Activation of p53 induces the degradation of HIFα through Parkin expression. Additionally, p53 

represses (directly or indirectly) the expression of many enzymes and transporters of the glycolytic pathway 

such as hexokinase 2, PGAM1, GLUT (1, 3 and 4), and MTC1 among others. All these p53 activities lead to a 

decrease on the glycolytic flux. Additionally, p53 inhibits the PPP (by inhibiting G6PDH), the serine 

biosynthesis pathway (PHGDH inhibition), and lipid biosynthesis (through SREBP-1 downregulation and 

reduced NAPH synthesis). P53 participate in the maintenance of the oxidative phosphorylation machinery. 
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Additionally, p53 increases the TCA flux by inhibiting PDK2 (activation of PDH) and upregulating fatty acid 

oxidation and glutaminolysis. Interestingly, nucleotide biosynthesis can be activated or inhibited by p53 

depending if the aim is to repair the DNA or induce cell cycle arrest (Franklin et al., 2016; P. Jiang et al., 2011; 

J. Liu et al., 2019; Matoba et al., 2006). 

AMP activated protein kinase (AMPK) 

AMP activated protein kinase senses low cellular ATP levels and by phosphorylating diverse proteins 

regulates the metabolism to increase ATP (increasing its production and inhibiting its consumption). When 

activated, AMPK inhibits multiple biosynthetic pathways. Active AMPK inhibits lipid synthesis at different 

levels: it inhibits ACC and HMG-CoA and at the transcriptional level it phosphorylates SREBP-1. It inhibits 

mTORC1 pathway by stabilizing TSC1/2 and by inhibiting the mTORC1 RAPTOR subunit. AMPK also inhibits 

gluconeogenesis. Additionally, AMPK activates a series of catabolic pathways to increase ATP production. It 

increases glycolytic flux by increasing GUT1 and GLUT4 presence in the membrane and by phosphorylating 

PFKB3 that regulates PFK1. AMPK activation also stimulates fatty acid oxidation. Furthermore, its activity 

phosphorylates transcription factors that regulate genes involved in the mitochondrial biogenesis, autophagy 

and lysosomal degradation (Bergeron et al., 2001; Carling et al., 1987; Herzig & Shaw, 2017; Y. Li et al., 2011; 

B. Xiao et al., 2011).  
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Cancer metabolism 

Cells direct nutrients into metabolic pathways to maintain homeostasis and perform specific cell-type 

functions. Many of the basic cellular processes involved in the maintenance of homeostasis or needed for 

basic cellular functions (maintenance of ion gradients, transport processes, protein turnover, etc) are 

endergonic, and therefore coupled to ATP hydrolysis. To provide the energy necessary for these processes, 

cells rely on degradation of available nutrients. For instance, full oxidation of glucose to CO2 and H2O through 

the TCA cycle coupled to OXPHOS is a highly efficient way to generate the required ATP. Furthermore, it is 

one of the preferred sources of ATP production in non-proliferating cells. In addition to metabolically support 

the same housekeeping functions, proliferating cells (including cancer cells) need to generate all the building 

blocks necessary to duplicate the cell components and start the cellular division. Interestingly, many 

mitogenic signaling pathways overactivated in cancer -such as PI3K-AKT-mTOR and cMyc- lead to changes in 

metabolism to support cell proliferation (DeBerardinis, Lum, et al., 2008; Fritz & Fajas, 2010; Heiden et al., 

2009; Heiden Vander et al., 2011; Mayers & vander Heiden, 2015; Tarrado-Castellarnau et al., 2016). 

Furthermore, metabolic reprogramming can play an essential role in the acquisition of other cancer hallmarks 

and selective advantages such as immune evasion, metastatic potential, genetic instability, and drug 

resistance (C. H. Chang et al., 2015; Cruz-Bermúdez et al., 2019; Havas et al., 2017; Ho et al., 2015; Lahiguera 

et al., 2020; J. Lu, 2019). 

Warburg effect 

Alterations on several metabolic pathways in cancer cells have been described, but no one has received more 

attention that the differential metabolism of glucose. In the 1920s Otto Warburg observed that cancer cells 

consume higher amounts of glucose than nonproliferating cells. Moreover, Warburg noticed that cancer cells 

tend to “ferment” glucose to lactate even in the presence of oxygen instead of metabolizing it through the 

TCA cycle and OXPHOS (Warburg et al., 1927). This phenomenon is described as aerobic glycolysis or Warburg 

effect. Warburg firstly hypothesized that this phenomenon was due to mitochondrial defects (and therefore, 

impaired aerobic respiration) (Warburg, 1956). However, further research demonstrated that mitochondrial 

respiration is intact in most cancer cells and it is used for ATP production (L. B. Sullivan et al., 2015; 

Weinhouse, 1976; Zu & Guppy, 2004). Furthermore, inhibition of mitochondrial respiration suppresses tumor 

growth (Gui et al., 2016; Wheaton et al., 2014). 

Accordingly, cancer cells metabolize most of the glucose through aerobic glycolysis secreting lactate instead 

of a most efficient oxidation through TCA and oxidative phosphorylation in terms of ATP production (2 ATP 

from aerobic glycolysis vs 36 ATP from OXPHOS) (Nelson & Cox, 2000). Inefficient ATP production seems to 

be a problem only when nutrients are scarce, and it is not the case of the irrigated areas of the tumor. 

Furthermore, the metabolic requirements of proliferating cancer cells go well beyond ATP, and theseare also 
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justification for cancer cells to switch to a primarily glycolytic phenotype. Proliferating cells need to duplicate 

all the cellular contents prior to division, therefore, they have high requirements for building blocks (amino 

acids, lipids, and nucleotides). Biosynthesis of these building blocks has more requirements besides ATP (such 

as NADPH or carbons). For instance, the synthesis of palmitate requires 7 molecules of ATP, 14 molecules of 

NADPH and the carbons of 8 acetyl-CoA molecules. A glucose molecule can provide up to 36 ATP molecules 

if oxidized through the TCA cycle, more than 5 times the ATP required for the biosynthesis of a palmitate 

molecule. However, 7 molecules of glucose are needed to obtain the necessary NADPH through the PPP, and 

the necessary carbons, in form of acetyl-CoA, can be obtained from 3 glucose molecules. Similarly, the carbon 

and NADPH requirements for nucleotides and amino acid synthesis are higher than the requirements for ATP. 

Furthermore, glycolytic intermediates are precursors for anabolic pathways that contribute to nucleotide, 

amino acid, and lipid synthesis (Chaneton & Gottlieb, 2012; Heiden et al., 2009; Lunt & vander Heiden, 2011; 

Pavlova & Thompson, 2016).  

Regeneration of NAD+ is necessary to maintain the glycolytic flux, and to synthetize oxidized molecules such 

as nucleotides and amino acids. High ATP slows the mitochondrial regeneration of NAD+ through OXPHOS. 

Interestingly, reduction of pyruvate to lactate through lactate dehydrogenase (LDH) regenerates NAD+ 

allowing a continuous glycolytic flux (Luengo et al., 2021). The glycolytic flux may contribute to NADPH 

synthesis through the PPP and to fed biosynthetic pathways that use glycolytic intermediates as precursors 

(glycerol synthesis, glycosylation moieties synthesis, serine synthesis pathway, etc)(Hosios & vander Heiden, 

2018). 

The rapid uptake and consumption of glucose from the tumor microenvironment has also been shown to 

participate in the evasion of the immune system (Cassim & Pouyssegur, 2020). Low glucose availability, 

caused by its massive consumption by cancer cells, impairs the immunogenic activity of T cells (Ho et al., 

2015). Furthermore, lactate secretion by tumor cells is capable to reduce the pH of the tumor 

microenvironment. This reduction of the pH undermines tumor immune response of T and NK cells (A. Brand 

et al., 2016; Husain et al., 2013). Similarly, lactate induces M2-like polarization of tumor resident 

macrophages which are associated to more aggressive tumor characteristics (they support angiogenesis, 

treatment resistance, and secretion of immunosuppressive molecules) (Colegio et al., 2014; Jayasingam et 

al., 2019). 

Far from being just a waste product, lactate secreted by cancer cells undergoing aerobic glycolysis fuels the 

TCA cycle and other anabolic pathways in cancer cells with low glucose availability (Faubert et al., 2017; 

Leithner et al., 2014; Sonveaux et al., 2008). Lactate also promotes HIF1α and VEFG secretion by tumor-

associated endothelial cells (Sonveaux et al., 2012). Finally, lactate may also promote invasion through 

stimulating hyaluronic acid production by fibroblasts (Stern et al., 2002) and increasing the 

metalloproteinases activity by reducing pH (Rothberg et al., 2013). 
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During metastasis, cancer cells detach from the extracellular matrix (ECM) to migrate. The detachment from 

the ECM induces the production of ROS, which can lead to a type of cell death called anoikis, a barrier to 

metastasis. Switch to an aerobic glycolytic metabolism prevents the entry of carbons into mitochondrial 

respiration, which is the main source of ROS. In addition, glycolytic metabolism may promote the usage of 

PPP to produce NADPH to fight oxidative stress. Overall, the reduction of ROS levels prevents the induction 

of anoikis, supporting metastasis (K. A. Brand & Hermfisse, 1997; Kamarajugadda et al., 2012; J. Lu et al., 

2015). 

 Increased glucose consumption in tumors led to the development of diagnosis tools such as 18F-deoxyglucose 

positron emission tomography, which is used in the clinic for tumor diagnosis, staging, and monitoring the 

response to treatment (Almuhaideb et al., 2011).  

Different transcription factors and signaling pathways have been described to promote the Warburg effect. 

HIF1 promotes the expression of glucose transporters (GLUT1 and GLUT3) and glycolytic enzymes such as 

PKM2, HK2, ALDA, ENOL, PGK1 and LDHA (Ebert et al., 1995; W. Luo et al., 2011; Masoud & Li, 2015; Semenza 

et al., 1994). Furthermore, HIF1 mediates the expression of PDK1 which inactivates PDH, blocking the entry 

of glycolytic carbons to the TCA cycle (J. W. Kim et al., 2006). The PI3K-AKT-mTOR pathway increases the 

expression of HK2 and the membrane expression of GLUT1 (Elstrom et al., 2004; Zhou et al., 2020; Zhuo et 

al., 2015). Furthermore, mTORC1 promotes the expression of transcription factors such as HIF1α and cMyc 

that have an active role in the regulation of the glycolytic pathway (Laplante & Sabatini, 2012). Likewise, the 

oncogene cMyc promotes the expression of GLUT1, LDHA, ENO1, GAPDH, PFKM, HK2 and PKM2 (Goetzman 

& Prochownik, 2018; J. Kim et al., 2004; Osthus et al., 2000; Shim et al., 1997). Additionally, many cancers 

have mutations in p53, one of these mutations lead to TIGAR (TP53-induced glycolysis and apoptotic 

regulator) regulation and subsequent glycolysis activation (Bensaad et al., 2006). 

TCA cycle & OXPHOS 

Unlike Warburg initially postulated, mitochondrial metabolism is not impaired in cancer cells. While some 

tumors have a prominent oxidative phenotype (using high levels of oxidative phosphorylation), others show 

a high glycolytic phenotype. Nevertheless, the majority of ATP is still produced by oxidative phosphorylation 

(Fan et al., 2013; Zong et al., 2016; Zu & Guppy, 2004). In addition to provide ATP, OXPHOS regenerates NAD+ 

(consuming NADH to pump protons across the membrane). NAD+ is needed to catabolize reduced nutrients 

as well as for the synthesis of oxidized biomolecules. Furthermore, OXPHOS inhibition by metformin has 

showed to limit the NAD+ regeneration impacting cell growth and tumorigenesis (Birsoy et al., 2015; Gui et 

al., 2016; Luengo et al., 2021; Wheaton et al., 2014).  

The TCA cycle plays an important role in anabolism generating building blocks to feed biosynthetic pathways. 

Pyruvate from glycolysis (via pyruvate carboxylase) and glutamine (via glutaminase) are the two major 
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anaplerotic metabolites that replenish the TCA cycle when its intermediates are used for biosynthetic 

purposes (Sellers et al., 2015; Yuneva et al., 2007; Zong et al., 2016).  

Many cancers have mutations in various TCA cycle enzymes. It is common in acute myeloid leukemia and 

gliomas to have mutations in isocitrate dehydrogenase 2 (IDH2) or the cytosolic isoform IDH1. Mutant IDH1 

and 2 generate high amounts of the oncometabolite 2-hydroxyglutarate (2-HG). 2-HG is a reduced form of α-

ketoglutarate and it is formed at low amounts in normal conditions. Normally, 2-HG is rapidly eliminated by 

specific dehydrogenases. However, in cells with mutated forms of IDH1/2 2-HG accumulates in the cell 

overwhelming the normal clearing mechanism. High levels of 2-HG alter gene expression by inhibiting α-

ketoglutarate-dependent dioxygenases (including histone and DNA demethylases) (Chowdhury et al., 2011; 

Dang et al., 2016; D. Ye et al., 2018). Similarly, accumulation of succinate and fumarate - by loss of function 

mutations of succinate dehydrogenase (SDH) and fumarate hydratase (FH) - can also lead to altered gene 

expression by a similar mechanism than 2-HG (Dalla Pozza et al., 2020; Isaacs et al., 2005; Martínez-Reyes & 

Chandel, 2020; M. Xiao et al., 2012).  

Moreover, mitochondrial metabolism generates reactive oxygen species (ROS), which might play an essential 

role during tumorigenesis (Aggarwal et al., 2019; Weinberg et al., 2010). 

Glutamine metabolism 

Glutamine is the most abundant amino acid in plasma, reaching concentrations up to 0.9 mM in this fluid 

(Bergstrom et al., 1974; Cynober, 2002). Although it is a non-essential amino acid, glutamine may turn 

essential in cancer cells where it is the second most consumed nutrient, only after glucose (Lacey & Wilmore, 

1990).  

Glutamine plays an important role in anaplerosis, replenishing the TCA cycle when its intermediates are used 

for biosynthetic purposes. Furthermore, is serves (together with glutamate) as the major nitrogen source for 

amino acid and nucleotide biosynthesis. In addition to these anabolic functions (providing both carbons and 

nitrogen for biosynthesis), glutamine participates in the production of ATP and NADPH (through malic 

enzyme) and contributes to glutathione metabolism (de Vitto et al., 2015; DeBerardinis, Sayed, et al., 2008; 

Deberardinis & Cheng, 2009; Hosios & vander Heiden, 2018; Kurmi & Haigis, 2020).  

In fact, glutamine “addiction” in cancer cells is one of the main features of metabolic reprogramming. The 

main genes involved in glutamine metabolism are upregulated in cancer cells: there is increased expression 

of glutamine transporters (SCL1A5), glutaminase (GLS), glutamate dehydrogenase (GLUD) and transaminases 

(Scalise et al., 2017; Still & Yuneva, 2017). The oncogene c-Myc actively participates in the transcriptional 

program that stimulates glutaminolysis regulating GLS1, SLC1A5 among others (Bernfeld & Foster, 2019; W. 

Liu, Le, et al., 2012; Still & Yuneva, 2017; Wise et al., 2008). Furthermore, glutamine deprivation leads to 

apoptosis in cancer cells with activated c-Myc (Yuneva et al., 2007). 
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The inhibition of glutaminase by genetic and pharmacologic models blocks proliferation, migration and 

tumorigenicity in cancer cell lines and hinders tumor growth in xenograft models (Lampa et al., 2017; H. Y. 

Liu et al., 2021; Lobo et al., 2000; J. Zhang et al., 2019). Consistently, the potent glutaminase inhibitor 

telaglenastat (CB-839), which has shown antitumoral activity both in vitro and in vivo (Gross et al., 2014; Y. 

Zhao et al., 2020), is currently under clinical trial for different solid (colorectal, renal, NSCLC, etc) and 

hematologic (acute myeloid and lymphocytic leukemia, multiple myeloma, non-Hodgkin’s lymphoma, etc) 

malignancies (Meric-Bernstam et al., 2019; US National Library of Medicine, 2022). Hence, the search for 

potent and specific glutaminase inhibitors for therapeutic purposes is an active field (E. Costa et al., 2021; C. 

R. Wu et al., 2018). 

Serine synthesis pathway 

Serine is a non-essential amino acid that is critical for the biosynthesis of many biomolecules. Serine is the 

precursor of the non-essential amino acids glycine and cysteine. Glycine is used for the synthesis of 

porphyrins, and together with cysteine are needed for glutathione biosynthesis essential for dealing with 

ROS. Serine is necessary for the synthesis of sphingolipids and phospholipids. Furthermore, the conversion 

of serine to glycine provides carbons to the one-carbon metabolism pathway (Labuschagne et al., 2014; 

Locasale, 2013; Mattaini et al., 2016; Nelson & Cox, 2000).  

Although serine can be obtained from the environment, phosphoglycerate dehydrogenase (PHGDH) and the 

other enzymes of the serine synthesis pathway (SSP) - phosphoserine aminotransferase (PSAT) and 

phosphoserine phosphatase (PSPH) – are highly expressed in many cancers (Liao et al., 2019; Mattaini et al., 

2016; Ravez, Spillier, et al., 2017). In fact, the expression of PHGDH, the first enzyme of this biosynthetic 

pathway, turns to be important for cancer progression (DeNicola et al., 2015; Possemato et al., 2011; Ravez, 

Corbet, et al., 2017; M. R. Sullivan, Mattaini, Dennstedt, Bosenberg, et al., 2019; M. R. Sullivan, Mattaini, 

Dennstedt, Nguyen, et al., 2019). Furthermore, PHGDH inhibition (or genetic depletion) significantly hinders 

tumor growth and cell survival, even when exogenous serine is available (Mullarky et al., 2016; Pacold et al., 

2016).  However, cancer cells dependence on SSP and the increased expression of its enzymes is not extended 

to all cancer types (Tajan et al., 2021). In addition, there is one study which showed that PHGHD knockdown 

did not affect tumor maintenance in different breast cancer models (J. Chen et al., 2013). 

Different studies showed that dietary serine restriction can slow tumor growth and sensitize cancer cells to 

chemotherapy (Gravel et al., 2014; Maddocks et al., 2012, 2017; Muthusamy et al., 2020; Y. Shi et al., 2012). 

However, cancer cells can adapt to serine starvation by activating the flux towards the SSP. Serine is an 

allosteric activator of the M2 isoform of pyruvate kinase (PKM2), an isoform expressed in proliferating and 

cancer cells (Dayton et al., 2016). Therefore, when serine levels are low there is a decrease in PKM2 activity, 

which redirects part of the glycolytic flux towards the SSP (Chaneton et al., 2012; J. Ye et al., 2012). 

Additionally, serine starvation activates ATF4, which activates the transcription of the SSP enzymes (DeNicola 
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et al., 2015). In a similar manner, the activation of KRAS, c-Myc, MDM2, mTORC1, HIF1α, or NRF2 leads to an 

increased expression of SSP enzymes (Ben-Sahra et al., 2016; DeNicola et al., 2015; Nilsson et al., 2012; 

Samanta et al., 2016). In contrast, p53 represses PHGDH expression (Y. Ou et al., 2015). Interestingly, cells 

with increased expression of SSP enzymes become resistant to exogenous serine starvation (Méndez-Lucas 

et al., 2020; M. R. Sullivan, Mattaini, Dennstedt, Nguyen, et al., 2019). Nevertheless, it has been shown that 

pharmacologic PHGDH inhibition increases the therapeutic effectivity of serine limited diet (Tajan et al., 

2021).  

One-carbon metabolism 

One-carbon metabolism includes both the folate and the methionine cycles. It allows cells to generate and 

use one-carbon units (methyl groups) for biosynthetic purposes and methylation reactions (Newman & 

Maddocks, 2017). Many of the enzymes involved in these pathways have both mitochondrial and cytosolic 

isoforms. The function of some of these isoforms can be redundant (D. D. Anderson & Stover, 2009; Tibbetts 

& Appling, 2010). 

Serine, together with other amino acids, are the major donors of one-carbon units into the one carbon 

metabolism pathways. During the conversion of serine to glycine, one carbon unit is transferred to 

tetrahydrofolate (THF) -which is synthetized from dietary folic acid and acts as a universal one-carbon 

acceptor- to generate methylene-THF. Then, this one-carbon unit can be used for the synthesis of purine and 

pyrimidine nucleotides through the folate cycle enzymes. Although the synthesis of THF from dietary folic 

acid consumes NADPH, methylene-THF can by oxidized to formyl-THF to generate NADPH (Hosios & vander 

Heiden, 2018; Labuschagne et al., 2014; Locasale, 2013; Newman & Maddocks, 2017; Tibbetts & Appling, 

2010). 

The methionine cycle allows to generate S-adenosylmethionine (SAM), which can be used as a universal 

methyl donor in methylation reaction. Once the methyl group is transferred from SAM to an acceptor 

molecule (for example DNA) during a methylation reaction, S-adenosylhomocysteine (SAH) is obtained. SAH 

can be recycled into the methionine cycle to homocysteine, which can be converted back to methionine and 

SAM with the donation of a methyl group from methyl-THF (obtained from methylene-THF by 

methylenetetrahydrofolate reductase). The methionine cycle can also provide cysteine, necessary for 

glutathione synthesis (Locasale, 2013; Newman & Maddocks, 2017; Tibbetts & Appling, 2010). Methylation 

of DNA and histones is of great importance to epigenetic regulation. For instance, hypermethylation of 

certain tumor suppressors genes can cause its loss of function (Greger et al., 1989; Kottakis et al., 2016; Kulis 

& Esteller, 2010; Roberti et al., 2021; Teperino et al., 2010).  

Since its importance for nucleotide biosynthesis, REDOX maintenance (through glutathione and NADPH 

synthesis), and regulation of the methylation donor pool; one-carbon metabolism is vital for cancer cells. It 
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is not surprising then, that many antineoplastic drugs are targeting this pathway (Luengo et al., 2017; 

Newman & Maddocks, 2017). The antimetabolites methotrexate and pemetrexed both inhibit dihydrofolate 

reductase (DHFR), the enzyme that allows the reduction of folate (from the diet) and dihydrofolate to THF 

(Walling, 2006). Moreover, pemetrexed is also described to inhibit thymidylate synthase (TYMS) and SHMT 

(Daidone et al., 2011). Both antifolate molecules are still extensively used in anticancer therapy for a wide 

range of cancer types, including breast cancer, bladder cancer, lymphomas, and acute lymphoblastic 

leukemia among others (Chabner & Roberts, 2005; Luengo et al., 2017). The uracil analog 5-fluorouracil (5-

FU) and its prodrug capecitabine inhibit TYMS blocking the formation of thymidine nucleotides for DNA 

synthesis. These compounds remain widely used in breast and diverse gastrointestinal cancers therapy 

(Heidelberger et al., 1957; Rudy & Senkowski, 2022; Wagner et al., 2006). Finally, the purine analogs 6-

mercaptopurine and 6-thioguanine inhibit phosphoribosyl-1-pyro-phosphatase (PRPP) amidotransferase, the 

first enzyme in de novo purine biosynthesis (downstream this pathway accepts one carbons unit from 10-

formyl THF). Both purine analogs have been successfully used in the clinic to treat different types of leukemia 

(Crouwel et al., 2022; Elion, 1989). 

 

Figure I-8: Serine and one-carbon metabolism. During the conversion of serine to glycine, one carbon unit 
is transferred to tetrahydrofolate (THF) to generate methylene-THF. Then, this one-carbon unit can be 
used for purine and pyrimidine nucleotides synthesis, methylation reactions (through SAM regeneration), 
and NADPH generation through the folate cycle enzymes. Different antineoplastic drugs used in cancer 
therapy target this pathway as showed in red. Figure adapted from Luengo et al., 2017. 

 

Lipid metabolism 

Proliferating cancer cells have an increased need for lipids for cytoplasmic membrane formation during cell 

division. Cancer cells can obtain lipids through both biosynthesis and exogenous uptake. It has been observed 
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that different cancer types overexpress enzymes from the fatty acid synthesis pathway (such as ATP citrate 

lyase, ACLY, and fatty acid synthase, FASN), which are normally only expressed in the liver or proliferating 

tissues (Baenke et al., 2013; Khwairakpam et al., 2015; Koundouros & Poulogiannis, 2019; C. F. Li et al., 2017). 

On the other hand, lipids can be taken from the environment by different transporters. The best known are 

CD36 - also known as fatty acid translocase -, the fatty acid transport protein family (FATPs or SLC27) and 

plasma membrane fatty acid binding proteins (FABPpm). High expression of CD36 correlates with poor 

prognosis in several tumor types, including melanoma, ovarian, breast, gastric, and prostate cancer. 

Moreover, CD36+ cells have been shown to be potential metastatic initiating cells, and CD36 inhibition 

successfully impaired metastasis formation in different cancer models (Calvo et al., 1998; Koundouros & 

Poulogiannis, 2019; Ladanyi et al., 2018; Pascual et al., 2016; Watt et al., 2019). Additionally, the 

accumulation of fatty acids in lipid droplets can be used to maintain lipid homeostasis, avoid lipotoxicity, and 

as a source of ATP and NADPH (for ROS detoxification) during metabolic stress conditions. Interestingly, the 

uptake and accumulation of FA in lipid droplets is particularly relevant in hypoxic conditions, where the 

expression of FABP3 and FABP7 is induced by HIF1α (Bensaad et al., 2014; Koundouros & Poulogiannis, 2019; 

Munir et al., 2019). 

The composition of the plasmatic membrane determines its stability and physical properties, which can play 

an important role during cancer progression (Koundouros & Poulogiannis, 2019). De novo lipogenesis mainly 

generates saturated and monounsaturated fatty acids. Which are more stable than polyunsaturated because 

they have fewer double bonds susceptible to peroxidation. Therefore, an increase of fatty acid biosynthesis 

would lead to a higher proportion of saturated (and monounsaturated) fatty acids in the plasmatic 

membrane. Furthermore, cancer cells with higher saturated fatty acids in the membrane are more resistant 

to oxidative stress induced by chemotherapeutic drugs such as doxorubicin (Rysman et al., 2010).  On the 

other hand, membranes with unsaturated fatty acids are more fluid. Similarly, membranes with low 

cholesterol content tend to be more fluid. Fluidity of the plasmatic membrane allows cells to modulate its 

shape, which is essential to EMT and intravasation and extravasation form blood vessels during the 

metastasis formation (Sok et al., 2002; W. Zhao et al., 2016). Nevertheless, rigid membranes due to high 

cholesterol (and saturated fatty acids) content are more impermeable to chemotherapeutic agents 

promoting drug resistance (Heilos et al., 2018). Increased cholesterol membrane concentrations support the 

formation of lipid rafts. Lipid rafts are microdomains of the plasmatic membrane with high cholesterol and 

saturated phospholipids which facilitate the accumulation tyrosine kinase receptors that would induce 

oncogenic signaling (George & Wu, 2012; Y. C. Li et al., 2006).  

Lipids can further support cellular survival and proliferation playing an active role in signaling. 

Phosphatidylinositols can be phosphorylated and act as a secondary messenger in the PI3K-AKT-mTOR 

pathway (Cantley, 2002; Koundouros & Poulogiannis, 2019). Other important class of bioactive lipids are 
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eicosanoids. Eicosanoids are a large family of bioactive molecules generated through the metabolism of 

arachidonic acid by cyclooxygenase (COX), lipoxygenase (LOX) and P450 epoxygenase pathways. Many of 

them are implicated in inflammation and can contribute to cancer progression. Furthermore, inhibition of 

cyclooxygenase by non-steroidal anti-inflammatory drugs (NSAIDs) may be beneficial for cancer therapy 

(Mostafa et al., 2022; O’Malley et al., 2022; D. Wang & Dubois, 2010; Z. Zhang et al., 2018).  

Metabolic diversity and plasticity  

Metabolic reprogramming in cancer cells is tightly coordinated by different signaling pathways such as PI3K-

AKT-mTOR, c-Myc, HIF1α. Furthermore, lineage of the origin cell type, nutrient availability, and tumor 

microenvironment also play an important role defining the metabolism of cancer cells. Depending on the 

aforementioned variables, cancer cells can display a wide variety of metabolic phenotypes. The metabolic 

phenotype can define the aggressivity of the tumor, resistance to chemotherapy, and prognostic values. It 

can also uncover specific vulnerabilities that can be pharmacologically targeted (Iurlaro et al., 2014; Luengo 

et al., 2017; Mayers & vander Heiden, 2017; Pavlova & Thompson, 2016; vander Heiden & DeBerardinis, 

2017).  

For example, 40% of diffuse large B cell lymphoma (DLBCL) patients do not respond to the first line therapy: 

a combination of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP). 

Interestingly, the metabolic phenotype of DLBCL cells showed to have a prognosis value: the patients with 

DLBCL cells that had an “oxidative” phenotype (GAPDH-low) had worst prognosis and R-CHOP response than 

the patients with DLBCL cells with a “glycolytic” phenotype (GAPDH-high). The treatment with OXPHOS 

(metformin), glutaminolysis (L-asparaginase), and mTORC1 inhibitors (KTM) to R-CHOP refractory GAPDH-

low DLBCL patients successfully improved the therapeutic outcome. 75% of these patients showed complete 

response after one cycle of KTM (Caro et al., 2012; Chiche et al., 2019; Sehn & Gascoyne, 2015). 

Interestingly, metabolic heterogenicity is found inside the tumor (Patel et al., 2014). In solid tumors, it is 

common to have different oxygen and nutrients concentration among the different areas of the tumor. This 

is caused mainly by a deficient vasculature due erratic angiogenesis and high nutrient consumption. In 

consequence, it is common to find areas of the tumor with lower oxygen and nutrient concentrations. Cancer 

cells are able to survive in nutrient limitation conditions thanks to their great metabolic plasticity 

(DeBerardinis & Chandel, 2016; Mayers & vander Heiden, 2015; Pavlova & Thompson, 2016).  

Cancer cells can use opportunistic modes of nutrient acquisition to survive during nutrient limitation: they 

can obtain amino acids from the digestion of extracellular proteins internalized by micropinocytosis 

(Commisso et al., 2013; Kamphorst et al., 2015). In a similar manner, nutrients can be obtained from the 

digestion of phagocyted apoptotic bodies (Stolzing & Grune, 2004). Furthermore, cells can engulf and digest 

neighbor cells to obtain nutrients in a process named entosis (Durgan & Florey, 2018; Overholtzer et al., 
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2007). All these processes are stimulated by KRAS activation and mTORC1 repression (Overholtzer et al., 

2007; Palm et al., 2015). Cells can also obtain the metabolic intermediates that they need to survive by 

recycling macromolecules through autophagy (DeBerardinis & Chandel, 2016; Kimmelman & White, 2017). 

Different cell populations in the tumor microenvironment cooperate to take advantage of the metabolic 

heterogeneity and overcome nutrient limitation (Mayers & vander Heiden, 2015; M. R. Sullivan & vander 

Heiden, 2019). For example, lactate released by the most glycolytic cells (Warburg phenotype) can be used 

as a fuel for OXPHOS and cataplerosis by the cells with a “more oxidative” phenotype (Feron, 2009; 

Guillaumond et al., 2013; Montal et al., 2019a; Sonveaux et al., 2008). Similarly, it has been described that 

cancer associated fibroblasts can acquire a Warburg phenotype and secrete lactate that can be used by 

cancer cells (Pavlides et al., 2009). In ovarian cancer, cancer cells can use fatty acids provided by visceral 

adipocytes (Ladanyi et al., 2018). 
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Phosphoenolpyruvate carboxykinase (PEPCK) 

Phosphoenolpyruvate carboxykinase (PEPCK) is the enzyme that catalyzes the GTP-dependent reversible 

decarboxylation of oxalacetate (OAA) to phosphoenolpyruvate. To take place, the reaction requires bivalent 

metal ions (magnesium or manganese).  The PEPCK reaction allows the cell to bypass the last irreversible step 

from glycolysis, allowing gluconeogenesis to take place. Furthermore, it is the only reaction that connects 

the TCA cycle with glycolytic intermediates above pyruvate (H. C. Chang & Lane, 1966; Z. H. Chen et al., 2002; 

Escós et al., 2016a; Lee et al., 1981; Nordlie & Lardy, 1963; Yu et al., 2021).  

In eukaryotes, PEPCK activity is distributed between two very similar isoenzymes: a cytosolic (PEPCK-C) and 

a mitochondrial one (PEPCK-M). Both, PEPCK-C and PEPCK-M are encoded by nuclear genes, PCK1 and PCK2 

respectively. Although both isoenzymes are almost identical and catalyze the same reaction with similar 

kinetic properties, they are differentially regulated and expressed (Hanson & Patel, 1994; Méndez-Lucas et 

al., 2014a; Yu et al., 2021).  

Interestingly, the distribution of PEPCK isoforms varies in different animal species. While most of the studied 

species (human, cows, dogs, cats, sheep) present similar activity of both isoforms in the liver; the cytosolic 

isoform accounts for almost all the PEPCK activity – between 90 and 99% - in rats, hamsters, and mice. On 

the other hand, PEPCK-C activity in rabbits represents only the 10% of the total hepatic PEPCK activity. 

Furthermore, some bird species (i.e. chicken and pigeon) only express the PEPCK-M isoform in their livers 

after hatching  (Nordlie & Lardy, 1963; Söling et al., 1973; J. Yang et al., 2009).  

PEPCK-C 

PEPCK-C is highly expressed in gluconeogenic and glyceroneogenic tissues such as the liver, kidneys, adipose 

tissue, and small intestine. PEPCK-C expression is regulated by diet and hormones (insulin, glucagon, and 

glucocorticoids) and its main function is glucose homeostasis. Fasting induces PEPCK-C expression via 

transactivation of its promoter in response to cAMP, glucocorticoids, and thyroid hormone. In the other hand 

insulin represses PCK1 transcription (Hanson & Reshef, 1997; Yu et al., 2021). In addition, PPAR-γ, c-Jun/c-

Fos-binding element, SREBP-1, nuclear factor 1, and retinoic acid response element have been described to 

regulate PCK1 expression (Chakravarty et al., 2004; Devine et al., 1999; Fos et al., 1992; Hall et al., 1992; 

Leahy et al., 1999). Half-life of PEPCK-C in the liver is about 6-8 h while its mRNA half-life is 30-60 min 

(Hopgood et al., 1973; Tilghman et al., 1974). In addition to this short half-life, the absence of allosteric 

regulators, suggests that the enzyme is regulated by transcription/degradation rate and substrate 

concentrations. Furthermore, it has been described that PEPCK-C degradation can be regulated by 

acetylation in three lysine residues (Beale et al., 2007; W. Jiang et al., 2011; Y. yi Lin et al., 2009; Y. Xiong et 

al., 2011).  
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PEPCK-C plays a major role in glucose homeostasis. As mentioned above, PEPCK-C mediates the first rate-

limiting gluconeogenic reaction. PCK1 whole body knockout caused hypoglycemia in a murine model, 

furthermore, the animals died 2-3 days after birth (Hakimi et al., 2005; She et al., 2000). Early postnatal 

expression of PCK1 in the liver by adenovirus administration in PCK1-KO pups partially rescued the 

hypoglycemia allowing its survival (Semakova et al., 2017). Oddly, PCK1 liver-specific knockout mice were 

euglycemic. However, these animals developed liver steatosis as a result of impaired cataplerosis and 

subsequent TCA cycle flux reduction (Beale et al., 2007; Burgess et al., 2004; She et al., 2000, 2003). 

Coherently, PCK1 overexpression led to hyperglycemia, hyperinsulinemia, and insulin resistance in mice 

(Valera et al., 1994). The kidneys and small intestine have also been described as gluconeogenic tissues, with 

a smaller contribution to glucose homeostasis than the liver (Mithieux et al., 2004; Schoolwerth et al., 1988). 

Triglycerides (TG) constitute a major lipid storage and important energy source. TG are formed by three fatty 

acids and a glycerol molecule. Glyceroneogenesis is the synthesis of the glycerol moiety of TG from pyruvate, 

glutamine, or any TCA intermediate. Glyceroneogenesis mainly takes place in the liver and adipose tissue, 

and it importantly contributes to the plasmatic TG concentration (Kalhan et al., 2001). Adipose-specific PCK1 

knockout coursed with reduced TG storage in adipose tissue in a murine model. Moreover, some of the mice 

showed lipodystrophy and slight hyperglycemia (Olswang et al., 2002). In contrast, PCK1 overexpression in 

adipose tissue leads to obesity in mice. Interestingly, these animals were euglycemic and did not show 

symptoms of metabolic syndrome (Franckhauser et al., 2002). However, they develop severe insulin 

resistance (and type 2 diabetes) if fed with high-fat diet (Franckhauser et al., 2006). In a similar manner, 

cytosolic PEPCK plays a role in the mammary gland during lactation, it contributes to lipid synthesis (the major 

component of milk besides water) through glyceroneogenesis (Bobrovnikova-Marjon et al., 2008; Hsieh et 

al., 2009).  

In addition, PEPCK-C activity is also important for glyceroneogenesis in the skeletal muscle. 

Glyceroneogenesis is the principal contributor of TG production in skeletal muscle (Nye et al., 2008). Skeletal 

muscle-specific overexpression of PCK1 increased the intramuscular fat content and reduced the 

subcutaneous and visceral adipose tissue depots. Interestingly, the overexpression of PCK1 had a significative 

impact in physical activity: mice overexpressing PCK1 in the skeletal muscle could run 5 km at 20 m/min 

without stopping while control mice could run 0.2 km at this speed. The muscle of these mice showed an 

increased oxidative metabolism and mitochondrial biogenesis. Furthermore, plasmatic insulin and leptin 

concentrations were lower than control mice and the lifespan and reproductive capacity were extended 

(Hanson & Hakimi, 2008). Interestingly, the phenotype observed in these mice caught the attention of the 

alimentary sector where high intramuscular fat is recognized as a quality trait in pork (Ren et al., 2017). 

Surprisingly, Xu et al. recently reported that PCK1 might have a kinase activity. Phosphorylated PCK1 (by AKT) 

would translocate to the endoplasmic reticulum where it would phosphorylate INSIG1 and INSIG2. This 
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phosphorylation would disrupt the interaction with sterols and SCAP, leading to the activation of SREBP and 

posterior transcription of lipogenesis-related genes (increasing tumorigenesis) (D. Xu et al., 2020). 

PEPCK-M 

Despite PEPCK-M was firstly discovered and it was used to elucidate the gluconeogenic pathway by Utter and 

Kurahashi, the metabolic role of PEPCK-M in mammals has been less studied (Stark & Kibbey, 2014; Utter & 

Kurahashi, 1953). In contrast with the cytosolic isoform, PEPCK-M is expressed in gluconeogenic (liver, kidney, 

small intestine) and non-gluconeogenic tissues such as pancreatic β-cells, heart, skeletal muscle, neurons, 

immune cells (T and B-cells), fibroblasts, and undifferentiated cells like embryonic stem cells, different 

progenitors, and cancer cells (Alvarez et al., 2016; Brearley et al., 2020; Brown et al., 2016; Z. Li et al., 2019; 

H. Ma et al., 2019; Méndez-Lucas et al., 2013; Stark et al., 2009; Yu et al., 2021). Unlike PCK1, PCK2 expression 

is not regulated by diet and hormones (Modaressi et al., 1998). Our laboratory showed that PCK2 is 

transcriptional regulated by ATF4, the master regulator of ER and amino acid stress response pathways. 

PEPCK-M was upregulated by effectors of this pathway by recruiting ATF4 to a consensus AARE site located 

at the PEPCK-M proximal promoter (Méndez-Lucas et al., 2014a). Additionally, PEPCK-M protein is more 

stable than the cytosolic isoform, with a half-life beyond 50 h (Hanson & Patel, 1994).  

In human liver, mitochondrial PEPCK is expressed in a similar proportion than the cytosolic isoform. However, 

its role in gluconeogenesis has not been completely elucidated. It is hypothesized that PEPCK-M would 

participate in gluconeogenesis as observed in birds. Additionally, it could present metabolic advantages with 

respect to PEPCK-C pathway because it does not need to shuttle OAA and reducing equivalents (malate 

shuttling) from the mitochondria to the cytosol (Arinze et al., 1973; Gamble & Mazur, 1967; Hanson & Reshef, 

1997; Stark & Kibbey, 2014). The expression of PCK2 in the liver of mice where PCK1 has been depleted – 

unlike human, mouse liver expresses almost exclusively the cytosolic isoform - partially recued the defects in 

gluconeogenesis, TCA cycle, and lipid metabolism. In addition, when PEPCK-M was expressed in the presence 

of PEPCK-C, the gluconeogenic capacity was amplified (Méndez-Lucas et al., 2013). Consequently, this 

evidence suggest that PEPCK-M might have an important role in gluconeogenesis in humans. 

In addition to the possible gluconeogenic role, PEPCK-M contributes to glucose homeostasis by modulating 

insulin secretion in pancreatic β-cells. PEPCK-M together with pyruvate kinase (PK) and PC, constitute the 

PEP cycle. In this cycle, PEP from glycolysis is converted to pyruvate by PK which can enter to the TCA cycle 

in form of OAA by the PC reaction. This OAA can be converted back to PEP by PEPCK-M, note that during this 

last reaction mitochondrial GTP (mt-GTP) is consumed. Unlike ATP, GTP transport between mitochondria and 

cytosol is very slow. Therefore, it might be used as a rheostat of mitochondrial metabolism (it is formed by 

the TCA cycle enzyme succinyl CoA synthetase). Hypothetically, the PEP cycle allows the recycling of mt-GTP 

and the coupling of the TCA cycle activity with glucose stimulated insulin secretion (GSIS) in β-cells (Kibbey 

et al., 2007). Silencing of PEPCK-M blunted GSIS in rat insulinoma INS1 cells (Stark et al., 2009). In a similar 
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manner, impaired insulin secretion and elevated plasmatic glucose during fasting was observed in PCK2 

knockout mice (Abulizi et al., 2020a). The PEP cycle would accelerate the TCA cycle by regenerating mt-GDP, 

necessary for the succinyl CoA synthetase reaction. Furthermore, it would allow to export the mt-GTP energy 

to the cytosol as ATP in brown adipose tissue (Drahota et al., 1983; Stark & Kibbey, 2014). 

PEPCK-M is expressed in undifferentiated cells, and it might be important for embryogenesis and 

development. Mice liver expresses almost exclusively the cytosolic isoform, however the mitochondrial 

isoform is preferentially expressed during fetal development (Hanson & Patel, 1994). Interestingly, neural 

progenitors, which are dependent on lactate metabolism, depend on PEPCK-M activity to support anabolic 

functions and maintain their progenitor phenotype (Alvarez et al., 2016).  

Furthermore, it has been observed that PEPCK-M is overexpressed in several human tumors (including 

breast, prostate, thyroid, lung, colorectal, gastric, cervix, bladder, and pancreatic cancers among others) and 

cancer cell lines (Figure I-9) (Chu et al., 2017; Fernández-Coto et al., 2018a; Y. Hu et al., 2020; Leithner et al., 

2015; N. Li et al., 2018; S. Luo et al., 2017; Smolle, Leko, Stacher-Priehse, et al., 2020; Vincent et al., 2015; J. 

Zhao et al., 2017a). Expression of PEPCK-M in cancer cells has been proposed to provide a selective growth 

advantage though cataplerosis and biosynthetic processes, especially in glucose scarcity. As mentioned 

before, nutrient limitation and ER stress inducers activate the unfolded protein response (UPR) and amino 

acid response (AAR) which increase ATF4 expression. ATF4 directly up-regulates PCK2 transcription by 

binding to its promoter. Consistently, knocking-down PEPCK-M in human breast carcinoma cells (MCF7) 

under stress tips the balance of the cell towards apoptosis whereas overexpressing PEPCK-M enhanced cell 

survival (Méndez-Lucas et al., 2014b). The importance of chronic ER-stress to induce adaptive responses in 

cancer cells in vivo suggested that the pathway is crucial to cancer cell metabolism and progression. In the 

same line, different investigators observed that PEPCK-M was crucial for survival and proliferation of lung 

cancer cells under glucose deprivation. PEPCK-M enabled the utilization of carbons from glutamine and 

lactate to synthetize glycolytic intermediates necessaries for biosynthetic processes such as serine and 

glycine biosynthesis, and one carbon metabolism. In this context, PEPCK-M not only increased cell survival 

under glucose-limited conditions but also enabled glucose-independent proliferation. PEPCK-M inhibition or 

silencing with siRNA or shRNA significantly impair cell survival and proliferation in these conditions (Leithner 

et al., 2015; Vincent et al., 2015). Similarly, Montal et al. showed that PEPCK was overexpressed in colorectal 

cancer. They demonstrate that PEPCK promoted tumor growth by increasing anabolism (via cataplerosis), 

and glutamine and glucose metabolism. Although their observations implicated the cytosolic isoform, they 

might contribute to clarify the role of PEPCK activity in cancer (Montal et al., 2015). PCK2 silencing in 

pancreatic neuroendocrine tumors inhibited its proliferation and sensitize it to treatment with mTOR 

inhibitors such as everolimus and sunitinib (Chu et al., 2017). Overall, PEPCK-M plays an important role during 

cancer progression which place it as a potential emerging target for cancer treatment.  
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Figure I-9: PEPCK-M is the PEPCK isoform preferentially expressed in tumors of diverse origin. (A) PCK1 
and PCK2 expression in tumors from various tissues (FRS stands for female reproductive system, and GIT 
stands for gastro-intestinal). Graphical representation of log2 median-centered ratio of PCK1 (empty bars) 
and PCK2 (solid bars) present in each dataset analyzed using Oncomine at oncomine.org (analysis type: 
cancer versus normal, threshold at P = 1E−5 and top gene rank 10%). Red or black colored boxes represent 
overexpressed or under-expressed for each dataset, respectively. Missing values for PCK1 expression were 
not significant or were not present in dataset. (B) Immunohistochemical analysis of PEPCK-M expression 
in selected types of tumors and their matched non-neoplastic tissue microarray BCN962 (US Biomax). 
Tissue was briefly counterstained with hematoxylin. Scale bar = 200 μm. Figure from Hyroššová et al., 2021. 

 

It is important to note that PEPCK activity might not only participate gluconeogenesis, but especially in 

countless pathways that branch out of the glycolytic pathway (serine/glycine synthesis and 1-carbon 

metabolism pathways, glyceroneogenesis, PPP from F6P, PEP cycling, protein glycosyl moiety formation from 

F6P, etc.)  as discussed above, and therefore the concept of “incomplete” gluconeogenesis might provide a 

better framework for the current understanding of the pathway in the metabolic adaptations required for 

cancer progression, and the need for developing novel pharmaceuticals to target this crossroads activity 

(Figure I-10). 

Interestingly, well differentiated tumors originated in gluconeogenic tissues - such as liver and kidney – where 

PEPCK-C enzyme activity is not lost, PEPCK isozymes could act as tumor suppressors. In these instances, 

PEPCK might induce cataplerosis to generate glucose, inhibiting both glycolysis and TCA cycle, and causing 

an energetic crisis (Grasmann et al., 2019; M. X. Liu et al., 2018; H. Shi et al., 2016; Tang et al., 2018). 
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Figure I-10: Gluconeogenesis/glycolysis and branching biosynthetic pathways. Phosphoenolpyruvate 
carboxykinase isoforms (PCK1 & PCK2), mediate the initial step of gluconeogenesis and link the TCA cycle 
with the glycolytic pool. Further steps in gluconeogenesis (red arrows) are mediated by bi-directional 
enzymes and fructose-1,6-bisphosphatase (FBPase) and glucose-6-phosphatase (G6PC). “Incomplete” 
gluconeogenesis allows the synthesis of cellular building blocks from non-carbohydrate precursors (red 
boxes) and requires the action of PCK1/2 and to some extent also FBP1/2. Biosynthetic pathways 
independent of gluconeogenesis are depicted in blue. Figure from Grasmann et al., 2019. 

  

PEPCK inhibitors 

3-Mercaptopicolinic acid (3-MPA) was described to inhibit gluconeogenesis in rat liver and kidneys in 1973 

(DiTullio et al., 1974). A couple years later, it was found that the gluconeogenesis inhibition by 3-MPA was 

through PEPCK inhibition (Jomain-Baum et al., 1976). It was able to inhibit both cytosolic and mitochondrial 

isoforms. However, at low concentrations it showed to be more selective for the cytosolic isoform, probably 

due to low mitochondrial permeability (Robinson & Oei, 1975). The mechanism of action of 3-MPA has been 

recently elucidated. Balan et al propose that 3-MPA would inhibit PEPCK by its binding in two different 

binding sites: an allosteric one that would reduce the affinity for GTP; and a binding site in the catalytic center 

where it would compete with PEP/OAA (Balan et al., 2015). In 2015, Leithner et al. successfully inhibited 

PEPCK-M with 3-MPA in lung cancer cells and spheroids, achieving a reduction in cell growth and viability 

(Leithner et al., 2015). However, its low inhibition potency (Ki ≈ 150µM), modest mitochondrial membrane 
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permeability, and poor selectivity – it was also reported to inhibit glucose 6-phosphatase – render unfeasible 

to consider 3-MPA for a therapeutic approach (Foster et al., 1994). 

At the beginning of the century, PEPCK was a promising target for type 2 diabetes. Its essential role in the 

gluconeogenesis in addition to diverse overexpression PEPCK models (which display hyperglycemia), had 

placed PEPCK as a promising target for lowering glycemia (Gómez-Valadés et al., 2008; Rosella et al., 1995; 

Valera et al., 1994). In this context, multiple inhibitors were developed. Among them, a family of 3-alkyl-1,8-

dibenzylxanthines developed by Hoffmann-La Roche stood out for its potency in the nanomolar range. These 

compounds were reported as the first non-substrate like GTP-competitive inhibitors for PEPCK-C (Foley et 

al., 2003a, 2003b; Pietranico et al., 2007). This family of compounds was patented but it was abandoned after 

a few years. Other inhibitors have been described, including substrate analog inhibitors (Hidalgo et al., 2016; 

Stiffin et al., 2008). However, the inhibitory capacity of the newly developed PEPCK-C inhibitors was not 

tested in PEPCK-M.  
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Proline metabolism 

Proline is a non-essential amino acid with a unique structural feature: it is the only proteogenic amino acid 

that has a secondary amine instead of a primary amine. The pyrrolidine ring gives proline a conformational 

rigidity which turns to have a unique role in the formation of secondary structures. Proline is essential for 

collagen production, the principal component of the extracellular matrix (ECM). Besides protein synthesis, 

proline plays important roles in different biological processes such as redox and energetic homeostasis, stress 

protection and apoptosis. Furthermore, proline metabolism has been described to support cancer 

progression (D’Aniello et al., 2020; Geng et al., 2021; Krishnan et al., 2008; W. Liu, Le, et al., 2012; Y. Liu et 

al., 2005; Natarajan et al., 2012; Nelson & Cox, 2000; Phang, 1985; Tanner et al., 2018; Vettore et al., 2021). 

Proline can be synthetized from glutamate or ornithine. The first step consists in the formation of glutamate-

γ-semialdehyde (GSAL) which can be catalyzed by Δ-1-pyrroline-5-carboxylate synthase (P5CS, encoded by 

ALDH18A1 gene) from glutamate, or by ornithine aminotransferase (OAT) from ornithine. GSAL 

spontaneously cycles forming Δ-1-pyrroline-5-carboxylate (P5C) losing one water molecule. Finally, the last 

step is the reduction of P5C to L-proline, which it is catalyzed by pyrroline-5-carboxylate reductase (PYCR). In 

proline catabolism, proline can be converted back to P5C by proline dehydrogenase/oxidase (PRODH/POX). 

Then P5C can be metabolized by P5C dehydrogenase (P5CDH) to glutamate or by OAT to ornithine (D’Aniello 

et al., 2020; Geng et al., 2021; Tanner, 2019).  

A ribosome profiling approach used to identify metabolic vulnerabilities in tumors reveled that kidney cancer 

cells had higher proline requirements than non-tumoral cells. Breast cancer cells also showed an increased 

requirement for proline, raising the possibility that it may be a common feature of different tumor types 

(Loayza-Puch et al., 2016). This hypothesis was supported by the fact that many cancer types overexpress 

proline biosynthetic enzymes (D’Aniello et al., 2020; W. Liu et al., 2015). Interestingly, significative increases 

in proline concentration in embryonic stem cells activate a phenotype transition similar to the EMT that occur 

in cancer cells during the metastatic formation (D’aniello et al., 2015). Moreover, several studies correlate 

extracellular proline uptake (from collagen during ECM remodeling) and increased proline biosynthesis with 

metastasis formation and tumor aggressivity (D’Aniello et al., 2020; Geng et al., 2021).  

Collagen is the principal component of the extracellular matrix, and about 25% of collagen amino acids are 

proline. Half of the collagen proline is hydroxylated by prolyl-4-hydroxylases (P4Hs) in the endoplasmic 

reticulum. Proline hydroxylation is essential for the stabilization of the triple helix of collagens (D’Aniello et 

al., 2020). Accumulation of collagen near tumors has been associated with metastasis formation (S. Xu et al., 

2019). Interestingly, overexpression of PH4s promotes cancer progression (proliferation, invasion and 

metastasis) and correlates with poor prognosis in different cancer types, including melanoma, glioma, B-cell 

lymphoma, cervix, and breast cancer (Gilkes et al., 2013; W. Jiang et al., 2018; Q. Li et al., 2019; J. Lin et al., 
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2020; G. Xiong et al., 2014). Consistently, PH4 silencing or inhibition reduced tumor aggressiveness (G. Xiong 

et al., 2014). Different pathways control collagen synthesis and deposition, for example TGFβ increases 

proline biosynthesis to support collagen production and deposition. Collagen can modify ECM properties, for 

example it increases ECM stiffness which promotes EMT and metastatic dissemination (Pankova et al., 2019; 

Schwörer et al., 2020). Collagen can also modulate signaling pathways by binding to specific receptors (S. Xu 

et al., 2019). Moreover, collagen can act as a proline storage which can be released during ECM remodeling 

by metalloproteinases in the tumor microenvironment (Olivares et al., 2017; Phang et al., 2010).  

Proline catabolism 

The oxidation of proline to P5C by PRODH is coupled to the electron transport chain via reduction of 

membrane-bound ubiquinone or coenzyme Q. Therefore, the first step of proline metabolism contributes to 

ATP production. However, it also contributes to ROS production (Donald et al., 2001; Tanner, 2019). Further 

oxidation by P5CDH provides glutamate which can enter to the TCA cycle as α-KG (anaplerosis).  

Proline oxidation by PRODH contributes to ATP synthesis as well as anaplerosis but generates ROS which can 

decrease cell survival. Therefore, PRODH has been described to have anti- and pro- tumoral effects (D’Aniello 

et al., 2020; Geng et al., 2021; Huynh et al., 2020). For example, in colorectal cancer, PRODH-dependent ROS 

generation induced apoptosis and autophagy. Moreover, proline has antioxidant properties and protect cells 

from ROS. PRODH activity decrease proline levels reducing its antioxidant protection and amplifying ROS 

effects (Krishnan et al., 2008; Wondrak et al., 2005). Overexpression of PRODH reduced DNA synthesis 

blocking the cell cycle and reduced HIF signaling by increasing α-KG concentrations (Donald et al., 2001; 

Krishnan et al., 2008; Y. Liu et al., 2006, 2008, 2009). On the other hand, proline catabolism by PRODH 

increased survival and proliferation of different cancer cells under nutritional and oxidative stress (Natarajan 

et al., 2012; Olivares et al., 2017; Pandhare et al., 2009). It also improved survival of cancer cells under hypoxic 

conditions (W. Liu, Glunde, et al., 2012). Furthermore, in breast and lung cancer, PRODH has been described 

to promote migration, invasion and metastasis formation by inducing EMT (Elia et al., 2017; Y. Liu et al., 

2020). Interestingly, PRODH expression is induced by p53, PPARγ and AMPK and repressed by Myc (Geng et 

al., 2021). Summarizing, the role of PRODH in cancer may be dependent on tumor environment and cancer 

type. 

Proline biosynthesis 

The expression of proline biosynthetic genes (ALDH18A1 and PYCR) is promoted by c-Myc, TGFβ and PI3K-

AKT signaling (Craze et al., 2017; W. Liu, Le, et al., 2012; Schwörer et al., 2020). In a similar manner, it has 

been described that myeloid zinc finger 1 (MZF1) promotes the transcription of ALDH18A1 and PYCR1 by 

interacting with PARP1 and E2F1 in neuroblastoma. Interestingly the inhibition of this pathway with small 

peptides suppressed proline synthesis and tumorigenesis  (Fang et al., 2019). In 2015 D’Aniello et al. 
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described a regulation loop of proline biosynthetic enzymes by the amino acid starvation response (AAR). 

They described that a decrease in the intracellular proline levels courses with unloaded tRNA. Then, unloaded 

tRNA bind Gcn2 which activates by phosphorylation the transcription factor Eif2α increasing ATF4 

transcription. ATF4 promotes the transcription of proline biosynthesis genes (ALDH18A1 and PYCR1) and 

amino acid transporters. Consequently, an increase of intracellular proline inhibited this pathway (D’aniello 

et al., 2015). In contrast with proline catabolism, proline biosynthesis has been described to protect the cells 

against oxidative stress (Kuo et al., 2016). 

Expression of proline biosynthesis pathway enzymes correlates with poor prognosis in cancer. It has been 

described that P5CS and PYCR are upregulated in different tumor types compared with the surrounding non-

pathological tissue. Furthermore, its high expression correlates with advanced tumor grade, aggressive 

phenotype (more metastasis), resistance to chemotherapy, and poor overall survival in hepatocellular (Z. 

Ding et al., 2020) and renal carcinoma (Weijin et al., 2019), lung (Cai et al., 2018; D. Wang et al., 2019), breast 

(J. Ding et al., 2017; Shenoy et al., 2020), bladder (Du et al., 2021), colorectal (Yan et al., 2019), and gastric 

cancer (S. Xiao et al., 2020).  

In melanoma, where proline synthesis is upregulated, P5CS silencing reduced proliferation, viability, and 

tumor growth in xenograft models by inhibiting protein synthesis via GCN2 activation (Kardos et al., 2015). 

In addition, P5CS knock-out increases cancer cells sensitivity to lipogenesis inhibition impairing tumor growth 

in vivo (M. Liu et al., 2020).  

Interestingly, there is strong evidence that the enzyme catalyzing the last step of proline biosynthesis has an 

active role in cancer progression and is emerging as a novel target for cancer therapy.  

Pyrroline-5-carboxylate reductase (PYCR) (EC 1.5.1.2) catalyzes the NAD(P)H-dependent reduction of P5C to 

L-proline. In humans PYCR activity is distributed into three isoenzymes: PYCR1, PYCR2, and PYCRL (also known 

as PYCR3), encoded by different genes located in different chromosomes. Sequence alignment showed that 

PYCR1 and PYCR2 had 84.9 % identity, while PYCR1 and PYCRL (which is 40 amino acids shorter) had 45.1 % 

identity. Both, PYCR1 and PYCR2 are localized in the mitochondria preferentially catalyzing the formation of 

proline through glutamate using NADH as a cofactor. On the other hand, PYCRL is mainly localized in the 

cytoplasm and principally participates in the proline synthesis from ornithine using NADPH as a cofactor. 

Interestingly, PYCR1 and PYCR2 are inhibited by high proline concentrations in contrast with PYCRL (de 

Ingeniis et al., 2012; C. A. A. Hu, 2021; Y. Li et al., 2021; Merrill et al., 1989). Several isoforms of each isozyme 

can be formed by alternative splicing, however most of them are unlikely to be active enzymes (Bogner et 

al., 2021). The crystal structure of human PYCR has been resolved showing a decameric structure that consist 

of a pentamer of homodimers. Interestingly, the homodimer is the basic catalytic unit and have two catalytic 

sites (Christensen et al., 2017; Meng et al., 2006).  
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In addition to the aforementioned transcriptional regulation (together with P5CS), the androgen receptor 

has been found to promote PYCR1 expression in prostate cancer (Jariwala et al., 2007). The expression of 

PYCR1 is negatively regulated by miR-448 and miR-328-3p in lung cancers (J. Lu et al., 2021; D. Wang et al., 

2019). PYCR1 activity can also be regulated by post-translational modifications: PYCR1 can be acetylated in 

the lysine 228 by acetyltransferase CREB-binding protein (CBP), this acetylation can be removed by SIRT3.  

Hyperacetylation on K228 – which is on the dimerization domain - reduced PYCR1 activity by destabilizing 

the homodimers (S. Chen et al., 2019).  Finally, kindlin2 inhibits PYCR1 degradation. This process can be 

stimulated by ECM stiffness via PINCH1 (Guo et al., 2019, 2020; Y. Li et al., 2021). 

Different groups had studied the relevance of PYCR1 in breast cancer models. They have demonstrated that 

PYCR1 silencing or knock-out reduced proliferation, migration, invasion, metastasis formation, and sensitize 

cancer cells to chemotherapy in cellular and xenograft models (J. Ding et al., 2017; W. Liu et al., 2015; Loayza-

Puch et al., 2016; Shenoy et al., 2020). In lung adenocarcinoma and NSCLC, PYCR1 was shown to increase cell 

proliferation, repress apoptosis and promote migration and invasion through EMT induction. PYCR1 

knockdown successfully impaired proliferation, migration and invasion by affect JAK/STAT signaling (Cai et 

al., 2018; Gao et al., 2020; W. Liu et al., 2015; Sang et al., 2019; D. Wang et al., 2019). Du et al. reported that 

PYCR1 knockdown reduced proliferation and invasion in bladder cancer cellular and animal models while its 

overexpression increased them. They proposed that PYCR1 knockdown downregulates the AKT/Wnt/β-

catenin signaling pathway resulting in tumorigenesis inhibition (S. Du et al., 2021). In colorectal cancer, PYCR1 

knockdown inhibited proliferation, migration, EMT, drug resistance, and increased apoptosis (Sattar Alaqbi 

et al., 2022; S. Xiao et al., 2020; Yan et al., 2019). Other authors described similar behavior after PYCR1 

silencing in prostate cancer, gastric cancer, melanoma, and hepatocellular carcinoma (Z. Ding et al., 2020; S. 

Xiao et al., 2020; Zeng et al., 2017; Zhuang et al., 2019). Interestingly, PYCR1 knockdown showed no effect in 

non-cancerous cells (Z. Ding et al., 2020). Although PYCR1 is the most studied isoenzyme, the other isoforms 

could also play a role in cancer progression (W. Liu et al., 2015; R. Ou et al., 2016; Sattar Alaqbi et al., 2022). 
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Figure I-11: P5C-proline cycle in cancer. The activity of P5C-proline cycle enzymes is accompanied by 
transport of redox equivalents between the mitochondria and the cytosol that modulate cellular processes 
(such as proliferation, survival, autophagy, metastasis formation) with an impact on cancer progression. 
This cycle modulates NAD(P)+/NAD(P)H ratios in the cell leading to regulation of glycolysis and the oxidative 
branch of the pentose phosphate pathway and increasing building blocks production. It also regulates ROS 
levels supporting/inhibiting cell survival and activating signaling pathways. Figure adapted from Chalecka 
et al., 2021. 

 

Proline biosynthesis has been recently described to parametabolically promote glycolysis and the oxidative 

branch of the pentose phosphate pathway by regenerating NAD(P)+. Consequently, PYCR inhibition modified 

NAD+/NADH and NADP+/NADPH ratios and reduced glycolytic flux and the activity of the oxidative branch of 

PPP. Furthermore, this inhibition affected cancer cell proliferation (W. Liu et al., 2015). In the same line, Ding 

et al. performed a non-targeted metabolomics study in hepatocellular carcinoma cells with PYCR1 

knockdown reporting a decrease in glycolysis, PPP, and nucleotide metabolism related metabolites. They also 

report a reduction in the glycolytic flux. Interestingly, NADP+ supplementation partially rescued the reduction 

of proliferation of PYCR1 knockdown cells (Z. Ding et al., 2020). These findings suggest than proline 

biosynthesis reprograming would support anabolism in a similar manner than the Warburg effect in cancer 

cells. 

Once proline has been synthetized by the different PYCR isoenzymes, it can be converted back to P5C by 

PRODH forming the P5C-proline cycle (Figure I-11). The P5C-proline cycle plays an important role in tumor 

metabolism through enhancing glycolysis, PPP, maintaining the cytosolic levels of pyrimidine nucleotides, 

and generates ROS to activate signaling pathways (Chalecka et al., 2021; Phang, 2019; Phang et al., 1981; 

Tanner et al., 2018). 
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 PYCR inhibitors 

The aforementioned evidence suggests that PYCR1 could be an emerging cancer therapy target. However, 

few PYCR inhibitors have been described so far. L-tetrahydro-2-furoic acid (THFA) is a proline analog that 

inhibits PYCR in the millimolar range (Zhu et al., 2002). THFA also inhibits PRODH and has been previously 

used to target cancer metabolism (Elia et al., 2017; Sahu et al., 2016). Recently, Christensen et al. performed 

an in crystallo screening with around 30 proline analogs identifying five PYCR inhibitors. N-formyl-L-proline 

(NFLP) was the most potent inhibitor with a Ki of 100 µM and a competitive (with P5C) mechanism. The 

treatment of breast cancer cells with NFLP inhibited proline biosynthesis and impaired spheroid growth in a 

similar manner than PYCR knockdown (Christensen et al., 2020).  

Another family of inhibitors has been recently reported by Milne et al. They performed a small-scale 

screening that identified pargyline as a PYCR1 inhibitor with an IC50 of 198 µM. Then, they modified pargyline 

structure to assess the structure activity relationship. Finally, they obtain a compound that inhibits PYCR with 

an IC50 of 8.8 µM by an unknown mechanism. The treatment of breast cancer cells with compound this 

pargyline analog lowered intracellular proline levels and inhibited proliferation (Milne et al., 2019). 

A few years ago, Bayern patented a group of PYCR inhibitors for neoplastic diseases treatment. They report 

that the inhibitors had an IC50 around 1-10 µM and they did not show any data in cancer cells. The current 

status of the patent is withdrawn/abandoned (Sylvia Grünewald et al., 2019).  

 

Figure I-12: PYCR1 inhibitors. Selection of up to date described PYCR1 inhibitors structures with their 
described IC50. Some of the compounds have been tested in our laboratory (IC50 in brackets).   

 

Lastly, a family of phenyl-substituted aminomethylene-bisphosphonates was reported to inhibit human 

PYCR1 with an IC50 below 1 µM (Forlani et al., 2021). This family was previously described to inhibit P5C 

reductase in plants, and the compounds were used as herbicides (Forlani et al., 2007, 2008, 2013). 

Interestingly, these compounds inhibited human PYCR1 by competitive inhibition with NADPH but not P5C. 
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These compounds successfully inhibit proliferation in breast cancer and chronic myelogenous leukemia cell 

lines. However, the antiproliferative activity of the compounds was dramatically reduced in the presence of 

FBS. As the authors argue this is most likely consequence of the compounds binding to BSA or other serum 

components which may prevent the compound from entering the cell. This represents a severe 

pharmacokinetic limitation which could be an important obstacle for in vivo treatments (Forlani et al., 2021). 
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Drug discovery 

Developing a new drug for a disease is highly challenging. It is a complex process that can take between 10 

to 17 years, its costs can exceed a billion USD, and its success rates are pretty low (Hughes et al., 2011).  

 

Figure I-13: Drug development process. The different stages of the drug development process from target 
discovery to registration for commercialization. This process takes from 10 to 17 years and the probability of 
success is lower than 10%. 

 

The first step consists in the target identification and validation. Basic research – which often takes place in 

academia – lead to the identification of a target: a protein, gene or RNA that causes or plays an important 

role in the disease of interest. This target has to be validated in order to justify a drug discovery effort, mostly 

using in vitro and in vivo genetic models. 

The second step is the hit discovery and consists in the identification of hit molecules. A hit is a molecule 

which has experimentally demonstrated a desired activity against a target. Hits can be identified in screening 

processes, which can follow multiple strategies. For example, large libraries of chemical libraries can be 

entirely tested in high throughput screenings (HTS) (Fox et al., 2006); focused screenings test smaller subsets 

of molecules that are likely to have an activity based on previous knowledge of the target (Boppana et al., 

2009); in fragment screenings small molecules are assayed and crystallized with the target to obtain building 

blocks to generate larger molecules (Knight et al., 2022); virtual screenings use computational methods to 

select a small subset of molecules with high probabilities of being active from large libraries (Gimeno et al., 

2019).  

Then it starts the hit-to-lead or lead optimization phase where hits are optimized to more potent compounds: 

leads. In this phase hits undergo several modifications to increase its potency and improve its 

pharmacokinetic properties (for example taking into account Lipinski’s Rule of Five) (Hoffer et al., 2018; 

Lipinski et al., 2001). This process ends up with multiple leads that are tested in vitro and in vivo in preclinical 

trials. The best(s) candidate is selected to start clinical trials where it will be evaluated in humans before its 

approval by the regulatory agencies. It is estimated than less than 10 % of clinical candidates entering clinical 

trials will be approved as a drug (C. H. Wong et al., 2019). 
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Structure-based drug discovery 

Structure-based drug discovery are computational methods that use information of the protein three-

dimensional structure to rationally design and optimize compounds to obtain a lead or a drug candidate. 

These approaches try to predict how the ligand binds the receptor and estimate the binding free energy (ΔG). 

Afterwards, this information is used to design new compounds or modify existing ones to increase its potency 

(A. C. Anderson, 2003; Batool et al., 2019; Śledź & Caflisch, 2018). When the protein structure is not available 

there are ligand-based methods that use information of known active ligands to obtain more potent 

compounds (Favia, 2011). 

The binding of a molecule to a protein has associated a change of binding free energy (ΔG), which is the 

difference of energy between the bound and unbound states. The changes of binding free energy determine 

the binding between a ligand and the protein. The ligand-protein binding can only occur spontaneously when 

the ΔG is negative. Furthermore, the stability of the ligand-protein complex is determined by the magnitude 

of the difference between the bound and unbound free energies. The two ΔG main contributors are the 

binding enthalpy (ΔH) and entropy (ΔS) as described in Equation I-1 (X. Du et al., 2016; S.-Q. Liu et al., 2012).  

 ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 (Equation I-1) 

 

Enthalpy integrates the total energy of a thermodynamic system, the sign of it determines if a process is 

exothermic (energetically favorable) or endothermic (energetically unfavorable). The binding enthalpy is 

defined by the energetic changes consequence of the formation and disruption of noncovalent interactions 

(eg. hydrogen bonds, ion pairs, dipolar interactions, Van der Waals interactions, etc). Importantly, binding 

enthalpy integrates not only ligand-protein interactions but also solvent interactions. 

Entropy measures the distribution of heat energy over the thermodynamic system, it can also be viewed as 

a measure of the disorder and randomness in atoms and molecules of the system. It can be divided into three 

terms (Equation I-2). The ΔSsolv is the entropic change of the solvent associated to the release of solvent 

molecules previously buried in the binding pocket. It usually contributes favorably to the binding. The ΔSconf 

is the entropic change resulting of changes in the conformational freedom of the ligand and protein due the 

binding. It can con contribute favorably or unfavorably to the binding. Finally, the ΔSr/t is the entropic change 

due the loss of translational and rotational degrees of freedom of the ligand and protein due the complex 

formation. It always contributes unfavorably to the binding. 

 ∆𝑆 =  ∆𝑆𝑠𝑜𝑙𝑣 + ∆𝑆𝑐𝑜𝑛𝑓 +  ∆𝑆𝑟/𝑡 (Equation I-2) 

In general, large favorable changes in enthalpy due the formation of a new non-covalent interaction are 

associated with an entropic penalty due to mobility restrictions, and the other way around. This phenomenon 

is known as enthalpy-entropy compensation and led to moderate changes ΔG. Therefore, the effect of 
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enthalpy and entropy are both important for rational drug design. The optimization campaigns aim to 

accomplish the larger decrease in binding free energy, maximizing the favorable contributions while 

minimizing the penalties (X. Du et al., 2016; S.-Q. Liu et al., 2012; Perozzo et al., 2004). 

Molecular docking 

Molecular docking is a computational method that aims to accurately predict the ligand conformation and 

orientation in the binding pocket (binding mode). In addition, a scoring function aims to approximately 

predict the affinity of the ligand to the protein by evaluating the molecular interactions. It is a well-known 

and widely used method because of its high speed and efficiency (Kitchen et al., 2004; Pinzi & Rastelli, 2019). 

There are many programs to perform molecular docking between ligand and proteins, such as Auto-Dock 

(Goodsell & Olson, 1990), rDock (Ruiz-Carmona et al., 2014), Glide (Friesner et al., 2006), and GOLD (Jones et 

al., 1997) among others. Most of the programs work in a similar manner using a two-step process. 

In the first step, the programs generate docking poses (defined conformation and orientation for a ligand in 

the binding pocket). Since even small molecules can have several degrees of freedom that lead to an 

enormous number of possible conformations, two types of search algorithms are used to sample this myriad 

of conformations. The systematic approaches aim to sample all the degrees of freedom in a molecule by 

slight modifications in structural parameters gradually changing the conformation of the ligand. On the other 

hand, the stochastic approaches make random changes in the structural parameters of the molecule that are 

later evaluated (Ferreira et al., 2015).  

The second step consist in the evaluation of the generated poses by a scoring function. The different 

programs aim to approximate the binding free energy with simplified calculations that can be divided in three 

categories: force field-based, empirical or knowledge-based. The force field-based calculations estimate the 

binding energy by considering the contribution of bounded and unbounded terms in a general master 

function. The major limitation of force field-based functions is their inaccuracy estimating entropic 

contributors and that they neglect the solvent. Empirical approaches use several functions that aim to 

reproduce experimental data to estimate the binding free energy. The principal advantages are they speed 

and the incorporation of non-enthalpic contributions (entropy and solvation). However, they accuracy 

depends on the data used for defining the parameters. Finally, knowledge-based calculations use functions 

to reproduce experimental structures (not binding energies as the empirical methods). Similarly to empirical 

approaches, their advantages are their speed and simplicity, while they may fail evaluating interactions 

underrepresented in the training sets (Englebienne & Moitessier, 2009; Ferreira et al., 2015; Gohlke et al., 

2000; Murray et al., 1998).  
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Most docking programs are able to successfully predict the correct binding mode of the ligand in a protein 

binding site. However, the scoring functions remain inaccurate leading to wrong free energy binding 

predictions.  

Another limitation of molecular docking is that most of the programs consider the protein a rigid structure, 

while actually, both the ligand and receptor, undergo conformational changes during molecular recognition 

to (J.-H. Lin, 2012). Different methods have been created to solve this issue, and some of them use molecular 

dynamics simulations (Salmaso & Moro, 2018; Wong, 2015). 

Molecular dynamics 

Molecular dynamics (MD) simulations apply Newton’s equations of motion to determine the position and 

speed of every atom of a system. In contrast with docking that provides a “picture” of the ligand-protein 

complex, MD simulations put the docking “picture” in motion providing a “movie” were the interactions 

between the protein, the ligand and solvent molecules can be observed in a more realistic way. 

Since the firsts MD simulations of proteins in 1977, many programs have been developed including AMBER 

(Case et al., 2005), CHARMM (Brooks et al., 2009), and GROMACS (Berendsen et al., 1995) among others.  

The “movement” is generated by iteratively solving Newton’s second law for each atom of the system over 

small time steps (Equation I-3). The potential energy (V) is calculated using force fields, which are 

parametrizations of the energy that are formed by multiple bounded (e.g. bonds, angles, and dihedrals) and 

non-bounded (e.g. Van der Waals and electrostatic interactions) terms. Actual force fields are well 

parametrized for proteins but often fail to describe small molecules accurately (because they are more 

diverse). For this reason, there are specific tools to parametrize each ligand individually (e.g. Antechamber) 

(Nam, 2021; Salsbury & Jr., 2010; Śledź & Caflisch, 2018).   

 
𝑓 (𝑡) = 𝑚 𝑎 (𝑡) =  −

𝜕𝑉(𝑥(𝑡))

𝜕𝑥(𝑡)
 (Equation I-3) 

It has to be noted that a typical system with a protein, a ligand and the solvent might have thousands of 

atoms. And therefore, the resolution of the equation for all of them is a computationally expensive process.  

Furthermore, many modifications of the classical molecular dynamics simulations have been developed to 

address specific issues or improve its performance. For example replica-exchange molecular dynamics is used 

to enhance the sampling (Itoh & Okumura, 2022), and relative binding free energy simulations can be used 

to accurately estimate binding free energies (Cournia et al., 2017). On the whole, molecular dynamics 

simulations are an essential tool for drug design projects since can be used to confirm binding modes, study 

molecular interactions, and predict binding free energies of new compounds among others. 
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As mentioned in the introduction, metabolic reprogramming supports cancer progression, but it also induces 

specific metabolic dependencies and vulnerabilities that can be targeted for therapeutic purposes. As we and 

others have previously observed, PEPCK-M and PYCR1 provide growth advantages to cancer cells and 

promote cancer progression. 

Therefore, the main aim of this thesis is to develop and validate selective inhibitors targeting PEPCK-M and 

PYCR1 as cancer therapeutics. The specific aims towards this objective will be: 

 Explore the cross-inhibitory potential of a previously described PEPCK-C inhibitor (iPEPCK-2) to 

modulate PEPCK-M activity in recombinant protein assays, and in cellular models. 

 Validate PEPCK-M inhibition with iPEPCK-2 for cancer therapy in cellular and animal models. 

 Explore the mechanisms by which PEPCK-M inhibition hinders cancer progression 

 Develop isoform-selective PEPCK-M inhibitors by modulating its mitochondrial delivery. 

 Discovery, development and initial validation of PYCR1 inhibitors using computational and 

experimental tools.
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CHAPTER 1: PEPCK-M INHIBITORS 
Target engagement 

Because of recent findings on PEPCK mitochondrial isoform and its impact in cancer biology (Grasmann et al., 

2019), the development of compounds targeting this pathway for cancer indications has gained new interest. 

The family of 3-alkiyl-2,8-dibenzylxanthines developed by Hoffman-La-Roche is the most potent group of 

PEPCK inhibitors reported so far. This family inhibited PEPCK-C by a GTP-competitive mechanism (Pietranico 

et al., 2007). However, their inhibitory capacity has not been tested against PEPCK-M. A pairwise sequence 

alignment for PEPCK-C and PEPCK-M amino acid sequences showed high sequence identity (69 %) and 

similarity (82 %) between both isoforms (Figure R-1). A computational approach including homology-

modeling and molecular docking studies was performed by Dr. F. Javier Luque’s laboratory to assess the 

cross-inhibitory potential of these family of inhibitors. Furthermore, a group of these inhibitors was 

synthetized by Dr. Mª Carmen Escolano’s laboratory to further evaluate their activity as PEPCK-M inhibitors 

(Figure R-2). 

Taking advantage of the high identity and similarity, and since the structure of PEPCK-M has not been 

resolved yet, the PDB structure of human PEPCK-C co-crystallized with a GTP-competitive inhibitor of the 

selected family (PDB ID: 2GMV)  (Pietranico et al., 2007) was used as a template to generate a structural 

model of PEPCK-M with Swissmodel. Superposition of the reference PDB structure for PEPCK-C, and the 

homology model built for PEPCK-M is shown in Figure R-3A. This comparison highlighted the preservation of 

residues in the binding pocket, and a few differences in residues around the edges of the pocket filled by the 

crystallographic ligand. Among them, K342T, K524H, K529R, and G570R are located at less than 8 Å from the 

ligand in the GDP-binding site.  

Autodock4 was used to dock a selected compound of the family (here named iPEPCK-2) in the GDP-binding 

site of PEPCK-M. The two most interesting docking poses found for iPEPCK-2 are reported in Figure R-3B and 

C. The xanthine moiety is stably placed in a sub-cavity surrounded by N292, W516, F525, W527, and F530. 

The two oxygen atoms participate in hydrogen-bonding interactions with N292 and N533. Water-mediated 

polar interactions are also observed between the protonated nitrogen of the xanthine scaffold and the 

backbone oxygens of W527 and W516. The 2 fluoro-benzene is inserted in a subpocket and stabilized by 

hydrophobic interactions with L293 and M296 (not shown). Two different orientations were, however, found 

for the pyrazole-4-sulfonamide moiety. In one case (Figure R-3B), this fragment matches the arrangement 

found in the crystallographic ligand in 2GMV, which involves the stacking of the pyrazole ring with F530. In 

the second case (Figure R-3C), a key difference in the vicinity of the binding pocket is the sulfonamide group 

interaction exclusive for the guanidine moiety of R588 in PEPCK-M (G570 in PEPCK-C). 
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Figure R-2: PEPCK inhibitors synthetized by Mª Carmen Escolano’s lab as described by Aragó et al. in the 
Supporting Information (Aragó et al., 2020). 

 

Based on the high sequence similarity between PEPCK-C and PEPCK-M (see above), we hypothesized that 

PEPCK-C inhibitory compounds described by Pietranico et al. (synthesized here as iPEPCK-2) would properly 

PEPCK-M_HUMAN      1 MAALYRPGLRLNWHGLSPLGWPSCRSIQTLRVLSGDLGQLPTGIRDFVEH     50 
                     |....:.||.|:                 .:|:.|.|..||..:|:|:|: 
PEPCK-C_HUMAN      1 MPPQLQNGLNLS-----------------AKVVQGSLDSLPQAVREFLEN     33 
 
PEPCK-M_HUMAN     51 SARLCQPEGIHICDGTEAENTATLTLLEQQGLIRKLPKYNNCWLARTDPK    100 
                     :|.||||:.||||||:|.||...|..:|::|::|:|.||:|||||.|||: 
PEPCK-C_HUMAN     34 NAELCQPDHIHICDGSEEENGRLLGQMEEEGILRRLKKYDNCWLALTDPR     83 
 
PEPCK-M_HUMAN    101 DVARVESKTVIVTPSQRDTVQLPPGGARGQLGNWMSPADFQRAVDERFPG    150 
                     ||||:||||||||..|||||.:|..|. .|||.|||..||::|.:.|||| 
PEPCK-C_HUMAN     84 DVARIESKTVIVTQEQRDTVPIPKTGL-SQLGRWMSEEDFEKAFNARFPG    132 
 
PEPCK-M_HUMAN    151 CMQGRTMYVLPFSMGPVGSPLSRIGVQLTDSAYVVASMRIMTRLGTPVLQ    200 
                     ||:||||||:||||||:|||||:||::||||.|||||||||||:|||||: 
PEPCK-C_HUMAN    133 CMKGRTMYVIPFSMGPLGSPLSKIGIELTDSPYVVASMRIMTRMGTPVLE    182 
 
PEPCK-M_HUMAN    201 ALGDGDFVKCLHSVGQPLTGQGEPVSQWPCNPEKTLIGHVPDQREIISFG    250 
                     |:|||:|||||||||.||..|...|:.||||||.|||.|:||:||||||| 
PEPCK-C_HUMAN    183 AVGDGEFVKCLHSVGCPLPLQKPLVNNWPCNPELTLIAHLPDRREIISFG    232 
 
PEPCK-M_HUMAN    251 SGYGGNSLLGKKCFALRIASRLARDEGWLAEHMLILGITSPAGKKRYVAA    300 
                     |||||||||||||||||:|||||::||||||||||||||:|.|:|:|:|| 
PEPCK-C_HUMAN    233 SGYGGNSLLGKKCFALRMASRLAKEEGWLAEHMLILGITNPEGEKKYLAA    282 
 
PEPCK-M_HUMAN    301 AFPSACGKTNLAMMRPALPGWKVECVGDDIAWMRFDSEGRLRAINPENGF    350 
                     ||||||||||||||.|:||||||||||||||||:||::|.|||||||||| 
PEPCK-C_HUMAN    283 AFPSACGKTNLAMMNPSLPGWKVECVGDDIAWMKFDAQGHLRAINPENGF    332 
 
PEPCK-M_HUMAN    351 FGVAPGTSATTNPNAMATIQSNTIFTNVAETSDGGVYWEGIDQPLPPGVT    400 
                     ||||||||..|||||:.|||.|||||||||||||||||||||:||..||| 
PEPCK-C_HUMAN    333 FGVAPGTSVKTNPNAIKTIQKNTIFTNVAETSDGGVYWEGIDEPLASGVT    382 
 
PEPCK-M_HUMAN    401 VTSWLGKPWKPGDKEPCAHPNSRFCAPARQCPIMDPAWEAPEGVPIDAII    450 
                     :|||..|.|...|.|||||||||||.||.||||:|.|||:||||||:.|| 
PEPCK-C_HUMAN    383 ITSWKNKEWSSEDGEPCAHPNSRFCTPASQCPIIDAAWESPEGVPIEGII    432 
 
PEPCK-M_HUMAN    451 FGGRRPKGVPLVYEAFNWRHGVFVGSAMRSESTAAAEHKGKIIMHDPFAM    500 
                     ||||||.||||||||.:|:||||||:|||||:|||||||||||||||||| 
PEPCK-C_HUMAN    433 FGGRRPAGVPLVYEALSWQHGVFVGAAMRSEATAAAEHKGKIIMHDPFAM    482 
 
PEPCK-M_HUMAN    501 RPFFGYNFGHYLEHWLSMEGRKGAQLPRIFHVNWFRRDEAGHFLWPGFGE    550 
                     |||||||||.||.|||||.....|:||:||||||||:|:.|.|||||||| 
PEPCK-C_HUMAN    483 RPFFGYNFGKYLAHWLSMAQHPAAKLPKIFHVNWFRKDKEGKFLWPGFGE    532 
 
PEPCK-M_HUMAN    551 NARVLDWICRRLEGEDSARETPIGLVPKEGALDLSGLRAIDTTQLFSLPK    600 
                     |:|||:|:..|::|:.|.:.||||.:|||.||:|.||..|:..:|||:.| 
PEPCK-C_HUMAN    533 NSRVLEWMFNRIDGKASTKLTPIGYIPKEDALNLKGLGHINMMELFSISK    582 
 
PEPCK-M_HUMAN    601 DFWEQEVRDIRSYLTEQVNQDLPKEVLAELEALERRVHKM    640 
                     :|||:||.||..||.:|||.|||.|:..|:.||::|:.:| 
PEPCK-C_HUMAN    583 EFWEKEVEDIEKYLEDQVNADLPCEIEREILALKQRISQM    622  

Figure R-1: Pairwise sequence alignment for human PEPCK-C (PCK1; UniProtKB: P35558) and PEPCK-M 
(PCK2; UniProtKB: Q16822). Aminoacidic changes located at/near the inhibitor binding site are highlighted 
in red. The sequence alignment showed that both PEPCK isoforms had a sequence identity of 69 % and a 
similarity of 82 %. 
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dock onto PEPCK-M, especially since the residues that shape the binding pocket are mostly preserved. 

Consistently, the two orientations predicted from docking calculations for the benzyl-4-sulfonamide-5-

chloro-1,3-dimethyl-1H-pyrazole moiety matched the arrangement found in the crystallographic ligand in 

2GMV (on PEPCK-C), which is characterized by the stacking of the pyrazole ring with the benzene moiety of 

F530, with a minor deviation on the second case due to the interaction of the sulfonamide group with the 

guanidine moiety of R570. Notably, this interaction is enabled by the replacement of G570 in PEPCK-C by R 

in PEPCK-M, which is one of the few differences found close to the binding pocket. These data suggest that 

the inhibitor might inhibit PEPCK-M in a similar manner and unveil the possibility to explore selectivity toward 

PEPCK-M in the future by exploiting the differences in residues located at the edge of the binding site in the 

two isoforms. 

 

Figure R-3: Docking analysis. (A) Superposition of human PEPCK-C (PDB ID: 2GMV; grey) and human 
PEPCK-M (in cyan). Changes in residue content at/around the binding pocket are highlighted, and the 
crystallographic pose of the inhibitor (N-(4-{[3-butyl-1-(2-fluorobenzyl)-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl]methyl}phenyl)-1-methyl-1H-imidazole-4-sulfonamide) is shown as sticks. (B, C) Representative 
docking poses for iPEPCK-2 (in cyan) in the GDP-binding site. The reference crystallographic protein-ligand 
complex (PDB ID: 2GMV) is shown in grey. The G570R mutation is highlighted in cyan/blue. Numbering of 
residues based on the sequence of PEPCK-C. 

 

Kinetic evaluation 

To experimentally confirm the in-silico predictions and evaluate the potency of the inhibitors, a kinetic assay 

with recombinant PEPCK-C and PEPCK-M was set up. To determine PEPCK activity, the PEPCK reaction was 

coupled to malate dehydrogenase (MDH) which reversibly converts oxalacetate to malate consuming a NADH 
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molecule. NADH consumption (and formation) can be determined by spectrophotometry, thus reflecting 

PEPCK activity. The reaction can be assayed in both directions as described in Materials and Methods.  

Human recombinant PEPCK-C and PEPCK-M were produced in our laboratory by expression on a prokaryote 

system and subsequent purification. Interestingly, PEPCK-C expressed by BL21 E. coli cells was active while 

PEPCK-M was not. We firstly hypothesized that the mitochondrial targeting sequence - which is found in the 

first exon and removed once the protein has entered the mitochondrial matrix (Kibbey, 2016)– was hindering 

the correct folding of PEPCK-M. Therefore, we cloned PCK2 gene without the mitochondrial leading peptide 

(removed by site-directed mutagenesis) into an expression vector and expressed it in BL21 E. coli. 

Nonetheless, PEPCK-M protein without leading peptide remained inactive (data not shown). Finally, the 

activity issue was solved expressing PCK2 (wild-type gene) in ArcticExpress E. coli, which highly express 

chaperonins from Oleispira antartica to overcome protein misfolding (Escós et al., 2016b; Ferrer et al., 2003).  

The inhibitory capacity of iPEPCK-2 was assayed in both PEPCK isoforms. Furthermore, 3-mercaptopicolinic 

acid (3-MPA), a commercial low-potency PEPCK inhibitor, was used as a positive control. The assayed 

compounds successfully inhibited both PEPCK isoforms with a similar potency.  iPEPCK-2 was the most potent 

inhibitor for both isoforms with an IC50 of 117.4 nM for PEPCK-M and 60.7 nM for the cytosolic isoform (Figure 

R-4). 

 

Figure R-4: Inhibition of purified human recombinant PEPCK-C and PEPCK-M by iPEPCK-2 and 3-MPA. 
IC50 for both isoforms are noted for every plot. Data are means ± SEM. The inhibition curve was adjusted 
by the nonlinear regression fit tool from GraphPad Prism. 

 

Activity assays on human recombinant PEPCK-M and PEPCK-C confirmed cross-inhibition by this family of 

inhibitors. IC50 values obtained in PEPCK-C activity assays were in the expected range (Pietranico et al., 2007), 

and 2-orders of magnitude lower than 3-MPA (Jomain-Baum et al., 1976). Similar potencies were found for 

PEPCK-C and PEPCK-M, as can be realized from the resemblance of the binding pockets in the two isoforms 

as predicted computationally. 
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Cellular target engagement 

Once demonstrated that iPEPCK-2 can inhibit PEPCK-M in vitro in a kinetic assay, the arising question was 

whether it could enter into the cell and reach the mitochondria to successfully inhibit PEPCK-M. It is not a 

banal question since many drugs had trouble reaching the mitochondria (A. Singh et al., 2021). For example, 

it has been described that the PEPCK inhibitor 3-MPA inhibits preferentially the cytosolic isoform due to poor 

mitochondrial membrane permeability (Robinson & Oei, 1975). 

The capacity to reach the mitochondria and inhibit PEPCK-M in a cellular context was confirmed using a 

cellular thermal shift assay (CETSA) (Figure R-5). This assay is based on ligand-induced stabilization of proteins 

(Jafari et al., 2014). All inhibitors tested thermally stabilized PEPCK-M in live MEF cells, which express 

exclusively the PEPCK-M isoform (Méndez-Lucas et al., 2014b), confirming the accessibility to, and the 

binding and interaction with PEPCK-M in the mitochondrial matrix by both inhibitors. The capacity of the 

inhibitors to stabilize PEPCK-M against thermal denaturation was dose-dependent. A quantitative evaluation 

of target engagement at various doses of inhibitor demonstrated that iPEPCK-2 had the highest affinity for 

PEPCK-M, as compared to 3-MPA (ITDRFcetsa, dose of inhibitor achieving a 50% stabilization at 60 °C, was 

5.08 vs 303.9 µM for iPEPCK-2 and 3-MPA, respectively) (Figure R-5B). PEPCK thermal stabilization was 

further assayed in rat hepatoma FAO cell line, which express both cytosolic and mitochondrial PEPCK 

isoforms (Figure R-29). In this context, thermal stabilization of both PEPCK isoforms presented similar 

kinetics, ruling out that compartmentalization of the mitochondrial isoform presents a relevant hinder to 

target engagement. 

 

Figure R-5: Cellular target engagement by CETSA. (A)Representative Cellular Thermal Shift Assay (CETSA) 
at varying concentrations of inhibitors. PEPCK-M specific signal is detected by western blot in MEF cell 
extracts after 30 min incubation with different concentrations of 3-MPA and iPEPCK-2, prior to thermal 
treatment at 60 °C. (B) Calculated isothermal dose response fingerprint (ITDRFCETSA) for both inhibitors. 
Data are means ± SEM. The curve was adjusted by the nonlinear regression fit tool from GraphPad Prism. 

 

To evaluate the capacity of iPEPCK-2 to inhibit PEPCK-M driven pathways in an in-cell assay where PEPCK-C 

is not present, we took advantage of the role of this isoenzyme relaying glucose metabolism and insulin 

secretion (GSIS) in pancreatic β-cells, previously demonstrated using genetic models and inhibitory 

oligonucleotides (Stark et al., 2009). We therefore analyzed GSIS inhibition by treating mouse isolated 
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pancreatic islets (Figure R-6A) and rat insulinoma INS-1 cells (Figure R-6B) with increasing concentrations of 

iPEPCK-2. These studies confirmed that iPEPCK-2 treatment inhibited GSIS in a dose-dependent manner, 

functionally demonstrating the mitochondrial targeting in cellular models. The studies with INS1 cell line 

were performed by Dr. Juan Moreno-Felici and Dr. Anna Vidal-Alabró.  

 

Furthermore, Dr. Juan Moreno-Felici in our laboratory evaluated the capacity of iPEPCK-2 to inhibit PEPCK 

isoforms in vivo by assessing hepatic gluconeogenesis and insulin secretion (Aragó et al., 2020). Hepatic 

gluconeogenesis in rodents is mainly driven by PEPCK-C (Méndez-Lucas et al., 2013; Semakova et al., 2017). 

In fasted mice, systemic in vivo glucose production is assayed as the glycemic response to a bolus 

administration of pyruvate. In this setting, glycemia reflects the net contribution of glucose synthesis to 

glucose homeostasis. iPEPCK-2 (10 and 25 mg/kg) and 3-MPA (50 mg/kg) had a significant negative impact 

on basal glycemia 5-hours after administration, and over the glycemia excursion observed after the pyruvate 

bolus, as compared to DMSO treated mice. These data suggest that 3-MPA and iPEPCK-2 inhibit hepatic 

gluconeogenesis in vivo. To assess PEPCK-M specific inhibition in vivo, we evaluated pancreatic β-cell 

secretion of insulin in response to an intraperitoneal glucose bolus (IGTT). In this assay, glucose-stimulated 

insulin secretion generates a peak of plasma insulin after a 2 g/kg glucose bolus is administered 

intraperitoneally in fasted mice. The animals in this test were submitted to inhibitor treatment just 2-hours 

before the glucose bolus to avoid significant effects on basal glycemia. Treatment with iPEPCK-2 (10 mg/kg) 

showed a blunted insulin secretion response to glucose as compared to vehicle and 3-MPA (50 mg/kg) 

treated mice. 3-MPA reduction of insulin secretion was not statistically significant, suggesting inefficient 

target engagement as compared to the successful targeting of liver PEPCK-C demonstrated in the previous 

experiment, or a problem to successfully reach pancreatic β-cells. Therefore, iPEPCK-2 inhibits PEPCK-M in 

vivo in pancreatic β-cells, although it is non-selective for the mitochondrial isoform as it also inhibits hepatic 

gluconeogenesis. These data provided the first evidence that targeting PEPCK-M could be useful to inhibit 

 

Figure R-6: Glucose stimulated insulin secretion (GSIS) inhibition. Effects of iPEPCK-2 and 3-MPA on mice 
isolated pancreatic islets (A) and INS1 (B) glucose-stimulated insulin production shown as a ratio of insulin 
concentration measured in the presence of 20mM over 3mM glucose. Data are means ± SEM. A t-test, 
one-way Anova and a Sidak multiple comparison test were used. Statistical significance at *p < 0.05, **p < 
0.01, ***p < 0.001 vs vehicle control. 
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insulin secretion in a physiological context since previous experiments using oligonucleotides to silence 

PEPCK-M in rats had not provided evidence of action on a healthy pancreas (Stark et al., 2014). 

Overall, the experiments shown successfully demonstrated the molecular and functional PEPCK-M target 

engagement by iPEPCK-2 in vitro, in-cell and in vivo.  

Preclinical validation of iPEPCK-2 and its target (PEPCK-M) for cancer 

treatment 

As previously mentioned in the introduction, PEPCK-M is present in pancreatic β-cells (Stark et al., 2009), 

tumor cells (Méndez-Lucas et al., 2014b; Smolle, Leko, Stacher-Priehse, et al., 2020) and neuronal progenitors 

(Alvarez et al., 2016), hinting at a possible role for the enzyme in proliferative cell metabolic adaptations. 

Indeed, our laboratory and others have validated this enzyme as a cancer target in several genetic models, 

both in vitro and in vivo (Chu et al., 2017; Leithner et al., 2014; Méndez-Lucas et al., 2014b; Park et al., 2014). 

Therefore, we aimed to validate iPEPCK-2 in a preclinical cancer indication by assaying viability, invasion, and 

in vivo tumor growth using epithelial HEK-293, epithelial breast carcinoma MCF7, cervix cancer HeLa, and 

human colon carcinoma cells from epithelial HCT-116 and mesenchymal SW-480 origins.  These cell lines 

express high levels of PEPCK-M and the cytosolic isoform is undetectable (Figure R-7). To evaluate target 

selectivity and test for off-target events, the impact of iPEPCK-2 in tumor cell viability was also assessed in 

cells lacking PEPCK-M using knock-out clones of HEK-293 (HEK-293-PCK2del/del) and SW480 (SW480-PCK2del/del) 

previously generated in our laboratory using CRISPRCas9 by Dr. Petra Hyroššová (Figure R-7). 

 

Figure R-7: Western blot analysis of PEPCK-M and PEPCK-C levels in HEK-293 and SW-480 wild type and 
PCK2del/del clones. PEPCK-M levels of different SW-480 (A) and HEK-293 (B) PCK2del/del CRISPRCas9 clones. 
SW-480 A7 and HEK-203 H1 clones were the clones used in further experiments. PEPCK-C levels of WT and 
PCK2del/del clones (C). FAOS cell line lysate, which express high levels of PCK1 and PCK2, was added as a 
positive control. 

 

Antineoplastic activity in cancer cell lines 

Treatment with iPEPCK-2 significantly reduced DMSO-normalized proliferation in wild type MCF7, MDA-MB-

231, and SW480 cells grown in optimal culture conditions (Figure R-8) without affecting cell viability (Figure 

R-9: A-C). Changes in cell growth induced by iPEPCK-2 were dependent on the presence of PEPCK-M, since 
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when tested in MDA-MB-231-PCK2del/del and SW480-PCK2del/del cells the compound did not show additional 

effects beyond those consequence of knocking-out the gene (Figure R-8: D-F), at least within the range of 

iPEPCK-2 (0.1-10 μM) utilized in the validation assays. All in all, these data suggest target selectivity and no 

significant off-target effects.  

 

Figure R-8: iPEPCK-2 treatment inhibits cell growth. Cell growth of MCF7 (A), HeLa (B), HCT116 (C), HEK-
293 wild-type and PCK2del/del (D) and SW480 wild-type and PCK2del/del (E) after a 72-hours treatment with 
increasing concentrations of iPEPCK-2 in high glucose media. Cell growth inhibition due PCK knock out in 
HEK-293 cells at 72h (F). Viable cells were stained by MTT and quantified by spectrophotometry. Data are 
means ± SEM (3 independent experiments were performed with n=5 in each experiment shown in panels). 
A one-way Anova and a Sidak multiple comparison test was used. Statistical significance at *p < 0.05, **p 
< 0.01, ***p < 0.001 vs vehicle control. 

 

 

 

Figure R-9: Apoptosis by annexin V assay. Percentage of viable and apoptotic cells observed after 72 hours 
of iPEPCK-2 (5 µM) treatment in high glucose media on MCF7 (A), HeLa (B), and HCT116 cells (C). Cells 
were stained with Annexin V-APC and Sytox Green and analyzed by flow cytometry. Data are means ± SEM. 
A one-way Anova and a Sidak multiple comparison test was used. Statistical significance at *p < 0.05, **p 
< 0.01, ***p < 0.001 vs vehicle control. 

 

PEPCK-M participates in pro-survival mechanisms engaged by nutrient limitation through the ER-stress 

pathway, and silencing the gene exacerbates ER-stress-mediated apoptosis (Méndez-Lucas et al., 2014b). 

Consistently, PEPCK-M inhibition decreased the DMSO-normalized viability of cancer cells coping with 

nutrient stress after 48 hours of glucose deprivation (Figure R10). These effects mimicked the consequences 
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of PEPCK-M loss in HEK-293-PCK2del/del and SW480-PCK2del/del when compared to their wild-type counterparts 

(Hyroššová et al., 2021). 

 

Figure R-10: PEPCK-M inhibition reduces cell viability under glucose deprivation. Cell survival of wild-type 
MCF7 (A), HeLa (B), HCT116 (C), MDA-MB-231 (D), and SW480 (E) in glucose-free media after 48-hours of 
treatment with iPEPCK-2. Viable cells were stained by MTT and quantified by spectrophotometry. Data are 
means ± SEM (3 independent experiments were performed with n=5 in each experiment shown in panels). 
A one-way Anova and a Sidak multiple comparison test was used. 

 

A physiologically relevant model to evaluate the response of cancer cells to diffusion constraints in nutrient 

supply is colony formation and growth in an anchorage-independent manner. Anchorage-independent 

growth during invasion and metastatic processes is also an important hallmark in cancer progression (Mori 

et al., 2009). iPEPCK-2 and 3-MPA treatment significantly reduced MCF7 colony formation when seeded in 

soft agar (Figure R-11), although 3-MPA was less effective. Cells under iPEPCK-2 treatment formed 87 % less 

colonies than the control group. 

 

Figure R-11: PEPCK-M inhibition reduce anchorage independent growth. Colonies formed when MCF7 
cells were seeded in soft agar and treated with PEPCK-M inhibitors (5 µM) for 2 weeks. Representative 
photographs of 2-week colonies formed in each treatment group are noted. Data are means ± SEM. A one-
way Anova and a Sidak multiple comparison test was used. Statistical significance at *p < 0.05, **p < 0.01, 
***p < 0.001 vs vehicle control. 

 

The same phenotype was observed in different PCK2 silencing models. For instance, HCT116 and HeLa (Figure 

R-12 A-B & Hyroššová et al., 2021) cells with silenced PCK2 using shRNA formed less colonies than the ones 
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treated with a non-targeting shRNA (sh-Ctrl). Although there were no differences in the number of colonies 

formed by cells overexpressing PCK2 (oe-PCK2) compared with sh-Ctrl, the size of the colonies formed by oe-

PCK2 seem to be larger (Figure R-12 A-B). Interestingly, when cells were seeded in soft agar under glucose 

exhaustion conditions (1mM glucose), PCK2 overexpression provided an advantage compared with sh-Ctrl 

whereas cells with reduced PCK2 expression could not form hardly any colony (Figure R-12 C). These results 

showed the importance of PEPCK-M expression in anchorage independent growth, especially in low glucose 

conditions when PEPCK-M became crucial for cell growth and survival. 

 

Figure R-12: PCK2 expression affects anchorage independent growth. (A) Colonies formed when HCT116 
wild-type, PCK2 silenced (sh-PCK2), and PCK2 overexpressed (oe-PCK2) cells were seeded in soft agar in 
high glucose medium for 2 weeks. (B-C) Colonies formed when HeLa wild type, PCK2 silenced (sh-PCK2), 
and PCK2 overexpressed (oe-PCK2) cells were seeded in soft agar in media with 5 mM (B) or 1 mM (C) 
glucose for 2 weeks. Representative photographs of 2-week colonies formed in each treatment group are 
noted. Data are means ± SEM. A one-way Anova and a Sidak multiple comparison test was used. Statistical 
significance at *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle control. 

 

Cell migration is essential for many physiological and pathological processes, for example embryonic 

development, wound repair, invasion and metastasis, and angiogenesis. Wound healing assays are used to 

evaluate cell migration in cultured cells. After forming an artificial wound in a cell monolayer, cells start to 

migrate to close the wound until cellular contacts are re-established (Freitas et al., 2021; X. Wang et al., 

2019). PEPCK-M inhibition by iPEPCK-2 did not significantly hindered migration and wound healing in mouse 

embryonic fibroblast (MEF) cells (Figure R-13). Nevertheless, a non-significantly reduced migration tendency 

can be observed in iPEPCK-2 treated cells. Therefore, more experiments should be performed to clarify the 

PEPCK-M role in cell migration. 
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Figure R-13: PEPCK-M inhibition non-significantly reduces migration in a wound healing assay. Migration 
of MEF cells treated with DMSO or iPEPCK-2 (5 µM) after a wound was made in a monolayer of confluent 
cells. The area of the wound was calculated using ImageJ at different time points. Representative 
photographs of different time points are noted. Data are means ± SEM (one experiment was performed 
with n=3). A two-way Anova test with paired data was used. The treatment factor was not significant with 
a p = 0.0749. 

 

 

In vivo PEPCK-M inhibition in mouse xenograft models 

Before evaluating iPEPCK-2 as in vivo, we performed basic ADMET and pharmacokinetic studies in 

collaboration with Dr. Belén Pérez from the Universitat Autònoma de Barcelona and Dr. Maria I. Loza and Dr. 

José Brea from Innopharma Screening Platform of the Universidad de Santiago de Compostela. In vitro 

ADMET assays showed good human and murine microsomal stability with a half-life of 119 min and 75% of 

compound remaining after 60 min in mice microsomes, predicting good in vivo pharmacokinetics (Table R1).  

Species Remanent at 60min (%) t1/2 (min) Clint (µL/min mg 

protein) 
Human 68.71 123.36 5.62 
Mouse 74.95 119.66 5.79 

Table R-1: Microsomal stability of iPEPCK-2 in human and mice microsomes. 
 

This was confirmed in murine in vivo pharmacokinetic studies with plasma concentrations of iPEPCK-2 

measurable after 15 min of administration and maintained for 8 hours, with a Cmax (0.86 µg/mL or 1405 nM) 

at 30 min and t1/2β at around 2 hours (Figure R-14 and Table R2). The narrow differences in AUC0
t and AUC0

∞ 

showed complete exposure and good bioavailability of iPEPCK-2 after intraperitoneal administration in the 

described conditions. iPEPCK-2 was not found in the brain at the working concentrations, suggesting that the 

compound did not cross the blood brain barrier. We had classified iPEPCK-2 as to have uncertain BBB 

permeation based on data from in vitro PAMPA assays (Pe value of 2.6±0.2) (J. Müller et al., 2015). No 
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additional warning on toxicity were measured on cell viability assays in human MRC-5 fibroblast at 100 M 

or on hERG inhibition (5±1 at 10 µM). Finally, we found that iPEPCK-2 has acceptable solubility (61 µM at 37 

°C in 1% DMSO, 99% PBS). 

 

Figure R-14: Plasmatic concentration of iPEPCK-2 at various times (15 min to 8 h) after an intraperitoneal 
administration of 8 mg/kg, as determined by HPLC/UV-VIS at 290 nm. Data are means ± SEM (n=4 in each 
time point). 

 

AUC0
∞ 238.2 μg min/ml  

AUC0
t 218.7 μg min/ml 

Tmax 0.5 h 
Cmax 0.86 μg/ml 
t1/2 β 1.8 h 

Table R-2: Pharmacokinetic parameters. 
 

We next examined the capacity of inhibitor iPEPCK-2 to blunt tumor growth in two xenograft murine models. 

Colon carcinoma (SW480) or transformed kidney embryonal (HEK-293) cells were subcutaneously injected in 

both flanks of athymic mice and allowed to grow until measurable at the surface of the skin. Mice were 

randomly split into two different groups treated with a daily intraperitoneal injection of 8 mg/kg of iPEPCK-

2 or vehicle for a variable period depending on the biological features of each model. The dose and dosage 

interval were decided according to the pharmacokinetic study. 

Whereas vehicle treatment did not impede tumor growth, iPEPCK-2 treatment halted tumor growth in either 

xenograft models, as measured both by continuous evaluation of volume under-the-skin and final weight 

(Figure R-15). Histopathology of tumor samples from treated or untreated breast carcinoma or colon 

carcinoma tumors showed marked differences in both groups, with prominent necrosis observed in iPEPCK-

2 treated tumors and reduced tumor cell burden overall (Figure R-16).  
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Figure R-15: In vivo evaluation of iPEPCK-2 antitumoral activity in two murine subcutaneous xenograft 
models. (A–B) Over-the-skin tumor volume ([short length2 x long length]/2) from HEK-293 (A) and SW-480 
(B) cells implanted into both flanks of BALB/C nude mice. Once the tumors grew sufficiently large to be 
measurable, animals were randomly grouped and daily treated with 8 mg/kg of iPEPCK-2 or vehicle 
intraperitoneally. (C) Representative tumor explants are shown. (D) HEK-293 tumors were weighted at the 
time of sacrifice. Data are means ± SEM (n=5 in each experiment shown in panels, except for HEK-293 control 
group containing n=3 due to animal issues upon tumor over growth). A one-way Anova and a Sidak multiple 
comparison test was used. Statistical significance at *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle control. 

 

 

Furthermore, no signs of apparent toxicity were observed upon close inspection; specifically, there was no 

macroscopic affectation of the liver or the spleen, weight loss (Figure R-17 A-B), lethargy or major health-

related disturbance apparent on mucosae or skin quality. There were no differences in the glycemia and 

insulinemia between the experimental groups at the end-point (data not shown). The histopathological 

analysis of eosin and hematoxylin-stained tissue sections from different organs did not show any sign of 

apparent toxicity (Figure R-17 C). 
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Figure R-16: Analysis of tumor histopathology from HEK-293 and SW-480 explants. Full size H&E-stained 
tumor sections (A). Reference H&E-stained tumor sections (200x) from HEK-293 (B) and SW480 (C) 
explants indicating various histology features: P: tumor parenchyma; F:  fibroblasts; N: necrotic areas; I: 
immune system infiltration. (D-E) Quantification of tumor parenchyma versus necrotic plus fibrotic areas 
of HEK-293 (D) and SW480 (E) tumors. The area means were quantified using Image J “Trainable Weka 
segmentation” Plug-in in full size tumor sections. 100x and 200x sections were used as a template to detect 
the different areas and the results were confirmed by microscopy. 
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Figure R-17: Toxicity evaluation of iPEPCK-2 treatment. (A-B) Animals growing HEK-293 (A) and SW-480 
(B) tumors were weighted periodically over the course of the experiment to detect health-related issues. 
(C) Representative H&E stained sections from various organs (liver, kidney, pancreas and spleen) to show 
no sign of apparent toxicity. Data are means ± SEM (n=5 in each experiment except for HEK-293 control 
group containing n=3 due to animal issues upon tumor over growth; at least n=3 sections per tumor were 
produced and examined to produced panel C and representative photographs). 

 

As the high similarity and identity between both PEPCK isoforms and the in-silico calculations suggested, 

iPEPCK-2 could successfully inhibit PEPCK-M. Furthermore, it could reach the mitochondria and inhibit PEPCK-

M in cellular and animal models as demonstrated by CETSA and GSIS inhibition. This is differential to the 

classical PEPCK inhibitor 3-MPA, probably because limited mitochondrial bioavailability as determined in our 

CETSA assays, thus exhibiting lower inhibition potency for the mitochondrial isoform in pancreas in our GSIS 

assays and in the literature (Robinson & Oei, 1975). 

Interestingly, the insulin secretion inhibition by iPEPCK-2 in mice insinuated a potential therapeutic 

opportunity in type 2 diabetes besides hepatic gluconeogenesis inhibition. The initial steps of type 2 diabetes 

courses with continuous high levels of glucose in blood - and incipient insulin resistance - that lead to chronic 

load of β-cells due the elevated insulin synthesis and secretion rates. The chronic stress then drives high 

levels of ROS and ER-stress which end up in a situation termed “β-cell exhaustion” in which β-cells fail to 

secrete insulin properly. This pre-diabetic stage progresses to overt hyperinsulinemia (to compensate the 

insulin resistance). However, persistence of this pathological state leads to the irreversible death of β-cells 

by apoptosis causing overt type 2 diabetes (Poitout & Robertson, 2008; Swisa et al., 2017). In this context 
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insulin secretion inhibition with PEPCK-M inhibitors -together with a dietary intervention and insulin 

administration - could potentially contribute to reduce β-cell stress, and therefore β-cell death (Abulizi et al., 

2020b; Ryan et al., 2004; Teague et al., 2011). 

In the last decade, several authors reported that PEPCK-M is overexpressed in a wide variety of tumors - 

including colorectal carcinoma, melanoma, gastric, breast, prostate, lung, and pancreatic cancer –, and its 

expression was related with more aggressive phenotypes and worst prognosis (Chaika et al., 2012; E. I. Chen 

et al., 2007; Chu et al., 2017; Chun et al., 2010; Fernández-Coto et al., 2018b; J. Zhao et al., 2017b). In a similar 

manner, some tumors express high levels of PEPCK-C (Chaika et al., 2012; Y. Li et al., 2015, 2018; Montal et 

al., 2015) which would play a similar role than the mitochondrial isoform.  

In this context, we used iPEPCK-2 to demonstrate a role of PEPCK-M in cancer cell proliferation and viability 

under glucose deprivation in various cell lines. Furthermore, in the soft agar anchorage independent model 

PEPCK-M inhibition (or silencing) drastically reduced the total number of colonies formed. Interestingly, 

PEPCK-M overexpression increased the number of colonies only under glucose exhaustion conditions, 

pointing to a role of PEPCK-M to shuttle carbons from glutamine and other substrates through the TCA cycle 

to the glycolytic pool and its branched pathways (serine synthesis, glycerol synthesis, one-carbon 

metabolism, etc.) (Hyroššová et al., 2021; Leithner et al., 2014; Montal et al., 2019b). 

Our data is consistent with previous observations on the role of this pathway in cancer cell viability. A 

significant proportion of the tumoral cells are found in nutrient-poor environments. The elevated 

proliferation rate of tumoral cells combined with the aberrant angiogenesis are the cause of the nutritional 

heterogeneous tumoral microenvironment. The tumoral microenvironment is characterized by steep oxygen 

and nutrients gradient from the blood vessels to the tumor parenchyma (Ackerman & Simon, 2014; Martin 

et al., 2016). The elevated metabolic flexibility of cancer cells allows them to adapt to these poor-nutrient 

environments. In this context, a cancer supportive role for PEPCK-M has been most extensively described. In 

2014, our laboratory reported that PEPCK-M expression was stimulated in nutrient limited conditions via 

ATF4. Moreover, PEPCK-M activity sustained cell proliferation and survival (Méndez-Lucas et al., 2014b). In 

2015, Vincent et al. demonstrated that PEPCK-M could enable growth in glucose deprivation conditions in 

lung cancer cells by providing carbons from the TCA cycle to synthetize biosynthetic intermediates (i.e. serine, 

glycine, ATP) (Vincent et al., 2015). Similarly, Leithner et al. in 2018 reported that PEPCK-M mediated the 

synthesis of glycerol phosphate from noncarbohydrate precursors such as glutamine or lactate in lung cancer 

cells (Leithner et al., 2018). Furthermore, PEPCK-M activity was necessary to maintain the level of 

glycerophospholipids (the major constituents of cellular membranes). In addition, in 2019 Montal et al. 

described that PEPCK allowed colon cancer cells to use lactate for biosynthetic purposes in poor-nutrient 

conditions (Montal et al., 2019b). Interestingly, lactate secreted by the most “glycolytic” cells (which exhibit 

a classical Warburg phenotype) of the tumor could be used as a nutrient for other tumor cells. In this scenario 
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PEPCK would play an enabling role in nutrient selection for the synthesis of biosynthetic intermediates 

derived from the glycolytic pool (through cataplerosis).  

Reduced tumor growth in vivo in the two xenograft models confirmed that PEPCK-M expression offers a 

growth advantage to cancer cells and its inhibition could be a useful anticancer strategy. As previously 

described, the rapid proliferation and aberrant angiogenesis cause a nutrient-poor microenvironment in 

tumors and PEPCK-M expression increases metabolic flexibility allowing the use of glucose alternative 

nutrients such as lactate (relatively abundant in the tumor microenvironment, and usually recycled by 

tumoral cells) for biosynthetic purposes (Ackerman & Simon, 2014; Montal et al., 2019b). In addition to the 

reduced tumor growth, the tumors of the treated animals presented large necrotic areas that could be 

explained by the reduction of the PEPCK-M-dependent metabolic flexibility. Moreover, the treatment with 

iPEPCK-2 was consistent with other xenograft models with PEPCK knock-down/out (Hyroššová et al., 2021; 

Montal et al., 2015; Vincent et al., 2015). In MEF cells PEPCK-M inhibition slightly reduced cell migration in 

the wound healing assay. Similarly, Hu et al. observed that PCK2 downregulation inhibited invasion and 

metastasis formation in laryngeal carcinoma cells (Y. Hu et al., 2020). PEPCK-M might contribute to migration, 

invasion, and metastasis formation by preventing anoikis through balancing oxidative stress (Bluemel et al., 

2021; Hyroššová et al., 2021; Kamarajugadda et al., 2012; J. Lu et al., 2015). However, our current data is very 

limited with regards to the characterization of PEPCK-M role in migration and invasion and its possible 

mechanisms. 

Importantly, adverse effects secondary to liver PEPCK-C or pancreatic PEPCK-M inhibition were not 

substantiated in mice by our limited evaluation. Any other sign of apparent toxicity was observed in the 

animals. Furthermore, pharmacokinetics profile and the good bioavailability, with no crossing of the brain 

blood barrier, are good starting grounds for the prospective use of this compound in further clinical testing.   

Our data in vivo, together with a myriad of other observations in our laboratory, points to the possibility that 

PEPCK-M has a role in tumor metabolism beyond glucose or nutrient deprivation. In this sense, Montal et al. 

also reported that PEPCK activity increased glucose and glutamine utilization in colorectal cancer cells under 

high glucose conditions. Similarly, PEPCK promoted cancer progression by enhancing anabolic metabolism 

and activating mTORC1 (Montal et al., 2015). Consistently, Hu et al. reported that PCK2 silencing reduced 

glucose uptake in laryngeal cancer cells. Its silencing also reduced cell proliferation, migration, and invasion 

(Y. Hu et al., 2020). In our laboratory, we recently described that PEPCK-M allowed the synthesis of 

biosynthetic intermediates derived from the glycolytic pool (i.e., serine, glycine) from glutamine carbons 

under glucose limitation. Furthermore, PEPCK-M silencing reduced TCA cycle flux and proline levels even in 

high glucose conditions while PEPCK-M overexpression increased intracellular proline concentration. 

Consistent with reduced proline levels, PEPCK-M silencing increased ROS in both glucose conditions. 

Furthermore, PEPCK-M silencing reduced cell viability, anchorage independent growth and tumor growth in 
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subcutaneous xenograft models (Hyroššová et al., 2021). Bluemel et al. also reported an increase of oxidative 

stress (higher ROS and lower reduced glutathione levels) when silencing PEPCK-M in starved lung cancer cells 

(Bluemel et al., 2021). However, they propose that PEPCK-M silencing increases mitochondrial respiration 

increasing ROS production. Notably, Bluemel et al., described that PEPCK-M reduces TCA cycle flux in contrast 

with Montal et al. and our observations, where PEPCK-M increased glutamine utilization and the TCA cycle 

flux. In 2017, Chu et al. also reported than PEPCK-M silencing reduced respiration in pancreatic 

neuroendocrine tumors (Chu et al., 2017). 

We also described that PEPCK-M could modulate intracellular PEP levels even in the presence of glucose 

(Moreno-Felici et al., 2019). Importantly, PEP could inhibit SERCA – a Ca2+ channel which regulate the return 

of cytosolic Ca2+ to the ER – activity. SERCA inhibition leads to increased calcium levels which activate 

different signaling pathways and transcription factors such as NFAT as c-Myc which support cancer 

progression. Interestingly, oncogenic KRAS signaling has been described to upregulate the expression of 

metabolic enzymes such as PCK2, PCK1, and aspartate metabolizing enzymes in colorectal cancer cells 

promoting tumor formation (Doubleday et al., 2021). PEPCK has also been reported to activate mTORC1 

pathway by increasing glutamine intracellular levels (Montal et al., 2015). Furthermore, PCK2 silencing 

sensitize pancreatic neuroendocrine cancer cells to the mTORC inhibitors (Chu et al., 2017). 

PEPCK-M role in glucose physiological conditions 

Although the mechanism by which PEPCK-M provides a growth advantage in low-nutrient conditions is well 

described, how PEPCK-M supports cancer progression when glucose availability is not an issue remains 

unclear. As described above, some authors have also observed that PEPCK-M plays a role in these conditions 

by promoting glucose and glutamine uptake, and anabolic metabolism (Grasmann et al., 2019; Montal et al., 

2015; Yu et al., 2021). In our laboratory, we observed that PEPCK-M promotes the TCA cycle, proline 

metabolism, oncogenic signaling, and reduces the oxidative stress (Hyroššová et al., 2021; Moreno-Felici et 

al., 2019). 

We decided to perform transcriptomic analysis in HCT116 colorectal cancer cells treated with 5 µM iPEPCK-

2 or DMSO for 24 h in physiological glucose conditions (5 mM) to elucidate the mechanisms by which PEPCK-

M inhibition (by iPEPCK-2) might hinder cancer progression. We also quantified different metabolite 

concentration by GC-MS in the same conditions. 

Metabolite quantification by GC-MS 

PEPCK-M inhibition led to a reduction of PEP concentration even in the presence of glucose (Figure R-18) as 

previously demonstrated by biochemical methods in Moreno-Felici et al. Furthermore, the concentration of 

other glycolytic metabolites such as 3-PG was also reduced by iPEPCK-2 treatment, and a tendency was 

observed in pyruvate. In contrast with the observations made by Hyroššová et al. (2021) and Montal et al. 
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(2015), the intracellular concentration of the TCA metabolites remained unchanged suggesting that the TCA 

cycle flux was not affected by PEPCK-M inhibition in the presence of 5 mM of glucose. However, more studies 

with C13-labeled metabolites such as glutamine or glucose are necessary to clarify the effects of PEPCK-M 

inhibition on TCA flux, and glucose and glutamine utilization. 

 

Figure R-18: Metabolite quantification by GC-MS after iPEPCK-2 treatment. Metabolites were extracted 
and analyzed by GC-MS from HCT116 cells after a 24-hours treatment with 5 µM of iPEPCK-2 in 5 mM 
glucose media. (A-B) Concentration of the metabolites from glycolysis/gluconeogenesis (A) and the TCA 
cycle (B). (C) Schematic view of glycolysis/gluconeogenesis and the TCA cycle pathways. Data are means ± 
SEM (2 independent experiments were performed with n=3 in each experiment). Multiple t-test 
comparison was used. Statistical significance at *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle control. 

 

The oxygen consumption was measured in HCT116 and MCF7 wild type cells after the treatment with iPEPCK-

2 by high resolution respirometry (Oxygraph 2k) to evaluate OXPHOS (Figure R-19). Additionally, the 

respiration was also evaluated in MCF7 cells overexpressing PCK2 (oe-PCK2). In contrast with the 

observations of Bluemel et al., 2021, which described that PCK2 silencing increased OXPHOS in lung cancer 

cells, the inhibition/overexpression of PEPCK-M did not affect respiration. These results are consistent with 

the quantified metabolites by GC-MS, where it can be observed that the TCA metabolites did not vary. 
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Figure R-19: OXPHOS evaluation by high resolution respirometry with Oxygraph. Oxygen consumption in 
HCT116 WT (A) and MCF7 WT and oe-PCK2 (B) cells. Data are means ± SEM. A one-way Anova and a Sidak 
multiple comparison test was used. Statistical significance at *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle 
control. 

 

Transcriptomic analysis 

Differential expression analysis between both groups (iPEPCK-2 or DMSO treated cells) yielded 175 

significantly differently expressed genes (Figure R-20). Among them, we can find reduced expression of 

specific subsets of genes codifying for enzymes of the serine synthesis pathway (PSAT1, SHMT2) and 

glycolysis (LDHA, LDHB, PGAM1). Genes involved in autophagia, negative regulation of c-Myc (NDGR1) and 

the MAPK pathway (DUSP4) are expressed at higher levels in iPEPCK-2 treated group. 

 

Figure R-20: Heatmap of the differentially expressed genes. The Z-score of the significant differentially 
expressed genes (p adjusted value < 0.05) was calculated, the results were hierarchical clustered and plotted 
in a heatmap using InstantClue software. 
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A gene set enrichment analysis (GSEA) for both groups using the Canonical Pathways databases resulted in 

56 gene sets significantly enriched in the iPEPCK-2 treated group and 316 gene sets significantly enriched in 

the DMSO treated group.  

The MYC repression pathway gene set was enriched in the iPEPCK-2 treated group (Figure R-21) consistent 

with results recently reported by our lab where PEPCK-M inhibition reduced PEP intracellular concentration 

which led to an increase of SERCA activity and reduced Ca2+-dependent signaling including calcineurin, NFAT 

(and downstream c-Myc) (Moreno-Felici et al., 2019). Consistently, NFAT signaling, calcineurin signaling 

pathway, and MYC activation pathway gene sets were enriched in the control group (Figure R-22). 

 

Figure R-21: Selected gene sets enriched in iPEPCK-2 treated cells. 
 

Gene sets related to the oxidative stress response such as the Nrf2 pathway, and oxidative stress induced 

senescence, are enriched in iPEPCK-2 treated group (Figure R-21). The expression of Nrf2 related genes 

suggests that there is a higher level of oxidative stress (ROS) when PEPCK-M is inhibited as described by us 

and others (Bluemel et al., 2021; Hyroššová et al., 2021). The gene set related to senescence and autophagy 

in cancer is also enriched in iPEPCK-2 treated cells (Figure R-21). On the other hand, PEPCK-M has been 

reported to activate mTORC1 by increasing intracellular amino acid levels (through increasing glutamine 

uptake, TCA cycle flux, and anabolic metabolism) (Montal et al., 2015). Interestingly, mTORC1 mediating 

signaling gene set is enriched in the control group (Figure R-22). Furthermore, mTORC1 activation inhibits 

autophagy through ULK, ATG13, and FIP200 inhibition (Laplante & Sabatini, 2012). One might speculate that 

these changes reflect a reduction of metabolic flexibility limiting the bioavailability of nutrients and building 

blocks would imbalance proteostasis. 

 

Figure R-22: Selected signaling gene sets enriched in DMSO treated cells. 
 

A group of metabolism related gene sets were enriched in the control group (Figure R-23), including gene 

sets related with glycolysis and gluconeogenesis pathways (and branching pathways such as serine 

biosynthesis and pentose phosphate pathways), TCA cycle and OXPHOS, amino acids metabolism, and 

nucleotide metabolism (one carbon metabolism). In general, pathways related with cancer metabolic 
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reprograming that could support anabolic metabolism (directly or indirectly) and may be upregulated by 

oncogenic signals (such as c-Myc, HIF1-α, or mTORC1). Interestingly, PEPCK-M enables the direct use of 

glucose-alternative nutrients (lactate, glutamine, fatty acids) towards these pathways through cataplerosis. 

 

Figure R-23: Selected metabolic gene sets enriched in the DMSO treated group. 
 

Finally, several gene sets related to cell cycle and cellular division were also enriched in the control group 

(Figure R-24). An increase with cell division would be consistent with increased proliferation of control cells 

as compared with cells treated with iPEPCK-2. 

 

Figure R-24: Selected cell division related enriched gene sets in DMSO treated cells. 
 

Significant results of GSEA (FDR < 0.05) were visualized using the Enrichment Map plugin available in 

Cytoscape (Figure R-25). This representation helps to visualize the gene sets enriched in both experimental 

groups and summarizes the results of this transcriptomic analysis. Overall, the control group have enriched 

gene sets related with several metabolic pathways branching form glycolysis/gluconeogenesis, cell cycle & 

division, oncogenic signaling (Ca2+, c-Myc, mTORC1). On the other hand, enriched gene sets in the iPEPCK-2 

treated group are related with oxidative stress, autophagy, and drug metabolism and detoxification.  
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Besides, a group of gene sets related to extracellular matrix interactions and autophagy is enriched in iPEPCK-

2 treated cells. In our laboratory, we recently described that PECPK-M contributes to cell survival in limited 

nutrient concentration by limiting entosis – a cell death/survival mechanism in which a cell engulfs a neighbor 

cell to cope with nutritional stress and glycosylation defects - (Garanina et al., 2017; Hamann et al., 2017; 

Hyroššová et al. publication pending). Entosis is E-cadherin-dependent, and it uses similar mechanisms than 

autophagy (Overholtzer et al., 2007; Sun et al., 2014). There is also a gene set enriched in the control group 

related with migration and the epithelial-to-mesenchymal migration. 

The results of this gene set enrichment analysis could help to understand the mechanisms by which PEPCK-

M inhibition limits cancer progression. 

 

Figure R-25: Enrichment gene map of significant results from GSEA. The significant gene sets from GSEA 
(FDR < 0.05) were plotted using the Enrichment Map plugin available in Cytoscape. Red and blue nodes 
represent gene sets enriched in HCT116 treated with iPEPCK-2 or DMSO respectively. Nodes were 
manually laid out to form a clearer picture. Cluster of nodes were labeled using AutoAnnotate Cytoscape 
application. Individual node labels were removed for clarity. Cluster of nodes were grouped and manually 
labeled to emphasize related pathways. 

 

Remarkably, we have collectively shown that high PEPCK-M expression in cancer cells provided a growth 

advantage by increasing the metabolic flexibility (which would improve cell survival and even proliferation in 

poor-nutrient conditions), stimulating anabolic metabolism and proteostasis, reducing oxidative stress, and 

activating oncogenic signaling pathways that promote cancer proliferation. Therefore, and as suggested by 
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the genetic silencing and overexpression models, PEPCK-M inhibition did impair cancer progression, 

confirming the drug and the target as valid strategy for cancer therapy.  
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Development of PEPCK-M selective inhibitors 

After having validated PEPCK-M as a target for cancer therapy, and since PEPCK-C plays an important role in 

glucose homeostasis, we aimed to obtain a compound that selectively inhibits PEPCK mitochondrial isoform. 

The administration of a PEPCK-M selective compound would avoid the possible negative consequences of 

inhibiting hepatic PEPCK-C driven gluconeogenesis. As previously reported, both PEPCK isoforms have a high 

sequence identity and similarity (Figure R-1), and most of the amino acids of catalytic center are conserved 

(Figure R-3A). Although there are small differences among some amino acids close to GTP-binding site, the 

development of isoform-selective inhibitors would be a really complicated. Therefore, we devised a targeting 

strategy consisting in the incorporation of triphenylphosphonium (TPP), a mitochondrial-targeting moiety, 

into a 3-alkiyl-2,8-dibenzylxanthine scaffold (Figure R-26).  

 

Figure R-26: Strategy followed to develop PEPCK-M selective inhibitors. The addition of a 
thriphenylphosphonium moiety would increase the mitochondrial uptake of the PEPCK inhibitor through 
the membrane potential. 

 

Nowadays, different systems of mitochondrial targeting had been described: mitochondrial targeting signal 

peptides, cell-penetrating peptides and lipophilic cations. These tools take advantage of the mitochondria 

import machinery or the high membrane potential across the inner mitochondrial membrane. Lipophilic 

cations such as triphenylphosphonium (TPP), can be attracted by mitochondria through electrostatic 

interactions and accumulated in its matrix due the negative membrane potential (Z. P. Chen et al., 2015; 

Zielonka et al., 2017). The conjugation of TPP to existing drugs to target the mitochondria has been a 

successful strategy in the development of treatments for cancer and neurodegenerative diseases. Some of 

these TPP-conjugated treatments are currently being tested in clinical trials. For example, TPP conjugation 
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to the nitrogen mustard chlorambucil had driven the compound to cancer cells mitochondria causing cell 

cycle arrest and inducing cell death (Millard et al., 2013). Also, Mito-DCA, which consist in a dichloroacetate-

loaded compound with a TPP group had archived a potency increase of three magnitude orders compared 

with unconjugated dichloroacetate (Pathak et al., 2014). 

Alkyltriphenylphosphonium cations easily cross lipid bilayers by non-carrier-mediated transport. They 

efficiently enter to the cytoplasm due the plasmatic membrane potential, and further accumulate into the 

mitochondria (between 100- to 1000-fold more concentrated, compared with the extracellular space) by the 

mitochondrial membrane potential (Smith et al., 2003). Mitochondria targeting should therefore increase 

the inhibitor concentration in the mitochondria, increasing the in vivo potency, while decreasing the inhibitor 

concentration at the cytosol, reducing PEPCK-C inhibition (Figure R-26). 

A group of iPEPCK-2 derivates containing a TPP moiety was synthetized in Dr. Mª Carmen Escolano’s 

laboratory. Resulting inhibitors (iPEPO-1, iPEPO-2 and iPEPO-3) differ in the number of carbons in the linker 

(2, 3 or 4) as shown in Figure R-27. The size of the triphenyl phosphonium group could decrease the affinity 

of the compound with the enzyme due steric effects. Adding carbons to the linker would increase the mobility 

of the triphenyl phosphonium group, allowing it to be outside of the binding pocket, and therefore 

maintaining the affinity. 

 

Figure R-27: Structure of the synthetized inhibitors with the tryphenylphosphonium group (iPEPO 
family). 

 

 

iPEPOs ADME profile 

Before further progressing the iPEPOs’ family as on-target inhibitor of PEPCK-M in vitro, basic ADMET studies, 

including cytochrome inhibition, microsomal stability, cytotoxicity and hERG inhibition were performed by 

the Innopharma Screening Platform. 

iPEPO-1 inhibition of recombinant human cytochrome P450 enzymes [CYP1A2, CYP2C9 and CYP2C19] was 

evaluated with standard substrates as fluorescent probes. The results depicted in Table R-3 showed low 

inhibition of the cytochromes at a concentration (10 µM) well above its Km for PEPCK-M (see below). 
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CYP1A2 CYP2C9 CYP2C19 
16 ± 1 40 ± 1 46 ± 2 

Table R-3: Results of % of inhibition of cytochromes by iPEPO-1 at 10 µM. 
 

Microsomal stability, widely used to determine the degree of primary metabolic clearance in the liver, was 

assessed in human, mouse and rat microsomes. The assay showed good stability of human, mouse and rat 

microsomes with half-lives ranging from 61 to 438 min, and from 46% to 92% of iPEPO-1 remaining after 60 

min (Table R-4). However, the observed heterogeneity in microsomes from different species, should be taken 

further into consideration if iPEPOs compounds progress through additional preclinical studies. 

 

Species % remanent
1 t1/2 (min) Clint2 

Human 45.97 61.15 11.33 
Mouse 66.02 87.84 7.89 
Rat 92.01 438.21 1.58 

Table R-4: Microsomal stability of iPEPO-1 in in human/mouse/rat microsomes. 
1 sampling time 60 min; 2 µL/min-1 mg-1 protein 

 

No significant inhibition of cellular growth (15 ± 3 % at 100 µM) was observed using a human MRC-5 fibroblast 

(non-tumoral) cell viability assay, indicating very low cytotoxicity of iPEPO-1. In addition, the effect of iPEPO-

1 on hERG channel activity, an important safety determinant in drug discovery, was assessed showing a small 

inhibition (15±2% at 10 µM), suggesting no cardiac side-effects. 

Furthermore, data from in vitro PAMPA assays – performed in Dr. Belén Perez’s lab - (Pe value of 2.9 ± 1.15), 

indicated that iPEPO-1 can be classified to have uncertain blood brain barrier permeation as it is below the 

threshold established for high BBB permeation (Pe value of 5.17). However, its charge would suggest that 

the compound might not cross the BBB (J. Müller et al., 2015). Considering the PEPCK-M localization, the 

ability to cross the BBB is not an essential requirement for developing effective PEPCK-M inhibitors, on the 

contrary its absence from the brain would indicate a desirable lack of neurological side-effects (Nordlie & 

Lardy, 1963). 

Evaluation of inhibitory potency in recombinant protein 

The inhibitory capacity of the compounds was evaluated in human recombinant PEPCK-C and PEPCK-M 

produced in our laboratory (Table R-5). All compounds inhibited both PEPCK isoforms with a similar potency. 

iPEPO-2 proved to have the optimal length of the linker with TPP salt, since compounds with a shorter (iPEPO-

1) or longer (iPEPO-3) linker decreased the potency. All three triphenylphosphonium derivatives had lower 

overall potency than iPEPCK-2 from which they are derived, although iPEPO-2 (IC50 = 558 nM) was in the same 

magnitude order. 



RESULTS AND DISCUSSION 

 

102 
 

Compound PEPCK-C PEPCK-M 

iPEPO-1 1.179 4.752 

iPEPO-2 0.157 0.558 

iPEPO-3 0.771 3.090 

3-MPA 10.097 17.402 

iPEPCK-2  0.061 0.117 

Table R-5: Evaluation of inhibitory potency in purified human recombinant PEPCK-C and 
PEPCK-M of iPEPO-1, iPEPO-2, iPEPO-3, and the previously described inhibitors iPEPCK-2 and 
3-MPA. The table shows IC50 (µM) values for both isoforms. 

 

Target engagement 

As we have previously done when evaluating iPEPCK-2, we assessed the iPEPOs capacity to inhibit GSIS as a 

result of a PEPCK-M inhibition in pancreatic β-cells. Specifically, GSIS was evaluated after treating mice 

isolated pancreatic islets with 5 µM of iPEPO-1 or iPEPO-2 (Figure R-28). iPEPCK-2 was used as a positive 

control. The treatment with iPEPO-2 hindered insulin secretion with a similar potency as iPEPCK-2. This 

confirms that iPEPO-2 could penetrate to the β-pancreatic cells, reach the mitochondria and properly inhibit 

PEPCK-M. 

 

Figure R-28: Glucose stimulated insulin secretion (GSIS) inhibition. Effects of treatment with µM of iPEPO-
1, iPEPO-2, or iPEPCK-2 in mice isolated pancreatic islets glucose-stimulated insulin production shown as a 
ratio of insulin concentration measured in the presence of 20 mM over 3 mM glucose. Data are means ± 
SEM. A t-test, one-way Anova and a Sidak multiple comparison test were used. Statistical significance at 
*p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle control. 

 

The addition of the triphenylphosphonium group should lead the molecule to the mitochondria, increasing 

its concentration there. Moreover, it should decrease the cytosolic concentration, potentially reducing the 

side effects due PEPCK-C inhibition. 

To assess the mitochondrial targeting in a cellular context, a cellular thermal shift assay (CETSA) was 

performed using the rat hepatoma cell line FAO. FAO cells express both, mitochondrial and cytosolic, PEPCK 

isoforms. In this assay the most potent compound of the family (iPEPO-2) was compared to the previously 

described PEPCK inhibitors iPEPCK-2 and 3-MPA (Figure R-29). Since iPEPO-2 showed a slightly lower but 
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similar potency than iPEPCK-2 in the kinetic assay, and it inhibited GSIS with a similar potency in pancreatic 

β-cells, we were expecting that iPEPO-2 would have shown an improved thermal stabilization of PEPCK-M – 

or, at least, the same as iPEPCK-2- due the mitochondrial targeting. However, iPEPCK-2 was the better 

compound thermal stabilizing the two PEPCK isoforms. Furthermore, iPEPO-2 stabilized the cytosolic isoform 

with the same potency as the mitochondrial one. 

The results of these assays couldn’t demonstrate any improve on target engagement of iPEPOs when 

compared with iPEPCK-2, which have demonstrated a great capacity to reach the mitochondria.  

 

Figure R-29: Evaluation of in vitro target engagement by Cellular thermal shift assay. (A-B) Stable PEPCK-
C (A) and PEPCK-M (B) in FAO cells after a thermal treatment (60ºC, 3min) previously incubated with 
increasing doses of PEPCK inhibitors (1: 3-MPA; 2: iPEPCK-2; 3: iPEPO-2). (C-D) Smoothed curve (GraphPad 
Prism) of previous CETSA (PEPCK-C (C) and PEPCK-M (D)). 

 

Antineoplastic activity 

PEPCK-M inhibition by iPEPO-2 was evaluated in different cancer models to assess its antineoplastic activity. 

iPEPO-2 was tested with cervical cancer (HeLa), colorectal cancer (SW480) and transformed kidney 

embryonal (HEK-293) cell lines. As mentioned before, these cells have high expression of PEPCK-M while they 

don’t express PEPCK-C.  

Treatment with 5 µM of iPEPO-2 reduced cell growth at 72 hours between a 32 and a 64%, depending on the 

cell line (Figure R-30A). They were similar values as the ones obtained when using iPEPCK-2. Interestingly, 

iPEPO-2 treatment up to 10µM did not affect cell growth and viability in HEK-293-PCK2del/del cells (Figure R-

30B). However, treatments with higher concentrations than 10 µM impaired cell growth suggesting off-target 

toxicity at these doses. PEPCK-M inhibition by iPEPO-2 also inhibited anchorage independent growth in a 

similar manner than iPEPCK-2 (Figure R-30C). 

Finally, treatment with iPEPO-2 decreased the viability of glucose deprived cells after 48h with the same 

intensity as iPEPCK-2 (Figure R-30 D-F). PEPCK-M inhibition blocks the usage of carbons from TCA cycle 
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(coming from glutamine, fatty acids, etc) for the obtention of necessary gluconeogenic intermediates during 

glucose shortage, and this leads to an increase of ER-stress-mediated apoptosis. 

Despite iPEPO-2 showed a slightly lower potency in the kinetic assay and a lower thermal stabilization in 

CETSA compared with iPEPCK-2, it showed similar outcomes in the functional assays in pancreatic islets and 

cancer cells. 

 

Figure R-30: iPEPO-2 activity on cancer cells. (A) Cell growth inhibition after a 5 µM treatment with iPEPCK-
2 or iPEPO-2 for 72h. (B) Treatment of HEK-293-PCK2del/del with increasing concentrations of Ipepo-2 (C) 
Colonies formed in soft agar after treatment 5 µM of different PEPCK-M inhibitors (HeLa cells) (D-F) 
Viability of HeLa (D), SW-480 (E), and HEK-293 (F) cells under glucose deprivation of 48h, cells were treated 
with different doses of iPEPCK-2 or iPEPO-2. Data are means ± SEM (3 independent experiments were 
performed with n=5 in for panels A, B, D, E, F; and 3 independent experiments with n=3 for panel C). A 
one-way Anova and a Sidak multiple comparison test was used. Statistical significance at *p < 0.05, **p < 
0.01, ***p < 0.001 vs vehicle control. 

 

Overall, we reported the first family of PEPCK-M inhibitors with a triphenylphosphonium group. Although 

iPEPO family has a good inhibition profile (the compounds inhibited PEPCK-M in the nanomolar range, and 

they could reach the mitochondria inhibiting PEPCK-M in a physiologic model), it could not demonstrate an 

increased efficacy respect iPEPCK family. Other strategies should be followed to find inhibitors specifically 

inhibit the mitochondrial isoform.  

Furthermore, the search of PEPCK-M inhibitors for cancer and diabetes therapy has gained interest in the 

last years. Baptista et al. performed a virtual screening with ZINC’s natural compounds database to identify 

novel PEPCK-M inhibitors (Baptista et al., 2019). And other groups identified PEPCK inhibitors from plant 

extracts (Femi-Olabisi et al., 2021; X. L. Ma et al., 2021). 
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CHAPTER 2: PYCR INHIBITORS 
In silico-guided discovery of PYCR1 inhibitors for cancer therapy 

Recent findings on the implication of proline metabolism derangements in iPEPCK-2 mode of action, and the 

overall implications of proline metabolism in metabolic reprograming in cancer, have positioned the proline 

biosynthesis pathway – and specifically PYCR1 – as an emergent target for cancer therapy (Bogner et al., 

2021; D’Aniello et al., 2020). PYCR1 has demonstrated to play an important role in a wide variety of cancers, 

and its silencing inhibited tumor growth, invasion and metastasis, and drug resistance in different genetic 

models (J. Ding et al., 2017; Loayza-Puch et al., 2016; Sattar Alaqbi et al., 2022; Shenoy et al., 2020; S. Xiao et 

al., 2020; Yan et al., 2019). Therefore, we and others postulate that its inhibition by small molecules could be 

useful for cancer treatment. However, as described in the introduction, few PYCR1 inhibitors have been 

described so far (Christensen et al., 2020; Forlani et al., 2021; Milne et al., 2019). 

Since the PYCR1 crystal structure in both apo and holo forms have been already resolved (Christensen et al., 

2017), we performed a computer-aided structure-based strategy to discover and design novel potent PYCR1 

inhibitors.  

This project was performed in collaboration with Dr. F. Javier Luque, who guided me through the 

computational approach, and Dr. Mª Carmen Escolano, in charge of the synthesis of the different compounds 

here described. 

PYCR1 structural insights 

The three-dimensional structures of human PYCR1 and P5CRs from different microorganism and plant 

species are already known (Christensen et al., 2017; Meng et al., 2006; Nocek et al., 2005; Ruszkowski et al., 

2015). Regarding the human enzyme, in 2006 Meng et al. reported PYCR1 crystal structures that provided 

the first information about its structure. However, the low resolution of these structures (3.1 Å) was 

insufficient to locate the active site (Meng et al., 2006). In 2017 Christensen et al. reported high resolution 

structures of PYCR1 (1.85 Å) with its natural ligands (or analogs) that allowed the identification of the active 

site (Christensen et al., 2017). We used the structures solved by Christensen et al. (PDB IDs: 5UAV, 5UAU, 

5UAT) to deploy our structure-based drug design campaign. 

PYCR1 structure consists in a pentamer-of-dimers decamer. Each PYCR1 protomer has a Rossman 

dinucleotide binding domain, where the cofactor NAD(P)H binds, and an α-helical domain, which mediates 

oligomerization and plays a role in the P5C binding. The active site is located in the dimer interface, where 

the P5C binding site of one protomer meets the NAD(P)H binding site of the other one (Figure R-31 A). 

Therefore, dimerization is essential for PYCR1 activity (Bogner et al., 2021; Christensen et al., 2017).  
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Figure R-31: PYCR1 structural insights. (A) Structure of PYCR1 (PDB ID:5UAV) homodimer each protomer 
is differently colored. The two binding sites are pointed by arrows. (B) P5C/proline binding site: the proline 
analog THFA and its interactions with the protein in its binding site. (C) NAD(P)H binding site: NADPH and 
its interactions with the protein in its binding site. (D) Structure of the ternary complex of PYCR1-THFA-
NADPH. Amino acids that form relevant interactions are highlighted as sticks. Hydrogen bonds are 
represented by yellow dotted lines. α-helices are labeled according to the nomenclature used in 
Christensen et al. 2017. 

 

The P5C/proline binding site is found in the pocket where the loop between the α-helices L and K from the 

α-helical domain of one protomer meets the α-helices H, I, and M of the other protomer (Figure R-31B). The 

carboxylic group of P5C/proline forms hydrogen-bonds with the residues of the αL-αK loop (mainly with the 

NH of the backbone), some of them mediated through a water molecule. The residues of the αH and αI 

provide nonpolar contacts that contribute to the catalysis (Christensen et al., 2017).  

The Rossmann fold is a conserved tertiary structure that consists in six parallel β-strands, connected by α-

helices, that form an extended β-sheet. The function of the Rossmann fold in enzymes is to bind nucleotide 

cofactors such as NADH, NADPH, and FADH2 (Rossmann et al., 1974). Consequently, the NAD(P)H binds 

PYCR1 in the Rossmann fold found at the protomer’s N-terminal domain. NADPH forms many non-covalent 

interactions with the protein, most of them with the backbone of the protein (Figure R-31C). The 

pyrophosphate of NADPH is positioned at the end of the first helix (αA) of the Rossmann fold forming H-

bonds with the backbone’s NH (residues 9-12), some of them mediated through a water (Christensen et al., 

2017).  

Using the proline analog THFA and NADPH, Christensen et al. reported a structure (PDB ID: 5UAV) that mimics 

the Michaelis complex. This structure reveals important information about the catalytic mechanism. 
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Importantly, the THFA ring is parallel to the nicotinamide ring of NADPH as expected for a hydride-transfer 

mechanism (Figure R-31D). The authors also described a group of waters that would stabilize the ternary 

complex. Although some authors suggested that T238 would donate a proton to the imine nitrogen of P5C, 

Christensen et al demonstrated that it was not essential for the catalysis.  

Regarding other PYCR isoforms, a low-resolution crystal structure of PYCR2 has also been reported while the 

structure of PYCR3 has not been resolved yet (Escande-Beillard et al., 2020). PYCR1 and PYCR2 share 85 % of 

its amino acid sequence and their active sites are 97 % identical in sequence. On the other hand, PYCR3 

shares 45 % of its amino acid sequence to PYCR1, and the amino acid sequence of the active site is 53 % 

identical and 72 % similar than PYCR1 one. The major differences between PYCR3 and PYCR1/2 active sites 

are found in the NADPH binding site, which may explain the differences on the cofactors used for each 

isoenzyme (Bogner et al., 2021).  

Virtual screening protocol 

As mentioned in the introduction, virtual screening (VS) protocols are used to identify compounds that would 

bind to a specific target from a large library of compounds. Its advantages with respect to classic high-

throughput screenings are its speed (thousands of compounds could be tested in matter of hours), its 

reduced costs (VS significantly reduces the number of compounds that should be purchased or synthetized), 

and if the VS protocols are structure-based, they might provide knowledge about the molecular basis of the 

activity of the compounds (Gimeno et al., 2019).  

To identify novel PYCR1 inhibitors, we performed a VS study using the previously resolved PYCR1 crystal 

structure (PDB ID: 5UAV) and the SPECS Exciting Academic Database (ExAcD). The general schema followed 

is described in Figure R-32.  

 

Figure R-32: Schema of the followed screening protocol. 
 

After PYCR1 structures were studied, we defined a pocket in the active site as the cavity where the 

compounds were going to be docked (Figure R-33A). Interestingly, the crystal structures that did not contain 

P5C or a proline had a conserved sulfate molecule in the proline binding site (in the loop between αK and 

αL), precisely where the carboxylic group is located. Similarly, a conserved sulfate is found where the 
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pyrophosphate group of NADPH binds (at the end of αA) in the structures without NADPH (Figure R-33B). In 

both cases, hydrogen bonds are formed with the backbone amino acids and the sulfate molecules. These 

positions are occupied by hydrogen-bond acceptors (carboxylate from THFA/proline, pyrophosphate from 

NADPH, or sulfate molecules) - some of them with a negative charge - in the different structures. Therefore, 

we hypothesized that a molecule which could fill these positions with a hydrogen-acceptor group would 

increase its affinity for the enzyme. Consequently, we keep these positions as pharmacophoric restraints. 

 

Figure R-33: PYCR1 binding site (A) The arrow indicates the pocket in the binding site where the docking 
was performed. (B) Superposition of PYCR1 structures (PDB IDs: 5UAV, 5UAU, 5UAT) where a conserved 
sulfate molecules (highlighted as spheres) can be observed in the P5C/proline and NAD(P)H binding sites.  

 

The ExAcD is a library with > 450,000 structure-diverse drug-like compounds described in academia. The 

compounds of the library were prepared using LigPrep: the three-dimensional structures were generated 

forming up to 6 tautomers and 8 stereoisomer per molecule, and the ionization was defined at pH 7.4. The 

compounds were filtered through molecular weight (keeping those between 200 and 400 Da) and the 

compounds which did not have at least two hydrogen-bond acceptors were discarded.  

The VS analysis consisted in two consecutive docking protocols. The first molecular docking protocol was 

performed using RDOCK with pharmacophoric restraints, and high-throughput VS sensitivity. The 

pharmacophoric restraints allowed to “guide” the docking providing information about ligand-protein 

interactions. In our case we defined three pharmacophoric restraints, and two of them had to be fulfilled. 

We defined that a H-bond acceptor should be at the position of both sulfates (showed in Figure R-33B) and 

in the position of the water of Figure R-31D, since it could be important for the catalytic mechanism. Ten 

poses were generated for each ligand. After visual inspection of the poses with better scores, 50 molecules 

were selected for the following docking protocol.  

The second docking protocol was performed using GLIDE in a more exhaustive manner. This protocol was 

performed without pharmacophoric restraints to validate the positions obtained in the first protocol and to 

identify artifacts caused by the restraints. After visual inspection of the generated poses, 15 molecules were 
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selected, and nine were purchased for in vitro evaluation (Figure R-34). Interestingly, many poses show 

compounds that had a sulfonamide group placed at the end of the αA forming multiple H-bonds with the NH 

from the protein backbone, similarly to the pyrophosphate group of NADPH. 

 

Figure R-34: Purchased compounds resulting from the virtual screening. 
 

 A kinetic assay was set up with purified recombinant human PYCR1 produced in a prokaryote system in our 

laboratory (Figure R-35A). In the assay we evaluated the 3,4-dehydro-L-proline (DHP) dehydrogenase activity 

of PYCR1 (Figure R-35B) described by Li et al. since we were not able to synthetize/purchase P5C (L. Li et al., 

2017). The velocity of NAD+ reduction was measured by fluorescence. The enzymatic assay was validated 

using the low-potency PYCR1 inhibitor THFA (Figure R-35C).  

 

Figure R-35: Enzymatic assay set up. (A) Western blot analysis of produced PYCR1 protein during its 
purification. EX: extract; FT: flow through; W1-2: washes; E1-6: elution; COL: column remanent. (B) 
Reduction of 3,4-dehydro-L-proline (DHP) by the dehydrogenase activity of PYCR1. (C) Inhibition curve of 
the proline analog THFA. Data are means ± SEM. The inhibition curve was adjusted by the nonlinear 
regression fit tool from GraphPad Prism. 
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The inhibitory capacity of the compounds (PY01-PY09) was evaluated in the aforementioned enzymatic assay 

(Table R-6). Results were compared with THFA, which was used as a positive control. Most of the compounds 

showed negligible PYCR1 inhibition, with an IC50 above 1 mM. However, PY04 was identified as a hit that 

inhibited PYCR1 with an IC50 of 123.6 µM. 

Compound 
Docking score 

[kcal/mol] 
IC50 

Inhibition at 1mM 

(%) 

PY01 -6.73 >1mM 25.5 

PY02 -7.33 >1mM 9.8 

PY03 -6.78 >1mM 6.2 

PY04 -6.59 123.6 µM 91.1 

PY05 -8.04 >1mM 27.7 

PY06 -7.04 >1mM 36.1 

PY07 -7.19 >1mM 11.0 

PY08 -6.43 >1mM 12.7 

PY09 -7.09 n/a * n/a 

THFA - 4.597 mM 24.7 

Table R-6: Evaluation of purchased compounds in the enzymatic assay. The IC50 was 
calculated by adjusting the inhibition curve with the nonlinear regression GraphPad 
tool. 

 

Further kinetic studies were performed with PY04 to determine the Ki and inhibition type. The representation 

of Lineweaver-Burk plots demonstrated that PY04 inhibited PYCR1 in a competitive manner with both 

substrates, DHP and NAD+ (Figure R-36A-B) (Waldrop, 2009). It inhibited PYCR1 with a Ki of 521 µM for DHP 

and 243.5 µM for NAD+.  

This type of inhibition is in agreement with the reported docking pose, where PY04 fills the position of both 

substrates (Figure R-36C). As showed in the figure, PY04 could H-bond with the backbone of αK-αL loop, the 

end of αA (the orientation is not perfect though), and with the carbonyl group of A69. Furthermore, it 

anchored the nonpolar pyrazoline ring into the hydrophobic pocket with the possibility of forming an H-bond 

with the lateral chain of T238, although the orientation is not optimal. 

Using the chemical scaffold of PY04 as template, we searched for analogs that were subsequently screened 

by molecular docking. Two of them (PY04_1 and PY04_2) were purchased and showed increased potency in 

the kinetic assay (Figure R-37). The docking poses were similar to PY04’s one and showed that the hydroxyl 

group could form interactions with C95 (PY04_1) or A69 (PY04_2) carbonyl groups. 
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Figure R-36: PY04 inhibition mechanism. (A-B) Lineweaver-Burk plots of PY04 with different 
concentrations of DHP (A) and NAD+ (B). PY04 (pink) docking pose with superposed ligands, THFA (yellow) 
and NADPH (green). PY04 – protein H-bonds are showed as a yellow dotted line. 

 

 

Figure R-37: PY04’s analogs. (A) PY04’s analogs structure and IC50 in the kinetic assay. (B-C) Docking poses 
of PY04_1 (B) and PY04_2 (C). Possible H-bonds with PYCR1 amino acids are noted as yellow dotted lines. 
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A molecular dynamics (MD) simulation of the most potent compound (PY04_2) was performed in order to 

confirm the binding mode. The H-bonds between the pyrazoline and the αK-αL loop were weak, the distance 

between A237 NH and the N from the pyrazoline was between 3.4 and 3.7 Å during the simulation (Figure R-

38A and C). However, the H-bond formed between the carbonyl group of A69 and the hydroxyl from the 

phenol group was not maintained during the 50 ns of MD (Figure R-38D). Furthermore, the phenol group was 

mostly exposed to the solvent (Figure R-38B). Although the molecule remained in the binding site, it could 

not maintain the polar interactions described. Therefore, it is probable that the binding mode obtained in 

the dockings is not correct. Furthermore, using SwissADME we detected that PY04 and its analogs presented 

PAINS (pan-assay interference structures) (PAINS code: hzone_phenol) which often give false positive results 

in pharmacologic screens (Baell & Holloway, 2010; Daina et al., 2017). 

 

Figure R-38: PY04_2 MD simulation. (A-B) Superposition of MD simulation snapshots (every 10 ns). (C) 
Distance between the NH from A237 and the nitrogen from the pyrazoline ring. (D) Distance between the 
hydroxyl from the phenol group of PY04_1 and A69’s carbonyl. 

 

2nd Virtual screening campaign 

A second VS with a different compound library (Specs_SC, with around 210,000 compounds) and a slightly 

different protocol summarized in Figure R-39 was performed. This protocol also consisted in a two-step 

docking - this time without pharmacophoric restraints - where the first docking protocol allowed us to quickly 

parse the whole database, and during the second one a selection of the best candidates was exhaustively 

analyzed. The ligands were prepared and filtered by molecular weight (150-500 Da) with LigPrep. A second 
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filter was applied to select the compounds that have at least one carboxylic acid or carboxylate group. Then, 

the resulting compounds (9813) were docked using GLIDE with a HTVS sensitivity (which is faster albeit less 

accurate), reporting 10 poses/ligand. The compounds with energies below -7 kcal/mol (440 compounds) 

were docked again using GLIDE in standard sensitivity and generating 50 poses/ligand. The poses with better 

score (energy < -8 kcal/mol) were visually inspected and we selected 14 compounds for further evaluation. 

 

Figure R-39: Workflow diagram of the second HTVS strategy. 
The selected compounds were purchased and evaluated in a kinetic assay (Figure R-40). Eight of the 

compounds inhibited PYCR1 with an IC50 below 1 mM, two of them < 100 µM (Table R-7). 

ID 
Docking score 

[kcal/mol] 
IC50 [µM] Inh 1mM (%) 

PY10 -8.028 161.3 96.0 

PY11 -7.023 >1mM -3.0 

PY12 -8.672 >1mM 11.6 

PY13 -8.724 186.1 96.6 

PY14 -8.087 >1mM 36.8 

PY15 -8.739 >1mM 17.7 

PY16 -8.345 67.53 * 

PY17 -8.422 35.24 101.1 

PY18 -8.075 >1mM -9.5 

PY19 -8.017 501.6 75.1 

PY20 -8.726 >1mM 25.1 

PY21 -8.22 611.9 62.1 

PY22 -8.492 449.5 54.7 

PY23 -8.738 216.6 88.2 

THFA - ≈5 mM 70.2 (10 mM) 

NFLP - 860.3 50.7 

Table R-7: Evaluation of the VS selected compounds through the enzymatic assay. The IC50 of 

the different molecules were calculated by adjusting the inhibition curve with the nonlinear 

regression GraphPad tool. 
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Figure R-40: Structure of the compounds selected in the second virtual screening to further in vitro 
evaluation. 

 

 

Physicochemical descriptors and ADME parameters of hit molecules were predicted using SwissADME (Table 

R-8). Some of the compounds had PAINS (PY10, PY23), and therefore were discarder for further evaluation. 

All the compounds fulfil Lipinski’s Rule-of-five showing druglike properties. Some of them (PY13, PY17, and 

PY19) are predicted to have high gastrointestinal absorption, while none of them are predicted to cross the 

blood-brain-barrier.  Except PY13, all the molecules are predicted to inhibit at least one CYP isoform. 
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Compound Log P 
Solubility 

(µM) 

GI 

absorption 

BBB 

permeability 

CYP 

inhibition 
Lipinski 

PY13 1.94 78.38 High No No Yes 

PY16 2.75 6.93 Low No 
CYP2C9 

CYP2C19 
Yes 

PY17 3.77 1.35 High No 
CYP2C9 

CYP2C19 
Yes 

PY19 2.49 2.43 High No CYP2C9 Yes 

PY21 2.55 91.2 Low No CYP2C19 Yes 

Table R-8: Predicted physicochemical descriptors and ADME parameters by SwissADME. 
Described Log P and solubility are the average of five (iLOGP, XLOGP3, WLOGP, MLOGP, 
SILICOS-IT) and three (ESOL, Ali, SILICOS-IT) different predictions (respectively) with different 
methods. 

 

Inhibition mechanism 

The inhibition of PYCR1 of the most potent hit compounds (IC50 < 200 µM) was evaluated in vitro with 

different substrates concentration in order to determine the inhibition type.  PY13 and PY17 inhibited PYCR1 

by a competitive mechanism with both substrates, DHP and NAD+. With a Ki of 21.18 µM or 14.65 µM for 

DHP and 27.38 µM or 15.52 µM for NAD+ for PY13 and PY27 respectively (Figure R-41). 

 

Figure R-41: Lineweaver-Burk plots of hit compounds.  Lineweaver-Burk plots of PY17 (A-B) and PY13 (C-
D) with different concentrations of DHP (A-C) and NAD+ (B-D). 
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To precisely determine the binding mode, these compounds were docked with GLIDE using the extra 

precision mode (XP), and the most probable poses were selected by visual inspection to further evaluation 

through MD simulations (Figure R-42).  

The docking analysis revealed two possible binding modes for PY13. In the first binding mode, the carboxylate 

group formed H-bonds with the amino acids at the end of the αA, the tricyclic ring was buried in the pocket 

making nonpolar interactions and forming two H-bonds with C95 and T122, and the sulfonamide was 

exposed to solvent (Figure R-42A). In the second binding mode, the carboxylic group of PY13 formed H-bonds 

with the αK-αL loop filling the position where the carboxylate group should be. The tricyclic ring was buried 

in the pocket in a similar manner than the other pose, and the sulfonamide was exposed to solvent with the 

possibility of making a H-bond with V231 (Figure R-42B). 

 

Figure R-42: Most probable binding modes of PY13, PY16, PY17. Most probable poses of PY13 (A-B), PY16 
(C), and PY17 (D) in PYCR1 (PDB ID: 5UAV) binding site obtained by molecular docking with GLIDE. Possible 
formed hydrogen-bonds with PYCR1 residues are noted as yellow doted lines. 

 

The most probable binding mode of PY16 is shown in Figure R-42C. Its carboxylic group could form H-bonds 

with the amino acids of the αK-αL loop, while a carbonyl from the imide could interact with the residues at 

the end of αA. The NH from the amide could form an H-bond with A69. However, many of its polar groups 
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were not forming interactions which would imply a sizable desolvation cost that would reduce binding 

affinity.  

Finally, the best pose found for PY17 shows that the carboxylic group was placed at the end of αA, where it 

formed interactions with the backbone of the protein. The heterocyclic ring could form interactions with the 

amino acids of the αK-αL loop, and the nonpolar parts of the molecule are buried in the pocket. The polar 

atoms of the heterocycle that could not form interactions with the αK-αL loop are exposed to solvent (Figure 

R-42D).  

Analog search 

Using the chemical scaffold of PY13, PY16, and PY17 as template, we searched for analogs that were 

subsequently screened by molecular docking. Docking of PY13 analogs, showed that the addition of small 

nonpolar substituents in orto to the carboxylic group could protect the H-bonds formed between the 

carboxylate and the αA residues (in the first binding mode) from being disturbed by water molecules (Figure 

R-43B). In the other PY13 binding mode, these substituents would fill a nonpolar cavity of the pocket 

increasing its stability in the binding site (Figure R-43C). Three PY17 analogs showed a similar binding mode 

than PY17, but they seem to form a few more interactions with the protein (suggesting an increased affinity, 

and therefore inhibition potency). PY13 and PY17 analogs were purchased or synthetized in Dr. Escolano’s 

laboratory and assayed in vitro in the kinetic assay. While PY17 analogs (PY24-26) inhibited PYCR1 with lower 

potency than PY17, PY13 analogs (PY27-29), they showed up to a 6-fold potency increase compared with 

PY13 (Table R-9). 

Compound IC50 [µM] 

PY24 157.4 

PY25 229.1 

PY26 135.6 

PY27 30.42 

PY28 46.15 

PY29 58.14 

PY13 186.1 

PY17 35.24 

Table R-9: Evaluation of PY13 & PY17 analogs by the enzymatic assay.  The IC50 were calculated by 

adjusting the inhibition curve with the nonlinear regression GraphPad tool. 



RESULTS AND DISCUSSION 

 

118 
 

 

Figure R-43: PY13 and PY17 analogs. (A) Structure of PY13 (PY27-29) and PY17 (PY24-26) analogs 
(represented as sticks) selected for in vitro evaluation. (B-C) The two most probable binding modes of PY13 
analogs found by molecular docking with GLIDE. Possible hydrogen-bonds with PYCR1 residues (resalted 
as sticks) are noted as yellow doted lines. 

 

 

Study of hit conformations by molecular dynamics simulations 

MD simulations of the hit compounds (PY13, PY16, and PY17) were performed starting from the docked poses 

(Figure R-44) to evaluate its correctness. For PY13 both poses were used as initial conformations to check 

their structural stability. 

Both PY13 poses were stable after 50 ns of MD simulations, although there were some changes. In the first 

pose, the tricyclic ring moved inside the pocket losing the H-bond of the carbonyl group, which would imply 

a desolvation cost. The sulfonamide could form H-bonds with S233 backbone and lateral chain, or the solvent 

(Figure R-44A). In the second pose the tricyclic ring also rotated inside the cavity leaving the polar groups 

exposed to solvent. K71 could form H-bonds with the carbonyl of the tricycle, and the sulfonamide could 

form H-bonds with V231 and T124. Nonetheless, one of the sulfonamide oxygens remains buried inside the 

pocket (Figure R-44B).  
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Although both docking poses seem possible for PY13 analogs with substituents in orto (PY27-29, Figure R-

Y13 B-C), only one of the binding modes described in the MD simulations fits with the experimental values. 

The addition of a substituent in orto from the carboxylate would lead to a steric clash in the first binding 

mode (Figure R-45A) reducing its affinity for the enzyme. On the other hand, the addition of the same 

substituent in the second binding mode would fill a nonpolar cavity (Figure R-45B), stabilizing the enzyme-

inhibitor complex and increasing its inhibition potency. The second predicted binding mode copes with the 

experimental results obtained in the kinetic assay (inhibition potency increase), and therefore is considered 

to be the most probable binding mode.  

 

Figure R-44: Study of binding mode stability of hit compounds by MD simulation. (A-D) Superposition of 
PY13 (A-B), PY16 (C), and PY17 (D) snapshots (every 10 ns of simulation, represented as sticks) in the 
different proposed binding modes during 50 ns of molecular dynamics simulation using GROMACS. 
Possible hydrogen-bonds with PYCR1 residues are noted as yellow doted lines. PYCR1 residues that could 
form interactions with the studied molecule are resalted as sticks and the residue name is noted. 

 

On the other hand, most of the interactions observed for the docked poses of PY16 and PY17 are lost during 

the MD simulation, including the interactions of the carboxylate group of PY16 with the αK-αL loop, as well 

as H-bonds with A97 and T122 (Figure R-44C). PY17 only maintained the interactions between its carboxylate 

group and the residues at the end of the αA. It could form weak interactions with the side chains of the 

solvent-exposed K71 and S232 (Figure R-44D). Most PY16 and PY17 polar groups are not forming interactions 
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with the protein, which implies a high desolvation cost. Overall, the binding mode of both compounds do not 

seem correct, which presumably explains why the designed PY17 analogs were less active than PY17. 

Furthermore, PY17 formed few polar interactions with the protein in the proposed binding mode, causing an 

important desolvatation cost. Overall, this pose did not cope with PY17 inhibition potency (high compared 

with the expected from the interactions formed in the docking pose). 

 

 

Figure R-45: Conformation of the carboxylate moiety of PY13 in both binding modes. PY13 represented 
as sticks in the first - carboxylate forming interactions with the end of αA – (A) and the second - carboxylate 
forming interactions with the residues of the αK-αL loop- (B) binding modes upon PYCR1 surface. Whilst, 
substituents added in orto from the carboxylate would collide with PYCR1 in the first binding mode (A), 
the same substituents would fill an hydrophobic cavity of PYCR1 in the second binding mode (B). 

 

PY13 optimization 

Data predicted through MD simulations of PY13, together with the experimental data from its analogs with 

nonpolar substituents in orto of the carboxylate, strongly suggest a plausible binding mode for PY13. Since 

its chemical structure is relatively easy to modify PY13 a good candidate for an optimization campaign 

through rational design of its chemical structure as shown in Figure R-46. Firstly, small modifications on PY13 

structure were proposed based on its predicted binding mode and the experimental data and the feasibility 

of their chemical synthesis. The compounds were then evaluated in silico by MD simulations, and those with 

a favorable evaluation were synthetized in Dr. Mª Carmen Escolano’s lab and further evaluated in vitro in the 

enzymatic assay. The information obtained during each optimization cycle was integrated and further used 

in the next iteration. 

 

Figure R-46: Schema followed during the optimization of PY13. 
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The MD simulation of PY13 was extended to 300 ns. The compound remained stable forming constant 

interactions with the protein (Figure R-47). The carboxylate formed strong and stable H- bonds with the 

amino acids of the αK-αL loop. The carbonyl from the sulfonamide formed a maintained H-bond with the NH 

of T124, and transiently formed H-bonds with T124. The NH from the sulfonamide could form H-bond with 

the carbonyl from V231, it was not maintained during the whole simulation though. However, in one replica 

PY13 binding mode was not conserved and PY13 left the pocket at the end of the simulation. 

 

Figure R-47: Analysis of PY13 binding mode by 300 ns of molecular dynamic simulation. (A) Superposition 
of PY13 snapshots (sticks, every 50 ns) during the MD simulation with PYCR1. Possible hydrogen-bonds 
formed with PYCR1 residues are noted as yellow doted lines. PYCR1 residues that could form interactions 
with PY13 are resalted as sticks and the residue name is noted. (B-E) Distances between polar atoms from 
PY13 and PYCR1 residues susceptible to form H-bonds during the 300 ns of MD. (B-C) Distance between 
the carboxylate oxygens - each oxygen is represented in a different color (black/red) – and the backbone 
nitrogen atoms of T238 and A237. (D) Distance between the nitrogen atom from the sulfonamide of PY13 
and the oxygen form the carbonyl of V231. (E) Distance between one oxygen of the sulfonamide and the 
nitrogen of T124. The lines of the distance plots were smoothed using GraphPad for a clearer visualization. 

 

The study of the pocket with the most favorable PY13 binding mode was used to suggest the modifications 

shown in Figure R-48. Small non-polar substituents in orto and meta from the carboxylate could fill non-polar 

cavities in the protein stabilizing the conformation (Figure R-48B). Similarly, the modification of the tricycle 

could also fill the cavities showed in Figure R-48C. Since part of the sulfonamide group is not making 

interactions during the simulation (one carbonyl), its modification for an ether or amine could decrease its 

associated desolvation effects.  
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Figure R-48: First proposed PY13 modifications based on PYCR1 cavities. (A) PY13 structure with the 
proposed modifications. (B) Hydrophobic PYCR1 cavities observed near the carboxylate group of PY13 
(shown as sticks) that could be filled by adding small non-polar substituents in R1 and R2 positions. (C) 
PYCR1 cavities near the tricyclic moiety. 

 

Since the reagents to synthetize the compounds with non-polar substituents in orto and meta from the 

carboxylate were relatively cheap and the synthesis was also easy, these compounds were synthetized 

without previous in silico evaluation. The compounds with substituents in meta from the carboxylate 

demonstrated higher inhibition potency than PY13 but were less potent that the orto derivates. In both cases 

(orto and meta), the compounds with the methyl group were the most potent. In the case of the compounds 

with halogens, potency decreased with the atom size (Table R-10). The synthesis of molecules with 

modifications in the tricarboxylic ring was not viable due to the complexity of the synthesis and/or the 

elevated price of the reagents. 

MD simulations (300 ns) were performed for PY27 and PY28 to study its binding mode and determine if there 

are differences with PY13.  

In PY27 the carboxylate group formed stable H-bods with amino acids of the αK-αL loop (Figure R-49), which 

were maintained along the whole simulation. One carbonyl from the sulfonamide formed transient H-bonds 

with T124 backbone and side chain (hydroxyl, more exposed to solvent and therefore less stable) while the 

other carbonyl was placed inside the cavity. The NH from the sulfonamide could make H-bonds with the 

carbonyls of V231 (most of the time) or T122. There was some mobility in the tricycle depending on the 

sulfonamide orientation, however its amide was oriented to solvent while the non-polar part remained inside 

the pocket. 
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Compound IC50 [µM] 

PY13 186.1 

PY27 (R
1
 = CH

3
) 30.42 

PY28 (R
1
 = F) 46.15 

PY29 (R
1
 = Cl) 58.14 

PY33 (R
1
 = Br) 134.0 

PY30 (R
2
 = CH

3
) 95.5 

PY31 (R
2 

= F) 109.2 

PY32 (R
2 

= Cl) 149.9 

Table R-10: Inhibition potency of PY13 analogs with substituents in R1 and R2. The IC50 were calculated by 
adjusting the inhibition curve with the nonlinear regression GraphPad tool. 

 

Figure R-49: Analysis of PY27 binding mode by 300 ns of molecular dynamic simulation. (A) Superposition 
of PY27 snapshots (sticks, every 50 ns) during the MD simulation with PYCR1. Possible hydrogen-bonds 
formed with PYCR1 residues are noted as yellow doted lines. PYCR1 residues that could form interactions 
with PY27 are resalted as sticks and its residue name is noted. (B-D) Distance between the carboxylate 
oxygens - each oxygen is represented in a different color (black/red) – the backbone nitrogen atoms of 
T238 (B) and A237 (D), and the hydroxyl from the lateral chain of T238 (C). (D) Angle formed between the 
carboxylate oxygens from PY27, the nitrogen, and the hydrogen from A237. (F) Distance between one 
oxygen of the sulfonamide and the nitrogen of T124. (See next page) 
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(G) Distance between the nitrogen atom from the sulfonamide of PY27 and the oxygen form the carbonyl 
of T122 (blue) and V231 (green). The lines of the distance plots were smoothed using GraphPad for a 
clearer visualization. 

 

The binding mode of PY28 was similar. The orientation of the benzene with the carboxylate was slightly 

different (Figure R-50). However, the carboxylate formed H-bonds with the amino acids of the αK-αL loop (in 

contrast with PY27 it formed interactions with S233 instead of with A237). During the simulations, there was 

a conformational change that disrupted the interactions formed by the sulfonamide (carbonyl with T124 and 

NH with T122). During this change of conformation, the tricyclic ring was shifted, and the amide NH formed 

H-bonds with N230 keeping the carbonyl exposed to solvent. 

 

Figure R-50: Analysis of PY28 binding mode by 300 ns of molecular dynamic simulation. (A) Superposition 
of PY28 snapshots (sticks, every 50 ns) during the MD simulation with PYCR1. Possible hydrogen-bonds 
formed with PYCR1 residues are noted as yellow doted lines. PYCR1 residues that could form interactions 
with PY28 are resalted as sticks and its residue name is noted. (B-E) Distance between the carboxylate 
oxygens - each oxygen is represented in a different color (black/red) – the backbone nitrogen atoms of 
T238 (B) and S233 (D), and the hydroxyl from the lateral chain of T238 (C) and S233 (D). (F) Distance 
between one oxygen of PY28 sulfonamide and the nitrogen of T124. (G) Distance between the nitrogen 
atom from the amide tricycle of PY27 and the oxygen form the carbonyl of N230. The lines of the distance 
plots were smoothed using GraphPad for a clearer visualization. 

 

Overall, the PY27 binding mode was closer to PY13’s. By observing PYCR1 conformations during the 

simulations and modeling the compounds with substituents in meta to the carboxylate, we realized that the 

cavity that these substituents should fill is too small. Therefore, the ring might rotate to accommodate these 

substituents in the other cavity (the one we predicted that would be filled by the substituents in orto). This 

conformational change would leave the carboxylate with a sub-optimal orientation to the αK-αL loop, 

allowing the formation of H-bonds with different residues. Altogether, the increase of van der Waals 
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interactions upon insertion of a non-polar substituent in a hydrophobic cavity would enhance the potency 

compared with PY13; but the differences in the polar interactions of the carboxylate could explain the 

decrease in potency relative to its analogs with substituents in orto to the carboxylate.  

Compounds without the tricycle moiety 

We postulated that a molecule that could form H-bonds with the residues in the αK-αL loop and at the end 

of αA would increase its stability, and therefore, its potency (Figure R-51 A). Thus, since the modification of 

the tricyclic moiety was not possible, we proposed compounds which have an aromatic system and a 

sulfonamide (which could accept H-bonds) at the end (Figure R-51 B). We kept the substituents of the 

carboxylate moiety from the most potent inhibitor derived from PY13 (PY27). After being modeled, the 

compounds were evaluated by MD simulations. 

 

Figure R-51: Proposed PY13 modifications substituting the tricyclic moiety. (A) Proposed binding mode 
for the rationally designed compounds. Interestingly, the addition of a terminal sulfonamide group would 
allow the formation of H-bond with the residues at the end of the αA at the same time as maintaining the 
interactions of the carboxylate with the αK-αL loop. (B) Structure of the proposed compounds with a 
terminal sulfonamide.  

 

The MD simulations of PY38 determined that the compound was not stable in the binding site. Actually, just 

one of the three replicas remained in its binding mode after 250 ns of simulation (Figure R-52). In the 

simulation where PY38 remained in the binding site, the oxygens of the carboxylic acid made H-bonds with 

the amino acids of the αK-αL loop (at the beginning with A237 and T238, and after 100ns also with S233). In 

addition, one oxygen of the sulfonamide could form H-bonds with the backbone of the αA end (G9, Q10, and 

L11). The other oxygen formed H-bonds with the NH from L11 during the first 100 ns of the simulation, and 

afterwards it was exposed to solvent or in the cavity. The linker’s amine did not make interactions with the 
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protein. In the other replicas, the interactions between the sulfonamide and the end of the α-helix A were 

lost, leaving the sulfonamide exposed to solvent. At this stage the molecule was only maintained in its 

position by the interactions formed by the carboxylate, which would eventually break releasing the molecule 

(Figure R-52 BC).  

The compound was synthetized and tested in the enzymatic assay. PY38 inhibited PYCR1 with an IC50 of 1.52 

mM. The loss of potency is attributed to the replacement of the non-polar tricycle by a benzene sulfonamide, 

which would increase the hydrophilicity of the compound. 

 

 

Figure R-52: Evaluation of PY38 by 250 ns of molecular dynamic simulation. (A) Superposition of PY38 
snapshots (sticks) during the MD simulation with PYCR1. Possible hydrogen-bonds formed with PYCR1 
residues are noted as yellow doted lines. PYCR1 residues that could form interactions with PY38 are 
resalted as sticks and its residue name is noted. (B-D) Distance between the sulfonamide oxygens - each 
oxygen is represented in a different color (blue/green) – and the backbone nitrogen atoms of G9 (B), Q10 
(D), and L11 (C). (E-I) Distance between the carboxylate oxygens - each oxygen is represented in a different 
color (black/red) – the backbone nitrogen atoms of T238 (E), A237 (G) and S233 (H), and the hydroxyls 
from the lateral chain of T238 (F) and S233 (I). (J-K) Superposition of PY38 snapshots (sticks) during the MD 
simulation with PYCR1. The lines of the distance plots were smoothed using GraphPad for a clearer 
visualization. 
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In contrast with PY38, PY39 was more stable in its binding mode (Figure R-53). The hydrogen bonds made by 

the carboxylate were maintained during most of the simulation (when one interaction was lost it was formed 

with the other oxygen as showed). The amine from the linker eventually formed H-bonds with the lateral 

chain of S233, possibly reflecting the high exposure to solvent of this interaction. The interactions formed 

between the sulfonamide and the end of the αA (although the interaction was weak most of the time) 

contributed to maintain the binding mode. The compound could not be synthetized due the lack of reagents. 

Instead, PY40 which had a similar structure was modeled but it was discarded. PY40’s phenyl group would 

remain exposed to solvent, this conformation would not be favorable do phenyl’s hydrophobicity. 

 

Figure R-53: Evaluation of PY39 by 250 ns of molecular dynamic simulation. (A) Superposition of PY39 
snapshots (sticks) during the MD simulation with PYCR1. Possible hydrogen-bonds formed with PYCR1 
residues are noted as yellow doted lines. PYCR1 residues that could form interactions with PY39 are 
resalted as sticks and its residue name is noted. (B-D) Distance between the carboxylate oxygens - each 
oxygen is represented in a different color (black/red) – the backbone nitrogen atoms of A237 (B) and T238 
(C), and the hydroxyl from the lateral chain of T238 (D). (E) Distance between an oxygen of the sulfonamide 
and the backbone nitrogen of Q10. (F) Distance between the nitrogen from PY39’s linker and the hydroxyl 
of the lateral chain of S233. The lines of the distance plots were smoothed using GraphPad for a clearer 
visualization. 

 

PY41 was stable bound to the pocket in the MD simulations (Figure R-54). As expected, the carboxylate 

formed H-bonds with the residues of the αK-αL loop. Although the carboxylate was rotating, its oxygen atoms 

constantly formed H-bonds with T238 and S233. The oxygen from the linker was inside the cavity without 

forming interactions implying a desolvation cost that is not compensated. One oxygen from the sulfonamide 

formed interactions with Q10 (at the end of αA), and when this interaction was broken the other oxygen took 

its place. Generally, the NH and the oxygen (the one that was not forming interactions with Q10) of the 
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sulfonamide remained exposed to solvent reducing the desolvation penalty. As predicted, the naphthalene 

filled the hydrophobic pocket increasing the stability by making van der Waals interactions with the protein.  

PY43, which differ in the linker, was synthetized instead of PY41 due problems during the synthesis. This 

change would maintain the desolvation penalty. Experimentally, PY43 inhibited PYCR1 with an IC50 of 163.1 

µM. This represents a 10-fold increase compared with PY38, confirming that decreasing the hydrophobicity 

of the group that substitutes the tricycle would also decrease its potency.   

 

Figure R-54: Evaluation of PY41 by 250 ns of molecular dynamic simulation. (A) Superposition of PY41 
snapshots (represented as sticks) during the MD simulation with PYCR1. Possible hydrogen-bonds formed 
with PYCR1 residues are noted as yellow doted lines. PYCR1 residues that could form interactions with 
PY41 are resalted as sticks and its residue name is noted. (B-E) Distance between the carboxylate oxygens 
- each oxygen is represented in a different color (black/red) – the backbone nitrogen atoms of T238 (B) 
and S233 (D), and the hydroxyls from the lateral chain of T238 (C) and S233 (E). (F) Distance between the 
sulfonamide oxygens - each oxygen is represented in a different color (blue/green) – and the backbone 
nitrogen of Q10. The lines of the distance plots were smoothed using GraphPad for a clearer visualization. 

 

PY42 was not stable during the MD simulations. Both the carboxylate and the sulfonamide formed H-bonds 

with the protein in the expected residues. However, the interactions were not maintained during the 

simulation. The different structure of this PY41 isomer made it difficult to maintain the interactions in both 

positions (αK-αL loop and the end of αA). Interestingly, the H-bonds of the carboxylate with T238 were 

formed when the sulfonamide with Q10 ones were broken (Figure R-55). In the other replicas the interactions 

were also not maintained. Therefore, this compound was discarded to further in vitro evaluation. 

Another moiety that was evaluated was the linker length. Up to this moment all the PY13-derived compounds 

had a two-atoms linker. We modeled PY38 with linkers from 1 to 4 atoms. A linker consisting of a single unit 

was too small to allow the interactions of the carboxylate and sulfonamide at the same time, and the 
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compound with 4-atoms linker was too large to accommodate in the pocket with a rational conformation. 

Finally, the molecule with 3-atoms linker (PY44) could fit the pocket (Figure R-56 A), but this compound left 

the pocket by losing the sulfonamide interactions (Figure R-56 B) or remained folded in the pocket without 

maintaining the interactions (Figure R-56 C). Therefore, these results suggest that the optimal length of the 

linker must involve two heavy atoms. 

 

Figure R-55: Evaluation of PY42 by 250 ns of molecular dynamic simulation. (A) Superposition of PY42 
snapshots (represented as sticks) during the MD simulation with PYCR1. Possible hydrogen-bonds formed 
with PYCR1 residues are noted as yellow doted lines. PYCR1 residues that could form interactions with 
PY42 are resalted as sticks and its residue name is noted. (B-E) Distance between the carboxylate oxygens 
- each oxygen is represented in a different color (black/red) – the backbone nitrogen atoms of T238 (B), 
S233 (D), and A237 (E), and the hydroxyl from the lateral chain of T238 (C). (F) Distance between an oxygen 
of the sulfonamide and the backbone nitrogen of Q10. The lines of the distance plots were smoothed using 
GraphPad for a clearer visualization. 

 

 

 

Figure R-56: Evaluation of the linker length. (A) PY44, the three-atoms linker molecule, modeled in PYCR1 
binding site. (B-C) Superposition of PY44 snapshots (as stickers, every 50 ns of simulation) during up to 
250 ns of MD simulation. 
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Preliminary evaluation in cancer cell lines 

The antineoplastic activity of the most potent compounds was evaluated in breast (MCF7) and colon 

(HCT116) cancer cell lines. Cancer cells were treated for 72h with increasing doses of PY04_2, PY16, PY17, 

PY13, PY27, PY28, and PY29 (Figure R-57). All the compounds reduced cell viability, and the response was 

dose dependent. Interestingly, the antineoplastic potency correlated with PYCR1 inhibition potency as it 

could be observed in Figure R-57 C and D with PY13 analogs. 

 

Figure R-57: Treatment with PYCR1 inhibitors reduce viability in cancer cell lines. Viability of breast 
cancer MCF7 (A, C) and colon cancer HCT116 (B-D) cells after 72-hours treatment with increasing 
concentrations of PYCR1 inhibitors in high glucose media. Viable cells were stained by MTT and quantified 
by spectrophotometry. Data are means ± SEM (2 independent experiments were performed with n=5 in 
each experiment shown in panels). 

 

Furthermore, PY27 inhibited proline biosynthesis in HCT116 cells after a short treatment (3 hours) with 500 

µM of PY27 in 10 mM glucose media (Figure R-58). Metabolite quantification by GC-MS revealed a reduction 

of intracellular proline concentration as well as an accumulation of glutamate suggesting that PY27 could 

inhibit PYCR1 in a cellular context (Figure R-58A). Moreover, there was a significant drop in citrate levels 

while the concentration of the other metabolites from the TCA cycle did not vary (Figure R-58C). Interestingly, 

there was a non-significant reduction of glycolytic metabolites (PEP and pyruvate). 
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Figure R-58: Metabolites quantification by GC-MS after PY27 treatment. After a 3 hours-treatment with 
PY27 (500 µM) or DMSO in DMEM supplemented with 10 % FBS, 10 mM glucose, and 2 mM glutamine the 
intracellular metabolites were extracted and quantified by GC-MS. (A) Proline (end product) and glutamate 
(initial substrate of proline biosynthesis pathway) intracellular concentrations. (B) Proline biosynthetic 
pathway. (C) Glycolytic and TCA cycle metabolites concentrations. Data are means ± SEM of one 
experiment with n=3. Multiple t-test comparison was used. Statistical significance at *p < 0.05, **p < 0.01, 
***p < 0.001 vs vehicle control. 

 

Computational approaches had become essential in drug discovery campaigns since the use of these 

technologies increases the evidence on how the drug is interacting with the target protein (Hassan Baig et 

al., 2016; X. Liu, IJzerman, et al., 2021). This information allows scientists to rationally design/choose the 

compounds that should be screened in vitro increasing the screening coverage of the chemical space, its 

efficiency and reducing the costs (since less molecules had to be purchased/synthetized). Furthermore, these 

technologies are also useful in more advanced phases of drug discovery such as hit-to-lead optimization and 

pharmacokinetic evaluation.  

In this work, we reported the first computational-aided inhibitor discovery strategy for PYCR1. We designed 

compounds which bind the active site and inhibit the enzyme by competition with the substrates (P5C and 

NADH). Notedly, there are other valid strategies, like the design of molecules that bind a pocket outside the 

active site allosterically inhibiting the enzyme (by inducing conformational changes that reduce the affinity 

for the substrates) (Nussinov et al., 2022). Or since the dimerization is essential for the activity, it might be 

possible to design molecules that impede dimerization, and therefore inhibit PYCR1 activity (H. Lu et al., 

2020).  

Our virtual screenings led us to the discovery of nine hits with PYCR1 activity (IC50 below 1 mM). Five of them 

had an IC50 lower than 200 µM (PY04, PY10, PY13, PY16, and PY17). Using PY04’s scaffold we searched for 
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analogs that were subsequently evaluated by molecular docking. Two of these analogs showed an increased 

potency compared to the original structure. Moreover, it reduced cell growth/viability in cancer cell lines. 

However, the structure predicted by docking was not stable during MD simulation. Furthermore, the 

interactions observed during the MD were not coherent with the compound potency, suggesting that our 

predicted binding mode was incorrect. In addition, the synthesis of similar compounds was complex and PY04 

and its analogs presented PAINS (Baell & Holloway, 2010). Therefore, we put PY04 and its analogs aside and 

we centered in the other compounds.  

The most potent inhibitors discovered in the second virtual screening were studied by molecular docking and 

molecular dynamics to clarify its binding mode and rationally design analogs with increased potency. Similarly 

to PY04_2, we could not find the correct binding mode for PY16 and PY17. Nevertheless, the binding mode 

predicted for PY13 seemed plausible when evaluated by MD. The carboxylic acid group of PY13 formed stable 

interactions with the residues in the proline binding site (αK-αL loop) in a similar manner than proline or 

THFA (Christensen et al., 2017). The tricycle moiety constituted a big hydrophobic group that sank in the 

pocket and stabilize PY13-PYCR1 complex by Van der Waals interactions. The tricycle’s amide could form H-

bonds with polar residues inside the cavity or could be exposed to solvent reducing the desolvation penalty. 

The synthetic accessibility of PY13 derivates in addition to the binding site definition, make PY13 a good 

candidate for optimization.   

Firstly, the benzene with the carboxylic acid was modified by adding small nonpolar substituents to fill 

hydrophobic cavities detected during the MD simulations. The addition of small substituents in orto increased 

the inhibition potency up to six times (PY27) by stabilizing the carboxylate position (and interactions). Then, 

since the modification of the tricyclic group was synthetically challenging, we opted to substitute the whole 

moiety with aromatic structures with a sulfonamide at the end. We predicted that the sulfonamide group 

would form interactions with the residues at the end of the αA as the pyrophosphate from NADPH on the 

resolved structures (Christensen et al., 2017). With the substitution of the tricycle for a benzene (with the 

sulfonamide) the compound lost most of the tricycle hydrophobic interactions and increased its affinity for 

the solvent. Overall, PY38 showed a dramatic reduction of potency (with an IC50 around 1.5 mM) compared 

with PY27. PY43, which differentiates from PY38 by having a naphthalene instead of the benzene, had a 

modest activity (IC50 163.1 µM) but it represented a 10-fold increase when compared to PY38. This suggest 

that the cause for PY38 low activity was the hydrophobicity reduction. The substitution of the naphthalene 

for a bigger hydrophobic moiety or the addition of non-polar substituents in the naphthalene might be 

interesting to increase its inhibition potency. 

The future obtention of crystallographic structures of PYCR1 complexed with the described inhibitors would 

be really useful to validate the in silico predicted binding mode in the case of PY13 and its analogs. It would 
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be also really interesting in the case of PY04, PY16, and PY17 because it would define how they bind to PYCR1 

opening the door to rational optimization. 

The metabolite quantification by GC-MS revealed that the intracellular proline concentration was reduced 

while glutamate (the initial substrate of the pathway) accumulates when the cells are treated with PY27. The 

reduction of the final product and the substrate accumulation are consistent with the inhibition of a 

metabolic pathway. Therefore, PY27 seems to successfully inhibit PYCR1 in a cellular context. 

This experiment also showed that the concentration of some glycolytic intermediates could be reduced 

consistent with the reduction of glycolysis observed by Liu et al. (2015) and Ding et al. (2020) in PYCR1 

silenced cancer cells. This reduction of glycolysis would be consequence of the reduction of NAD+ 

regeneration by PYCR1. PYCR1 has been described to regulate NAD(P)+/NAD(P)H ratios promoting anabolic 

pathways (glycolysis, pentose phosphate pathway, …) (Chalecka et al., 2021; D’Aniello et al., 2020; Tanner et 

al., 2018). 

The drastic reduction of citrate could be caused by an off-target inhibition of pyruvate dehydrogenase that 

would block the entry of Acetyl-CoA in the TCA cycle. This reduction could also be caused by an increased 

diversion of pyruvate to lactate in order to compensate the lost PYCR1-dependent NAD+ regeneration. 

However, more exhaustive studies with different PY27 doses, labeled metabolites, and PYCR1 silenced cells 

(as a positive control) need to be performed in order to fully characterize PY27 mechanism of action. In 

addition, some metabolites such as proline or lactate are secreted to the media, and therefore, its 

concentration in the media should also be quantified. 

Due the structural similarity between the active site of PYCR isoforms, specially between PYCR1 and PYCR2, 

we hypothesized that the molecules resulting from the chosen strategy would inhibit both isoforms (Bogner 

et al., 2021; Escande-Beillard et al., 2020). However, it could be useful for cancer therapy since the other 

isoforms might also play a role in cancer progression (W. Liu et al., 2015; R. Ou et al., 2016; Sattar Alaqbi et 

al., 2022). 

In contrast with proline analog inhibitors -such as THFA- that also inhibit PRODH (Bogner & Tanner, 2022; Elia 

et al., 2017), we hypothesize that the inhibitors described in this thesis would not inhibit PRODH since the 

catalytic center of both enzymes are not similar (Bogner & Tanner, 2022; Tanner, 2019).  

Altogether, we reported various compounds (from different structural families) that inhibit PYCR1 with IC50 

in the low micromolar range. Furthermore, our compounds are among the most potent PYCR1 inhibitors 

described up to now.
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 iPEPCK-2 inhibits both PEPCK isoforms with similar potency as predicted by molecular docking and 

the high structural similarity between PEPCK isoforms. 

 As demonstrated by cellular thermal shift assays (CETSA) and the inhibition of glucose stimulated 

insulin secretion (GSIS), iPEPCK-2 and all the tested PEPCK inhibitors can reach the mitochondria and 

inhibit PEPCK-M in cellular and in vivo contexts. Consistently, GSIS inhibition was proportional to 

PEPCK-M inhibition potency. 

 PEPCK-M inhibition by iPEPCK-2 reduces cell growth in all the tested cancer cell lines in high glucose 

conditions without increasing cell death. The antiproliferative effect was target specific since the 

same treatment in PCK2del/del cells did not affect proliferation. 

 PEPCK-M inhibition by iPEPCK-2 reduces cell survival capacity in glucose deprivation in all the tested 

cancer cell lines as previously observed in genetic models. 

 PEPCK-M plays a critical role in anchorage independent cell growth, especially in low glucose 

conditions. Its silencing or inhibition by iPEPCK-2 drastically reduces the number of colonies formed, 

and its overexpression increases the number of colonies formed in low glucose conditions. 

 Daily dosing of PEPCK-M inhibitor (iPEPCK-2) blunts tumor growth in subcutaneous xenograft models 

without apparent signs of toxicity, validating both, PEPCK-M as a target for cancer treatment, and 

iPEPCK-2 as a compound that could be useful for cancer therapy.  

 PEPCK-M modulates the levels of glycolytic intermediates such as PEP and 3-PG even in physiological 

concentrations of glucose (5 mM) since PEPCK-M inhibition by iPEPCK-2 reduced the concentration 

of these metabolites. 

 Gene set enrichment analysis revealed that PEPCK-M activity participates in maintaining oncogenic 

(cMyc; through PEP-SERCA-NFAT axis as previously described by Moreno-Felici et al.) and anabolic 

(mTORC1) signaling in physiologic concentrations of glucose.  

 As revealed by the gene set enrichment analysis, PEPCK-M inhibition by iPEPCK-2 impacts the 

expression of metabolic (anabolic), and cell division-related gene sets and increases the expression 

of autophagy and oxidative stress related gene sets. Therefore, illustrating the mechanisms 

implicated in the iPEPCK-2-dependent reduction of proliferation in the presence of glucose.  

 The family of inhibitors with a TPP moiety (iPEPOs) inhibit PEPCK-M in a similar manner than iPEPCK-

2 as demonstrated by kinetic assays with recombinant protein and functional assays with cancer cell 

lines. However, the CETSA showed that iPEPO-2 thermically stabilizes PEPCK cytosolic isoform while 

it could not demonstrate an increased distribution into the mitochondria. 

 Virtual screening protocols followed by in vitro evaluation of the selected compounds led to the 

identification of nine hits that inhibit recombinant PYCR1 with an IC50 below 1 mM: PY04, PY10, PY13, 

PY16, PY17, PY19, PY21, PY22, and PY23. 
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 The activity of PY13 was increased by rational optimization using modeling and molecular dynamic 

simulations leading us to PY27, the most potent PYCR1 inhibitor described in this project with an IC50 

of 30.42 µM. 

 The treatment of cancer cell lines with our PYCR1 inhibitors reduces cell viability in a dose dependent 

manner. 

 As determined by metabolite quantification by GC-MS, treatment of HCT116 colon cancer cell line 

with PY27 reduces intracellular proline concentration while intracellular glutamate accumulates, 

confirming the PYCR1 target engagement.  

 

  



 

 
 

 
 
 
 
 
 

 
MATERIALS AND METHODS 



 

 
 

  



MATERIALS AND METHODS 

 

141 
 

Computational procedures 

Different computational methods have been used for the discovery and design of PYCR1 inhibitors. These 

include the use of molecular visualization (PyMol), molecular docking and virtual screening (Autodock, 

rDOCK, and Glide), and molecular dynamic simulation (GROMACS) programs among others. 

The calculations were performed mainly using the high-performance computing facilities of the Consorci de 

Serveis Universitaris de Catalunya (CSUC) and the Barcelona Supercomputing Center (BSC). 

Virtual screening 

Two similar virtual screening protocols have been used to discover PYCR1 inhibitors (Figures R-32 and R-39).  

For both protocols the crystal structure of PYCR1 complexed to THFA and NADPH was used (PDB ID: 5UAV). 

Prior to docking, all the waters and ligands were removed. The binding cavity was defined in the pocket 

between C and D chains, specifically in the intersection of the αL-αK loop of chain C and chain D. Hydrogens 

were added using MAESTRO (Schrödinger) and the ionization of the susceptible residues was determined at 

pH 7.4. 

The compound libraries were downloaded from SPECS (https://www.specs.net). The three-dimensional 

structures of the compounds from the libraries were generated using LigPrep (Schrödinger), up to 8 

stereoisomers and 6 tautomers were generated for each compound and the ionization was defined at pH 

7.4. LigPrep ligfilter tool was used to filter the compounds through molecular weight and hydrogen-bond 

acceptors. 

For the virtual screening procedures, rDOCK and GLIDE (Schrödinger) were used. In both protocols, the whole 

filtered library was firstly docked with a “fast” but “less sensitive” protocol. The compounds with the better 

scores were visually inspected and a “small” subset (< 500 compounds) was selected for a second docking 

step with a more exhaustive protocol (higher sensitivity and generation of more poses per ligand).  

Molecular dynamic simulations 

The molecular dynamic simulations were performed to check the structural stability and conformational 

flexibility of the hit compounds bound into PYCR1 binding site using GROMACS 2019.1.  

The ligands were generated using ChemDraw 18.2. Partial charges of the ligands were derived at B3LYP/6-

31G(d) level of theory (Gaussian 09), after preliminary geometry optimization, by using the restrained 

electrostatic potential fitting procedure (Antechamber 19.0, AmberTools18). The topologies and atomic 

types of the ligands were produced using tleap (AmberTools18). The protein parameters without the ligand 

were optimized by using AMBER99SB-ILDN force field and the topology was generated using pdb2gmx 

(GROMACS 2019.1). The protein and ligand (coordinate and topology) files were merged as GMX input files. 
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The protein-ligand complexes were solvated with spc216 water molecules by using a truncated octahedron 

box with a layer of 15 nm, and neutralized using Na+ and Cl- ions up to 150 mM (NaCl physiologic 

concentration). 

The energy of the system was minimized using a two-step protocol, for the first step a steepest descent 

algorithm with a maximum of 5000 minimization cycles was performed. The second step consisted in a 

conjugate gradient, and a third steepest descent protocol can be performed if the maximum force did not 

converge to a Fmax < 100 KJ mol-1 nm-1 after 5000 steps. Then the system was equilibrated in three steps. In 

the first step the system was gradually heated from 0 to 300 K during 1 ns, it was performed at constant 

volume (NVT). The other equilibration steps, of 10 ns each, were performed at constant temperature (NPT). 

To avoid artefactual alteration in the ligand pose due thermal equilibration, positional restraints were applied 

during the equilibration. Finally, a total MD trajectory between 50 and 300 ns at constant volume and 

temperature (NVT) was run using the leap-frog algorithm for integrating Newton’s equations of motion. The 

analysis was performed for the set of snapshots saved every 3 fs along the trajectories. 
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Cell culture 

Cell lines 

Cell lines used throughout this thesis were from different origin: MCF7 are human breast adenocarcinoma 

cells which express estrogen receptor. These cells have an epithelial phenotype. HeLa are human cervix 

carcinoma cells with an epithelial phenotype. HCT116 cells are human colon carcinoma cells with an epithelial 

phenotype. SW480 and HT29 cells are human colon adenocarcinoma cells also with an epithelial phenotype. 

HEK-293 are human kidney embryonic cells with an epithelial morphology. FAO cell line is derived from rat 

hepatoma cells. INS-1 are rat insulinoma cells which can secrete insulin under glucose stimulation conditions. 

Finally, MEF cells are mouse embryonic fibroblasts.  

All cell lines were cultured at 37 ºC in humidified atmosphere with 5 % of CO2. MCF7, HCT116, SW480, HT29, 

HeLa, HEK-293, and MEF cells were cultured with DMEM medium (Biological Industries, # 01-055-1A) 

supplemented with 10 % FBS (Biological Industries, # 04-001-1A), 2mM L-glutamine (Biological Industries, # 

03-020-1B), and 10ml/l penicillin-streptomycin solution containing 10000 units/ml of penicillin G and 10 mg/l 

streptomycin sulfate (Biological Industries, # 03-031-1B). FAO cell line was cultured using RPMI 1640 

(Biological Industries, # 01-104-1A) supplemented with 10 % FBS, 2 mM L-glutamine, 10 ml/l penicillin-

streptomycin solution. INS-1 cells were cultured in RPMI 1640 medium supplemented with 10 % FBS, 2 mM 

L-glutamine, 10 ml/l penicillin-streptomycin solution, and 71 µM of β-mercaptoethanol (Merck Millipore, # 

805740025).  

During some experiments, cells were treated with DMEM (Biological Industries, # 01-057-1A) with different 

glucose concentrations (0 mM, 1 mM, 5 mM and 25 mM). 

Stable PCK2-overexpressing MCF7 

For overexpression of PCK2, PCK2 Human ORFeome lentiviral particles (GeneCopoeia # LP-OL06695-LX304-

0200-S) were used. Transduction was performed following the protocol supplied by the manufacturer. The 

lentiviral vector contained blasticidin resistance gene, therefore, blasticidin (2 µg/ml; Sigma-Aldrich, # 15205) 

was used to select the infected cells.  

Pancreatic islets culture 

Islets were obtained from 12-20 weeks-old C57BL6/J male mice by collagenase (Roche) digestion and 

Histopaque (Sigma-Aldrich) gradient purification as previously described (Fernandez-Ruiz et al., 2020; D. S. Li 

et al., 2009). Isolated islets were allowed to recover overnight in RPMI-1640 media with 11 mM glucose, 10% 

FBS and 10 ml/l of penicillin-streptomycin before the experiments. 
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Gene and protein expression quantification 

RT-qPCR 

RT-qPCR stands for reverse transcription and quantitative PCR. The combination of these two techniques was 

used to analyze gene expression. Extracted mRNA is transcribed to cDNA by reverse transcription. Then cDNA 

is amplified in the qPCR where the measured fluorescence increases exponentially in each PCR cycle. Finally, 

the threshold cycle (CT) is determined and compared between every sample and gene. 

RNA extraction and reverse transcription PCR 

RNA of cells was extracted using TRIsure (Bioline, #BIO-38032) and following the protocol given by the 

manufacturer. The RNA concentration was quantified using Nanodrop One (Thermo Scientific). 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368813) was used to reversely 

transcribe mRNA to cDNA. The master mix was prepared as showed in the Table MM-1.  

10x Buffer 2 μl 

25x dNTP Mix (100mM) 0.8 μl 

10x Random Primers 2 μl 

Multiscribe Reverse transcriptase 1 μl 

RNA 2 μg 
14.2 μl 

H2O endonuclease free up to 20 μl 
 

Table MM-1: Master mix for reverses transcription using High-Capacity cDNA Reverse 
Transcription Kit. 

 

Spin the tubes before starting the following PCR protocol (Table MM-2). The cDNA obtained could be stored 

at -20 °C. 

T (ºC) 25 37 85 4 

t (min) 10 120 5 ∞ 

Table MM-2: RT-PCR protocol  
 

Real-time PCR (qPCR) 

For the qPCR, two mixtures were prepared separately as shown in the Table MM-3.  The MicroAmp optical 

384 well reaction plate (Applied Biosystems, #4309849) was loaded starting with the cDNA mixture. The plate 

was sealed, spined, and the qPCR reaction was performed in the ABI PRISM HT7900 Real Time Sequence 

Detection System (Applied Biosystems). The Ct were determined using SDS software (Applied Biosystems) 

and the ΔΔCt method was used to analyze the results. 
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TaqMan probe 0.5 μl 
6 μl 

SensiFAST 5.5 μl 

cDNA 0.5 μl 
5 μl 

H2O endonuclease free 4.5 μl 
   

TOTAL 11 μl  

Table MM-3: Mixtures for qPCR. 
 

Western Blot 

Protein extraction of cells and tissues was performed with RIPA buffer containing protease inhibitors as 

shown in Table MM-4. The cells were scrapped from the plates after being frozen at -80ºC. If necessary, 

extracts could be sonicated to ensure a proper lysis. The extracts were cleared from debris by centrifugation 

(10 min, 15000 g, 4ºC). 

 RIPA buffer Concentration  

 Tris/HCl pH 7.4 50 mM  

 NaCl 100 mM  

 Na3VO4 1 mM  

 NaF 50 mM  

 EDTA 5 mM  

 Β-Glycerophosphate 40 mM  

 Triton X-100 1 % (v/v)  

 PMSF 1 mM  

 Benzamidine 1 mM  

 Aprotinin 1 µg/ml  

 Leupeptin 1 µg/ml  

 Pepstatin 1 µg/ml  

Table MM-4: Composition of RIPA buffer for protein extraction. 
 

Protein concentration was determined using Pierce BCA protein assay kit (Thermo Scientific, #23225) 

following manufacturer protocol. The samples were diluted to required concentration, mixed with loading 

buffer (Table MM-5) and boiled for 5 min at 100ºC. Samples could be stored at -20ºC until needed. 

Western blot was performed as previously described (Mahmood & Yang, 2012). Proteins were separated ion 

SDS-polyacrylamide gel (8-15 % acrylamide). Between 15 and 30 µg of protein were loaded per lane. 

Electrophoresis was performed at constant voltage (90-130 V) in Towbin buffer with SDS (tris 25 mM, glycine 

192 mM, SDS 1%, pH 8.3) for 1-2 h. Separated proteins were transferred by electroblotting to PVDF 

membrane (pore size 0.2 µM, Merck Millipore, # ISEQ00010). The electroblotting was performed in Towbin 
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buffer with methanol (tris 25mM, glycine 192 mM, methanol 10%, pH 8.3) at constant amperage (200 mA/gel 

2h) or constant voltage (20 V overnight) at 4ºC.  

Loading buffer 4x Concentration 

Glycerol 40 % (v/v) 

Tris/HCl pH 6.8 240 mM 

SDS 8 % (m/v) 

β-mercaptoethanol 5 % (m/v) 

Bromophenol blue 0.04 % (m/v) 

Table MM-5: Composition of loading buffer for western blot sample preparation. 
 

After blotting, membranes were blocked for 1h with 5 % nonfat dry milk in TBS-T at room temperature. After 

being washed with TBS-T, membranes were incubated with primary antibodies (diluted in 5 % BSA in TBS-T 

with sodium azide 0.02 %, Table MM-6) overnight at 4ºC, or 1h at room temperature. The membranes where 

washed before incubation with horseradish peroxidase (HRP) conjugated secondary antibodies for 1 h at 

room temperature. Bands were visualized with EZ-ECL enhanced chemiluminescence detection kit (Biological 

Industries, #20-500-500) using Fujifilm LAS 3000 (Fujifilm) or Amersham Imager 680 (GE Healthcare Bio-

Sciences AB). Relative expression of proteins was quantified by densitometry analysis using Multi Gauge v.3 

(Fujifilm) software. 

Primary 

Antibodies 

Size 

(KDa) 
Host Dilution Reference 

PEPCK-C 71 Sp 1 : 1000 Gift from Dr. Granner 

PEPCK-M 71 Rb 1 : 1000 Abcam, #ab70359 

Phospho-ACC 280 Rb 1 : 1000 Cell Signaling, #3661 

γ-tubulin 48 Ms 1 : 10 000 Sigma, #T-6557 

β-actin 46 Ms 1 : 1000 Santa Cruz, #sc-69879 

V5 tag - Ms 1 : 5000 Invitrogen, #46-0705 

p21 21 Rb 1 : 1000 Santa Cruz, #sc-397 

p53 53 Ms 1 : 1000 Abcam, #ab26 

Phospho-S6 32 Rb 1 : 1000 Cell Signaling, #2211 

HK-2 110 Rb 1 : 1000 Cell Signaling, #2867 

PARP1 116/89 Rb 1 : 1000 Cell Signalling, #9542 

Secondary antibodies Host Dilution Reference 

Anti-mouse Gt 1 : 20 000 Sigma, #A9917 

Anti-rabbit Gt 1 : 10 000 Advansta, #R-05072-500 
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Anti-sheep Rb 1 : 5000 Dako, #P0163 

Anti-goat Dk 1 : 5000 Santa Cruz, #sc-2056 

Table MM-6: Antibodies used in western blot 
 

RNA-seq 

RNA of cells was extracted using RNeasy Mini Kit (QIAGEN, #74104) following the protocol provided by the 

manufacturer. The RNA concentration was quantified using Nanodrop One (Thermo Scientific) and the RNA 

integrity was estimated with Agilent RNA 6000 Pico Bioanalyzer 2100 (Agilent).  

The RNASeq libraries were prepared with KAPA Stranded mRNA-Seq Illumina Platforms Kit (Roche) following 

the manufacturer´s recommendations. Briefly, 500 ng of total RNA was used for the poly-A fraction 

enrichment with oligo-dT magnetic beads, following the mRNA fragmentation. The strand specificity was 

achieved during the second strand synthesis performed in the presence of dUTP instead of dTTP. The blunt-

ended double stranded cDNA was 3´adenylated and Illumina platform compatible adaptors with unique dual 

indexes and unique molecular identifiers (Integrated DNA Technologies) were ligated. The ligation product 

was enriched with 15 PCR cycles. The size and quality of the libraries were assessed in a High Sensitivity DNA 

Bioanalyzer assay (Agilent). The libraries were sequenced on HiSeq 4000 (Illumina) with a read length of 

2x76bp+8bp+8bp using HiSeq 4000 SBS kit (Illumina).   

            Reads were mapped against the human reference genome (GRCh38) with STAR/2.5.3a using ENCODE 

parameters for long RNA. Genes were quantified with RSEM/1.3.0 using the default parameters of GENCODE 

version 24. Quality control of the mapping and quantification steps were performed with 'gtfstats' from GEM-

Tools 1.7.1. Differential expression analysis was done with DESeq2/1.18 using default parameters. Genes 

with FDR<5% were considered significant. Heatmap with the differentially expressed genes was performed 

using InstantClue software (Nolte et al., 2018). Pre-ranked gene set enrichment analysis (GSEA) was 

performed following the protocol described by Reimand et al., 2019. The significant gene sets from GSEA 

(FDR < 0.05) were plotted using the Enrichment Map plugin available in Cytoscape (Reimand et al., 2019). 
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Target engagement 

Expression of recombinant proteins E. coli 

To assess the target engagement of the different inhibitors, human recombinant PEPCK and PYCR1 were 

expressed in BL21 E. coli and subsequently purified. The open reading frames for human PCK1, PCK2 or PYCR1 

were cloned into an expression vector (pET15b). BL21 E. coli strain carries a chromosomal copy of the T7 RNA 

polymerase gene under control of a lacUV5 promoter. The expression vector pET15b has a T7 promoter the 

ampicillin resistance gene. Therefore, when BL21 cells containing the expression vector (pET15b + gene) are 

treated with IPTG (a non-hydrolysable lactose analog), T7 RNA polymerase expression is induced and 

promotes the expression of the gene after the T7 promoter of the vector. 

Transformation 

The first step of the expression protocol consists in the transformation of competent E. coli (in this case of 

the BL21 strain) with the expression construct. The transformation can be done as follows: 

1.- Add approximately 50 ng of DNA (in 1-5 μl) to 50 μl of competent bacteria* and incubate in ice for 30 min. 

In this step mixing with the pipet must be avoided. 

2.- Expose the cells to a heat shock: 30 s at 42 ºC and incubate on ice for 5 min. 

3.- Add 950 μl of SOC medium and incubate for 1 h at 37 ºC under shacking (210rpm). 

4.- Seed the cells in LB-agar plates containing selection antibiotics and incubate them overnight at 37 ºC. 

5.- Pick colonies and incubate them overnight in 3ml of LB with the selection antibiotic (in our case ampicillin 

at 50 µg/ml) at 37 ºC under agitation (210rpm). 

6.- A glycerol stock could be made adding 15 % of glycerol to 500 ul of the overnight culture. The rest of the 

culture could be used to extract the DNA in order to verify the plasmid. 

The GenEluteTM HP Plasmit Miniprep Kit (Sigma) or GenEluteTM HP Plasmit Maxiprep Kit (Sigma) were used to 

extract the DNA from the bacteria. Manufacturer instructions were followed.  

An analysis with restriction enzymes could be performed to verify if the plasmid is expressed in the picked 

colony, and that it is the correct one (with the gene cloned in the right place). The reagents used for restriction 

analysis are showed in Table MM-7; the components were mixed and incubated 2h at 37ºC. After the 

incubation the samples were analyzed by electrophoresis on a 1,2% agarose gel with ethidium bromide at 75 

V for 1 h.  

 



MATERIALS AND METHODS 

 

149 
 

Reagent Volume (μL)  

DNA  1.5  

Buffer (10X) 1  

Enzyme  0.2  

H2O  Up to 10 µl  

Table MM-7: Reagents for restriction analysis. If needed 0.1 µl of BSA could be added. 
 

* Competent E. coli can be obtained with the following protocol: 

Procurement of competent E. coli 

1.- Inoculate E. coli (from the desired strain) to 3mL of LB without antibiotics and incubate it overnight at 37º 

under shaking (180-210rpm). 

2.- Add 2ml of the overnight culture to 100 ml of LB without antibody. Growth it at 37ºC under stirring until 

the optical density at λ=600nm reach 0.3-0.5.  

3.- Chill on ice for 30 min. From this point the material should be previously refrigerated. 

4.- Centrifuge (2500 rpm, 15 min, 4 ºC) and discard the supernatant. 

5.- Resuspend in 1ml of CaCl2 0.1 M and incubate in ice for 30 min. 

6.- Centrifuge (2500 rpm, 15 min, 4 ºC) and discard the supernatant. 

7.- Resuspend the pellet in 5ml of CaCl2 0.1 M and incubate it overnight at 4ºC. (The cells can be stored up to 

1 week at this point). 

8.- Add 125 μl of DMSO, mix it gently and incubate in ice for 5 min. 

9.- Add 125 μl de DMSO and mix it gently. 

10.- Split the volume in 100 μl aliquots and store at -80ºC. 

Each aliquot is enough for one transformation with a control (1 transformation = 50 μl). 

Protein expression & purification 

Once confirmed that the colony express the right expression vector (with the gene). The protein of interest 

can be expressed, extracted, and purified as follows: 

Expression 

1- Pick a colony from an agar plate or scratch from a glycerol stock and make a preculture in 10ml of 2xYT 

with selection antibiotic. Incubate it overnight at 37 ºC under shacking (210 rpm). 

2.- Add 2/8 ml of the overnight preculture to an Erlenmeyer with 50/200 ml of 2xYT with antibiotic. 
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3.- Incubate it at 37 ºC under shacking (210rpm) until the OD600 = 0.6-0.8. 

4.- Add IPTG to a final concentration of 1 mM and incubate 5h at room temperature under soft shacking 

(110rpm). 

5.- Centrifuge (20 min, 4000g, 4ºC) and discard supernatant. The pellet can be stored at -80ºC. 

!  For PEPCK expression with E. coli Arctic cells, during step 4 the cells were incubated during 72 h at 4 ºC 

(Escós et al., 2016b).  

Extraction 

6.- Thaw and resuspend the pellet in 5 ml of Lysis Buffer*. 

7.- Add 5 mg of lysozyme and chill on ice for 30 min. 

8.- Freeze/thaw with liquid N2 three times. 

9.- Sonicate the mixture: 6 cycles of 10s ON 30s OFF, output 2. 

10.- Add 5 mg of DNAse I and incubate on ice for 15 min. 

11.- Centrifuge (18000 g, 20 min, 4 ºC) and discard the pellet. 

Purification 

12.- Prepare the Ni-NTA agarose (QIAGEN):  

a) Add 1ml of Ni-NTA slurry (500 μl of bed volume) to a 15ml tube. 

b) Briefly centrifuge and discard the supernatant. 

c) Wash twice with 2 ml of Lysis Buffer*. 

13.- Add the supernatant to the Ni-NTA agarose and incubate for 1 h under gently shacking at 4 ºC. 

14.- Prepare a column with a 2 ml syringe and glass wool. Pour the mix on the column and collect the column 

flow-through for further analysis. 

15.- Wash twice with 2.5 ml of Wash Buffer. Collect the wash fractions for further analysis 

16.- Eluate four times with 0.5 ml of Elution Buffer. Collect the eluate in four tubes. 

17.- Evaluate the presence of the expressed protein in the different fractions by western blot and/or 

enzymatic activity. 

18.- Add 10 % of glycerol to the eluates which showed activity and store at -80 ºC. Add 1 mM of DTT in PEPCK 

samples before freeze.  
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*The composition of Lysis, Wash, and Elution buffer are showed in Table MM-8. 

Reagent Lysis Buffer Wash Buffer Elution Buffer 

NaH2PO4 50 mM 50 mM 50 mM 

NaCl 300 mM 300 mM 300 mM 

Imidazole 10 mM 20 mM 250 mM 

Table MM-8: Composition of Lysis, Wash, and Elution buffers. 
 

PEPCK activity  

To determine PEPCK activity, PEPCK reaction is coupled to malate dehydrogenase (MDH) reaction (Figure 

MM-1). MDH reversibly catalyze the oxidation of malate to oxaloacetate using the reduction of NAD+ to 

NADH. Then, oxaloacetate is converted to phosphoenolpyruvate by PEPCK (using GTP), pulling the MDH 

reaction through oxaloacetate formation.  

NADH, unlike its oxidized form NAD+, absorb UV light at 340 nm. The reduction of NAD+ cofactor to NADH 

generates an increase of the absorbance at 340 nm which could be quantified using a spectrophotometer. 

The rate of NADH formation is used to estimate PEPCK activity. 

 

Figure MM-1: Reaction evaluated in the PEPCK assay. 
 

1- Prepare the reaction buffer as shown in Table MM-9. 

Reagent Reaction concentration Stock concentration Volume for 1 reaction 

HEPES pH 7.2 100 mM 1 M 100 μl 

Malic acid * 3 mM 300 mM 10 μl 

NAD+ * 3 mM 300 mM 10 μl 

MgCl2 2 mM 200 mM 10 μl 

MnCl2 0.2 mM 10 mM 10 μl 

DTT 37 mM 1 M 37 μl 

MDH 6 UI/ml 16.81 UI/μl 0.36 μl 

H2O MiliQ   622.6 μl 

Table MM-9: PEPCK reaction buffer composition 
 

2.- Add 800 μl of the reaction buffer to a 1ml spectroscopic cuvette and add 190 μl of a solution with 

recombinant PEPCK** and inhibitor in a phosphate buffer (the same as the purification but without 

imidazole). 
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3.- Read the absorbance at 340 nm with the optical spectrometer (PEPCK program: 340nm, kinetics mode, 6 

min, 37 ºC). Check that there are no significant variations of absorbance during this period and discard the 

data. 

4.-Add 10 μl of GDP* 20mM (final concentration = 0.2 mM). 

5.- Read the absorbance at 340 nm with the optical spectrometer (PEPCK program) and save the data. 

6.- Calculate the activity using the rate at 2 min (ΔAbs) with the formula in Equation MM-1. Where ε(NADH) 

is 6220 M-1cm-1, l is 1 cm, and the activity is expressed in µmol/min. 

 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  

∆𝐴𝑏𝑠

𝜀(𝑁𝐴𝐷𝐻) × 𝑙
 (Equation MM-1) 

*These solutions must be prepared at the moment. 

**Same buffer than used for purification without imidazole. 

**The amount of PEPCK depends on the batch, a trial with different concentrations should be performed to 

determine it. 

The activity could be evaluated as well in the other sense of the reaction. In this case NADH consumption will 

be observed.  

1.- Prepare reaction buffer (Table MM-10). A buffer without NaHCO3 could be prepared as a negative control. 

Reagent Reaction concentration Stock concentration Volume for 20 reactions 

Tris-HCl pH 7.4 50 mM 1 M 1 ml 

NaHCO3 20 mM 200 mM 2 ml 

MnCl2 1 mM 10 mM 2 ml 

MiliQ H2O   10,46 ml 

Table MM-10: PEPCK reaction buffer composition 
 

2.- Charge the CO2 + buffer with gas (CO2) for 10 min 

3.- Complete the buffers with the reagents in Table MM-11. 

Reagent Reaction concentration Stock concentration Volume for 20 reactions 

PEP* 0,5 mM 50 mM 200 µl 

NADH* 0,1 mM 10 mM 200 µl 

MDH 2 UI/ml 16.81 UI/µl 1,2 µl 

Rotenone 5 µM 1 mM 40 µl 

DTT 25 mM 1 mM 500 µl 

Table MM-11: Reagents to add to PEPCK reaction buffer after CO2 charge. 
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4.- Proceed the same way as the other reaction but add GDP instead of GTP. 

*These solutions must be prepared fresh. 

PYCR1 ACTIVITY ASSAY 

Since it was not possible to obtain P5C, PYCR1 activity was evaluated by assessing 3,4-dihydro-L-proline (DHP) 

oxidation (Figure MM-2). Similar to PEPCK assays, during DHP oxidation NAD+ is reduced to NADH, which 

formation can be tracked by absorbance at 340 nm (L. Li et al., 2017). 

 

Figure MM-2: Reaction evaluated in the PYCR1 assay. Oxidation of 3,4-dehydro-L-proline. 
 

1.- Prepare the reaction buffer (Table MM-12). 

Reagent 
Reaction 

concentration 

Stock 

concentration 

Volume for 1 

reaction 

Tris pH 9 300 mM 1 M 300 μl 

DHP 0.4 mM 100 mM 4 μl 

MiliQ H2O   496 μl 

Table MM-12: PYCR1 reaction buffer 
 

2.- Add 800 μl of the Reaction Buffer to a 1ml spectroscopic cuvette and add 190 μl of a solution with 

recombinant PYCR1 and inhibitor in a phosphate buffer (the same as the purification but without imidazole). 

3.- Read the absorbance at 340 nm with the optical spectrometer. Check that there are no significant 

variations of absorbance during this period and discard the data. 

4.- Add 10 μl of NAD+* 100mM (to a final concentration of 1 mM). 

5.- Read the absorbance at 340 nm (PYCR1 program) and save the data. 

6.- Calculate the activity in the same manner than with PEPCK (Equation MM-1). 

*These solutions must be prepared at the moment. 

A high throughput like assay for evaluating PYCR1 inhibitors was set up. The assay was designed for evaluating 

multiple compounds at the same time, as well as to reduce the amount of reagent used (since the final 
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volume of this assay is 100 µl instead of 1 ml). It uses the FLUOSTAR OPTIMA (BMG LABTECH) plate reader to 

read the NADH fluorescence (at 360/460 nm) in 96 well/plates. 

1.- Prepare reaction buffer (Table MM-13). 

Reagent Reaction concentration Stock concentration Volume for 1 reaction (μl) 

Tris pH 9 300 mM 1 M 30 

DHP 0.4 mM 100 mM 0.4 

PYCR1  10 X 7.5* 

H2O MiliQ   42.1 

Table MM-13: PYCR1 reaction buffer 
 

2.- Add 80 μl/well of the reaction buffer into a dark 96-well plate. 

3.- Add 10 μl/well of the inhibitor at the desired concentration. 

4.- Prepare a 10 mM NAD+ solution (10 μl/reaction, at least prepare 1.5 ml). 

5.- Charge the NAD+ solution to the injector. 

6.- Insert the plate to the FLUOSTAR OPTIMA plate reader and read the fluorescence using the PYCR1 activity 

program: fluorescence 360/460 nm; duration of the protocol 8 min; after 2min, the injector adds 10 μl of 

NAD+ 10mM (reaction concentration 1mM). 

7.- Use the slope of the curve between min 2 and 4 for calculating PYCR1 activity. 

Cellular thermal shift assay (CETSA) 

The target engagement in a cellular context can be evaluated using a cellular thermal shift assay (CETSA). 

This assay is based on the ligand-induced stabilization of proteins. Proteins bounded to a ligand are more 

stable and can tolerate higher temperatures without denaturalizing. Higher the affinity of the ligand for the 

protein (lower Kd), higher the percentage of protein bounded to a ligand at a fixed concentration. Therefore, 

ligands with high affinity would thermically stabilize a protein with higher efficiency than ligands with lower 

affinity (Jafari et al., 2014). 

Intact and viable mouse embryonal fibroblast (MEF) and rat hepatoma FAO cells were harvested and 

resuspended to a final concentration of 2 × 106 cells/ml. Different PEPCK-M inhibitors were added to this 

suspension, to a final concentration of 5 μM, and incubated for 30 min at 37 °C. Cells were washed and 

resuspended with PBS to a final concentration of 3 × 107 cells/ml. They were split in different tubes and 

treated with a gradient of temperatures between 40 and 60 °C for 3 min, cells were incubated 3 min at room 

temperature and snap frozen with liquid nitrogen. Cells were lysed using a freeze/thaw cycle with liquid 
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nitrogen and centrifuged at 20000 g 20 min at 4 °C. Finally, stable PEPCK-M present in the supernatant was 

quantified by western blot. 

The analysis was also performed treating the cells with a gradient of PEPCK-M inhibitor concentrations and 

a thermal treatment at a single temperature (60 °C). IsoThermal Dose-Response Fingerprint (ITDRF-CETSA) 

concentrations were calculated as described (Jafari et al., 2014). 
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Metabolites quantification 

Perchloric acid extraction 

This extraction removes the proteins of the sample by precipitation, and so the enzyme activities without 

modifying metabolites concentrations.  

1.- Clean the cells with cold PBS.  

2.- Add 1ml of PBS, scrap the cells and bring it to an eppendorf.  

3.- Centrifuge 5 min 300 g rt, and discard supernatant. 

4.- Add 200 ul of perchloric acid 1M and freeze the cells with liquid N2. 

5.- Freeze and thaw with liquid N2 three times. 

6.- Thaw, vortex and centrifugate it at 10000 g for 5 min at 4 ºC. Store the pellet at -80 ºC for protein 

quantification*. 

7.- Bring the supernatant to a new Eppendorf and neutralize the solution with KHCO3 3M (until pH 7). 

8.- Centrifuge at 10000 g 3 min at 4 ºC. Store the supernatant at -80ºC until using it. 

*For protein quantification resuspend the pellet with 1ml of NaOH 0,1 M and quantify it by BCA. 

PEP determination 

Determination of PEP concentration was performed by quantifying the ATP formed by the pyruvate kinase 

reaction with the StayBrite™ Highly Stable ATP Bioluminescence Assay Kit (BioVision).  

1.- Prepare the buffer for the reaction (Table MM-14) 

Reagent 
Reaction 

concentration 

Stock 

concentration 
Volume / sample (μl) 

Glycylgycine pH 7.0 50 mM 0.4 M 0 12.5 

KCl 100 mM 2 M 5 

MgCl2 5 mM 200 mM 2.5 

MgADP 0.1 mM 20 mM 0.5 

Sample   50 

MiliQ H2O   Up to 85 µl 

StayBrite Kit   10 

Pyruvate kinase (PK)  9 µl/ml H2O 5 

Table MM-14: Reaction buffer for PEP determination 
 



MATERIALS AND METHODS 

 

157 
 

2.- Mix the buffer with samples/standard* in eppendorfs. 

3.- Add the enzyme from the kit, incubate for 3 minutes and read the luminescence: background signal. 

4.- Add Pyruvate kinase, wait 2 minutes and read the luminescence. 

5.- Subtract the Background of each sample and interpolate the concentrations. 

*Standard curve should be prepared adding 10ul of the standard solution to a buffer containing 50ul of a mix 

of samples. This is done to consider the matrix effect. 

G6P determination 

Determination of G6P concentration was performed by quantifying the NADPH formed by the glucose-6-

phosphate dehydrogenase reaction by 360/460 nm fluorescence.  

1.- Add 100 μl of sample or 10 μl of standard in the wells of a black 96 well plate. 

2.- Add the buffer (Table MM-15) up to 190 μl.  

Reagent Reaccion concentration 
Stock 

concentration 
Volume / sample (μl) 

Glycylgycine pH 7.0 50 mM 0.4 M 25 

KCl 100 mM 2 M 10 

MgCl2 5 mM 0.2 M 5 

NADP+ 2 mM 40 mM 10 

Sample / Standard   100 / 10 

mQ H2O   40 / 130 

Table MM-15: Reaction buffer for G6P determination. 
 

3.- Measure the fluorescence at 360/460 nm.  

4.- Add 10 μl of G6PDH solution (18 μl of commercial G6PDH to 1 ml of miliQ water) to each well. Incubate 

for 20 min. 

5.- Measure the fluorescence again and process the data. 

Glucose stimulated insulin secretion 

The glucose stimulated insulin secretion (GSIS) can be assayed in animals, isolated pancreatic islets or cell 

lines (INS1: rat insulinoma cell line). The following protocol is designed for isolated pancreatic islets but also 

works for cell lines seeded in 12-well plates. 

1.- Prepare fresh KRBH solution, adjust the pH 7.4, sterilize by filtering, and warm it at 37ºC.  
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2.- Pick 5 islets with a similar size and put them in a 1.5 ml tube with 500 μl KRBH 2.8 mM glucose, with or 

without inhibitors. Incubate them for 2 h in a water bath at 37ºC with agitation (30 rpm). In the case of not 

testing any inhibitor 30 min would be enough. 

3.- Discard the supernatant and check that the islets remain in the tube with the magnifying lens. 

4.- Insulin secretion 2.8mM glucose (basal): Add 500 μl of KRBH 2.8mM glucose (+/- inhibitors), incubate the 

tubes in the bath for 1 h at 37 ºC, under agitation (30 rpm). Save the supernatant for insulin quantification, 

check that the islets remain in the tube. 

5.- Insulin secretion 16.7mM glucose (GSIS): add 500 μl of KRBH 16.7 mM glucose (+/- inhibitors), incubate 

the tubes in the bath for 1 h at 37 ºC, under agitation (30 rpm). Save the supernatant for insulin quantification, 

check that the islets remain in the tube. 

6.- Both supernatants should be saved at -20 ºC. 

7.- Insulin content: add 150 μl of acetic-acid lysis buffer to the islets and save the tubes at -80 ºC overnight. 

8.- Thaw the tubes, vortex them and incubate them 10 min at 95 ºC in a thermo-block. 

9.- Centrifuge them at 1200 rpm 4 ºC for 10 min and save the supernatant (-20 ºC). 

10.- Measure the insulin levels of the three supernatants by ELISA (Mercodia Kit) following the protocol 

provided by the manufacturer. The insulin levels should be normalized by the insulin content of the islets. 

Metabolite quantification by GC-MS 

Metabolite extraction from cells and derivatization of polar samples were performed as previously described 

(Méndez-Lucas et al., 2020).  

Briefly, cells were washed with ice-cold PBS and 600 μl of ice-cold methanol containing standards were 

added. Cells were scraped and transferred to an Eppendorf and 300 μl of chloroform were added (methanol 

: chloroform, 2 : 1 v/v). Standards include scylloinositol (10 nmol), L-Norleucine (10 nmol), added with the 

methanol. After centrifugation (18000 g, 10 min, 4°C), the supernatant (SN1) was vacuum dried in rotational-

vacuum-concentrator Concentrator 5301 (Eppendorf). The pellet was re-extracted with methanol : water 

(2:1 v/v) as described above. After centrifugation, supernatant (SN2) was vacuum dried in the SN1 tube. 

Phase partitioning (chloroform : methanol : water, 1:3:3 v/v) was used to separate polar and nonpolar 

metabolites. Fractions were vacuum dried as described above.  

For GC-MS analysis of the polar metabolites, a part of the polar fraction was washed twice with methanol, 

derivatized by methoximation (Sigma, 20 µl, 20 mg/ml in pyridine) and trimethylsilylation (20 µl of N,O-

bis(trimethylsilyl)trifluoroacetamide reagent (BSTFA) containing 1% trimethylchlorosilane (TMCS), Supelco), 
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and analysed on an Agilent 7890A-5975C GC-MS system (MacRae et al., 2013; Zamboni et al., 2009). Splitless 

injection (injection temperature 270°C) onto a 30 m + 10 m × 0.25 mm DB-5MS+DG column (Agilent J&W) 

was used, using helium as the carrier gas, in electron ionization (EI) mode. The initial oven temperature was 

70°C (2 min), followed by temperature gradients to 295°C at 12.5°C/min and then to 320°C 25°C/min (held 

for 3 min).  

Metabolite quantification and isotopologue distributions were corrected for the occurrence of natural 

isotopes in both the metabolite and the derivatization reagent. Data analysis and peak quantifications were 

performed using MassHunter Quantitative Analysis software (B.06.00 SP01, Agilent Technologies). The level 

of labeling of individual metabolites was corrected for natural abundance of isotopes in both the metabolite 

and the derivatization reagent (Chow et al., 2012). Abundance was calculated by comparison to responses of 

known amounts of authentic standards. 
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Cell biology evaluation 

Viability evaluation 

MTT assay 

The MTT assay is a colorimetric assay used to assess cell metabolic activity, and therefore, cell viability. The 

yellow tetrazolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) can be reduced 

to its purple insoluble formazan by metabolic active cells. The viable cells contain mitochondrial NAD(P)H-

dependent oxidoreductases, which are the responsible of MTT reduction. The formazan crystals are 

solubilized in isopropanol and the absorbance at 570nm of the resulting solution quantified by 

spectrophotometry. 

1.- Dissolve MTT powder in sterile PBS to 5 mg/ml. This solution could be stored at -20 ºC up to 3 months. 

2.- Change cell’s media with complete media with 0.5 mg/ml of MTT. (For 96-well plate 100 µl, 24 and 12-

well plates 500 µl). 

3.- Incubate for 4h at 37 ºC. 

4.- Aspirate the media, add isopropanol (100 µl in 96-well plate, or 500 µl on 12/24-well plates) and incubate 

it for 20 min in the dark under shacking. 

5.- If using a 12 or 24-well plate transfer 100 µl of the sample to a 96 well plate. 

6.- Read the absorbance at 570 nm with background subtraction at 650 nm using the plate 

spectrophotometer. The samples can be diluted with isopropanol if the signal got saturated. 

Crystal violet 

Crystal violet is a dye which binds to DNA and proteins in cells. When added to adherent cells, crystal violet 

acts as an intercalating dye (DNA) staining the cell nuclei. Since during cell death, adherent cells tend to 

detach from the plate, crystal violet is used to assess proliferation and cell survival. However, crystal violet 

stains both, viable and dead cells. Crystal violet is also used in bacterial Gram staining. 

1.- Prepare crystal violet solution (CV): 0.2 % of crystal violet in 2 % ethanol aqueous solution. The solution 

can be stored at room temperature and reused for several times. 

2.- Aspirate cell media and wash twice with PBS. 

3.- Add 100-500 µl of CV solution (depending on the plate used) and incubate 10 min at room temperature. 

4.- Collect CV and wash the plates by immersion in a large beaker full of tap water. Wash it three times 

changing the water between washes. 
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5.- Let the plate dry. 

6.- The crystal violet of the stained cells can be dissolved in 2 % SDS solution. Shake at room temperature 

until the color is uniform (1-2 h). 

7.- Transfer 100 µl to a 96 well plate (if needed) and measure the absorbance at 570nm in a plate 

spectrophotometer. 

Annexin V 

Annexin V staining assay allows us to identify the cells undergoing apoptosis. Annexin V binds to 

phosphatidylserine, a phospholipid that is found in the inner side of the cytoplasmatic membrane. During 

apoptosis, phosphatidylserine is translocated to the outer side of the cytoplasmatic membrane. Therefore, 

fluorophore (APC, FITC) conjugated annexin V stains apoptotic cells. Complementary, nucleic acid dyes (as 

SYTOX or propidium iodide) could be added to distinguish between viable cells (annexin negative, SYTOX 

negative), early apoptotic (annexin positive, SYTOX negative) and late apoptotic or dead (annexin positive, 

SYTOX positive). 

1.- After the desired treatment, collect cell media into a tube. Wash the plates with PBS and collect it. 

2.- Tripsinize cells and collect the cells together with the media and PBS. 

3.- Centrifuge the tubes (400 g, 5min) and discard the supernatant. 

4.- Resuspend the cells with PBS and pick 105 cells to another tube for annexin staining. 

5.- Centrifuge the cells and resuspend with 100 µl of Annexin V mixture (5 % annexin in binding buffer). 

6.- Incubate in the dark for 15 min at room temperature. 

7.- Add 200 µl of binding buffer. 

8.- Add 100 µl of SYTOX solution (10 nM SYTOX in binding buffer). 

9.- Analyze by flow cytometry.  
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Anchorage independent growth: soft agar 

The soft agar colony formation assay is a technique widely used to evaluate cellular transformation in vitro. 

In this assay, cells are seeded in a semi-solid agarose over a dense agar layer. In this conditions cells can only 

grow in an anchorage-independent manner. 

1.- Melt a 3% agarose solution and store it in a bath at 40 ºC to avoid gelification. 

2.- For the inferior layer, prepare a 0.6 % solution of agarose in DMEM. Gently add 2mL of the 0.6 % agarose-

DMEM solution to each well of a 6-well plate. 

3.- Store it in the fridge for 15 min until gelification, and pre-warm it in the cell incubator for 15 min before 

adding the upper layer. 

4.- For the upper layer, prepare a cell suspension of 2 x 104 cells/ml in media with/without treatment and a 

0.6 % solution of agarose in DMEM. 

5.- Mix the cell suspension with the 0.6 % agarose solution one to one, and quickly add 1ml of the resultant 

cell suspension in each well. 

6.- Incubate the plate at 4 ºC for 5 min and incubate it at 37 ºC for 2-3 weeks. 

7.-Add 500 ul of media +/- treatment and change it every 3-4 days. 

Wound healing assay 

Wound healing assay is one of the first developed methods to study cell migration in vitro. This assay is based 

on the observation of cell migration into a wound created on a cell monolayer. The protocol is the following: 

1.- Change the media of a 6-well plate seeded at high confluence (95-100 %) with FBS-free medium and 

incubate it overnight. 

2.- Pre-incubate the cells with de desired treatment for 2h (in FBS-free medium). 

3.- Make a wound in the cell monolayer with a pipette tip using a scraper as a ruler. 

4.- Clean the floating cells with fresh media and add the treatment media (without FBS). 

5.- Find the wound in the microscope and take a picture every 2 hours. 

6.- Calculate the area of the wound at each time point using imageJ and process the results. 

Cell cycle 

The cell cycle is the process that take place in a cell during its division. The cell cycle in eukaryotic cells has 

four different phases: G1, S, G2, M. Cells that have left the cycle and are not dividing are in G0 phase. During 
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phase G1, cells grow in size and prepare themselves to start the DNA synthesis in phase S. The phase G2 

occurs between the DNA synthesis and the mitosis.  

The staining of DNA with a fluorescent dye allows us to determine the cell cycle phase of the cells according 

to staining intensity, and therefore DNA amount. 

1.- Collect the media, wash the cells with PBS collecting it. Collect the trypsinazed cells with the floating cells 

of the incubation medium and the washes. 

2.- Centrifuge the cells (400 g, 5 min, rT) and discard the supernatant. Resuspend the cells with 1 % FBS in 

PBS to 1 ml of 1-2x106 cells/ml. 

3.- Wash twice with 1 % FBS in PBS (400 g, 5 min). 

4.- Carefully resuspend the cells with 500 μl of 1 % FBS in PBS. The resuspension must be complete, avoiding 

aggregates. 

5.- Add 5ml of cold (-20 ºC) 70 % EtOH dropwise to the resuspended cells under smooth agitation with the 

vortex. 

6.- Fix the cells at -20 ºC at least for 2h. The suspension could be stored up to 3 weeks. 

7.- Centrifuge (800 g, 5 min) and wash the cells with 1% FBS in PBS. 

8.- Resuspend the pellet with 400 μl 1 % FBS in PBS and add 50 μl of 0.5 mg/ml propidium iodide. 

9.- Add 5 μl of RNAse A (10 mg/ml; DNAse free) and incubate for 30-45 min at 37 ºC in the dark. 

10.- Analyze by flow cytometry. 
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In-vivo studies in animal models 

Pharmacokinetics of iPEPCK-2 by HPLC 

The pharmacokinetic study was carried on in male ICR white mice between 30 and 40 g (n = 4 per group, 

which is a small cohort based on the potency of the analytical and quantification techniques utilized) and all 

animals were randomized to either the experimental and control groups. A single intraperitoneal dose of 

iPEPCK-2 (dissolved in 40 % PEG 400 in physiological saline), was administered at 8 mg/kg early in the morning 

(between 8 and 10 a.m.) without anesthesia. Mice were monitored for signs of pain or distress during the 

time between injection and euthanasia (at the earliest time of 15 min and the latest at 8 h after injection) 

and sacrificed by cervical dislocation for blood and brain collection. Brain and plasma were immediately 

frozen at -80 °C for pK analysis.  

iPEPCK-2 was extracted from plasma and homogenate brain in PBS with acetonitrile, in the presence of 1 M 

DTT and quantified by HPLC/UV.  

The solid phase was C18 RP column (5 m, 20 × 0.4 cm; Kromasil 100; Teknokroma) and the mobile phase 

consisting in a 0.05 M KH2PO4 (45 %): acetonitrile (55 %). The elution time of iPEPCK-2 was 3.7 min, and it 

was detected at 290 nm. The assay had a range of 0.125–5 μg/ml. Calibration curves were constructed by 

plotting the peak area ratio of analyzed peak against known concentrations. 

iPEPCK-2 plasma concentrations versus time curves for the mean of animals were analyzed by a non-

compartmental model based on statistical moment theory using the PK Solutions computer program. The 

pharmacokinetic parameters calculated were the area under the concentration vs time curve (AUC), which 

was calculated using the trapezoidal rule in the interval 0–8 h, and the half-life (t1/2β), which was determined 

as ln2/β (β was calculated from the slope of the linear, least-squares regression line). The Cmax and Tmax 

were read directly from the mean concentration curves. 

Xenograft models 

Two subcutaneous tumor xenograft models were generated by injecting transformed cells in both flanks of 

female 5–6-week-old BALB/c nude mice (at least n = 5 per group, given the large dispersion on the size of the 

tumors grown in flanks of immunocompromised mice). In the first model, 1 × 106 HEK-293 cells were injected 

per flank, whereas on the colon carcinoma model, 5 × 106 SW-480 cells were utilized. Handling for the 

injections was in the absence of anesthesia or analgesia, and no signs of distress or pain were evident 

afterwards. Mice were monitored for signs of cancer disease, pain or distress during the time of the 

experiment and sacrificed by cervical dislocation and removed from the experiment if so advised by the 

veterinarian in charge of the animal facility. When the tumors grew enough to be measured, mice were 

randomly split in two groups, and kept in grouped cages of at least 4 animals per cage. One group received a 

daily (between 8 and 10 am) intra-peritoneal injection with 8 mg/kg of iPEPCK-2 without analgesia. No signs 
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of distress or pain resulted from the injection. The other group was treated with vehicle (5 % DMSO in 20 % 

PEG400 saline solution) instead, following the same therapeutic regimen. The tumors were measured, and 

mice weighted twice a week. After 15 days (SW-480) or 24 days (HEK-293), mice were euthanized by cervical 

dislocation, and the tumors and organs processed for further analysis. 

Tissues were fixed twelve hours in 4 % paraformaldehyde after trimming them into appropriate size and 

shape and placing them in histology cassettes. They were then dehydrated following an ethanol gradient 

process and embedded in paraffin. Tissue sections (3–4 μM) were stained with Harris hematoxylin & eosin 

stain for morphological analysis. 
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Statistical analysis 

Graphic visualization of the data and statistical analysis were performed using GraphPad Prism 8. Depending 

on the study, two-tailed T student test and one or two-way ANOVA were conducted for data analysis. P value 

ranking is specified in each figure.  

Generally, experiments were independently replicated at least three times with 3-8 replicates per group. 

Plotted values are shown as mean ± standard error of the mean (SEM), unless otherwise is mentioned in the 

figure legend. 
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