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Portada: Mosaico en forma de hígado de imágenes de inmunofluorescencia 
representativas de las tres partes de esta tesis. A la izquierda, IF de LC3 en hepatocitos. 
En el centro, IF doble de NEDD8 y αSMA de hígado fibrotico y a la derecha IF de FLAG 
en células de hepatoma Huh7 expresando FLAG-LKB1. Rodeando al hígado aparecen 
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Abbreviations
4E-BP1- Eukaryotic Translation Initiation Factor 4E 
Binding Protein 1 

5,10-MTHF- 5,10-Methylenetetrahydrofolate 

5-MTHF- 5-Methyltetrahydrofolate 

ACC1- Acetyl-CoA carboxylase 1 

AFP- Alpha feto-protein 

AKT- Serine/threonine kinase 

ALT- Alanine aminotransferase 

AMP- Adenosine monophoshate  

AMPK- 5' adenosine monophosphate-activated protein 
kinase 

APPBP1- Amyloid-β precursor protein binding protein 1 

ARK- AMPK related kinase 

AST- Aspartate aminotransferase 

ATG- Autophagy gene 

ATM- Ataxia telangiectasia mutated 

ATP- Adenosine triphosphate 

AU- Arbitrary units 

BA- Bile acid 

BAX- Bcl-2 associated protein X 

BCL-2- β-cell lymphoma 2 

BDL- Bile duct ligation 

bFGF- Fibroblast growth factor 
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BMP- Bone morphogenetic protein 

CAMKK- Calcium/Calmodulin dependent protein kinase 
kinase 

CAND1- Cullin-associated NEDD8-dissociated protein 1 

CBS- Cystathionine-6-synthase 

c-CBL- Casitas b-lineage lymphoma 

CCL- C-C Motif chemokine ligand 

CCl4- Carbon tetrachloride 

CCR- C-C Motif chemokine receptor 

CDC2- Cell division cycle protein 2 homolog 

cDNA- Complementary DNA 

CDT1- Chromatin licensing and DNA replication factor 1 

ChIP- Chromatin immunoprecipitation 

CHLO- Chloroquine 

CHREBP- Carbohydrate response element binding 
protein 

COL1A1- Collagen type I alpha 1 chain 

COP9- Constitutive photomorphogenesis 9 

CRL- Cullin-RING E3 ubiquitin ligase 

CXCL- C-X-C motif ligand 

DAMP- Damage/danger associated molecular patterns 

DAPI- 4',6-Diamidino-2-phenylindole 

DCA- Deoxycholic acid 

DEAZA- 3-Deazaadenosine 

DEB- Drug eluting beads 

dKO- Double knockout 

DMSO- Dimethyl sulfoxide 

DNA- Deoxyribonucleic acid 

ECAR- Extracellular acidification rate 

ECM- Extracellular matrix 

EGF- Epidermal growth factor 

EGFR- Epidermal growth factor receptor 

ELISA- Enzyme-linked immunosorbent assay 

FAT10- Ubiquitin D 

FBS- Fetal bovine serum 

FBW7- F-box and WD repeat domain containing 7 

FSAP- Factor VII-activating protease 

FXR- Farnesoid X receptor 

G6PD- Glucose-6-phosphate dehydrogenase 

GCN5- General control of amino-acid synthesis 5-like 2 

GDF- Growth and differentiation factor 

GLUT1- Glucose transporter type 1 

GNMT- Glycine N-methyltransferase 
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GSH- Glutathione 

HBV- Hepatitis B virus 

HCC- Hepatocellular carcinoma 

HCV- Hepatitis C virus 

HCY- Homocysteine 

HDAC- Histone deacetylase 

HECT- Homologous to the E6-AP carboxyl terminus 

HFD- High fat diet 

HGF- Hepatocyte growth factor 

HIF- Hypoxia inducible factor 

HMGR- 3-Hydroxy-3-methylglutaryl-CoA reductase 

HRP- Horse radish peroxidase 

HSC- Hepatic stellate cell 

HSC70- Heat shock cognate protein 70 

HuR- Human antigen R 

IF- Immunofluorescence 

IHC- Immunohistochemistry 

IP- Immunoprecipitation 

ISG15- Interferon-stimulated protein, 15 KDa 

JAK- Janus kinase 

JNK- Jun N-terminal kinase 

K178R- Lysine 178 to arginine mutation (LKB1) 

K48R- Lysine 48 to arginine mutation (LKB1) 

KAT2A- Lysine acetyltransferase 2A 

KC- Kupffer cell 

KDa- Kilodalton 

KO- Knockout 

LAMP2A- Lysosome-associated membrane protein type 
2A 

LAP- Latency-associated protein 

LC3- Microtubule-associated proteins 1A/1B light chain 
3A 

LCMT-1- Leucine carboxyl methyltransferase-1 

LDL- Low-density lipoprotein 

LKB1- Liver kinase B1 

LPS- Lipopolysaccharide 

LTBP- Latent TGF-β binding protein 

MAPK- Mitogen-activated protein kinase 

MARK- Microtubule affinity regulating kinase 1 

MAT- Methionine adenosyltransferase 

MB-3- Butyrolactone-3 

MCP-1- Monocyte chemotactic protein-1 

MDD- Methionine deficient diet 

MDM2- Murine double minute 2 

MLP29- Mouse liver progenitor cells 

MMP- Matrix metalloproteinase 

mRNA- Messenger RNA 

MS- Methionine synthase 

MTA- 5’-Methylthioadenosine 

MTHFR- Methylenetetrahydrofolate reductase 

MTORC1- Mechanistic target of rapamycin complex 1 

MTT- 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide 

N/L- Ammonium chloride and leupeptin 

NADPH- Nicotinamide adenine dinucleotide phosphate 

NAE1- NEDD8 activating enzyme E1 subunit 1 

NAFL- Non-alcoholic fatty liver 

NAFLD- Non-alcoholic fatty liver disease 

NASH- Non-alcoholic steatohepatitis 

NCOR- Nuclear receptor corepressor 1 

NEDD8- Neural precursor cell expressed, 
developmentally down-regulated 8 

NEDP1- NEDD8-specific protease 1 

NK- Natural killer cells 

NLS- Nuclear localization sequence 

NO- Nitric oxide 

NOS- Nitric oxide synthase 

NSCLC- Non-small cell lung cancer 

NUAK- AMPK-related kinase 5 

OCR- Oxygen consumption rate 
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PAI1- Plasminogen activator inhibitor-1 

PBS- Phosphate buffered saline 

PC- Phosphatidylcholine 

PCR- Polymerase chain reaction 

PD- Pulldown 

PDGF- Platelet-derived growth factor 

PDGFR- Platelet-derived growth factor receptor 

PE- Phosphatidylethanolamine 

PEMT- Phosphatidylethanolamine N-methyltransferase 

PGD- Phosphogluconate dehydrogenase 

PI3K- Phosphatidylinositol 3-kinase 

PI3P- Phosphatidylinositol 3-phosphate 

PIAS- Protein inhibitor of activated STAT 

PJS- Peutz-Jeghers syndrome 

PKA- Protein kinase A 

PKC- Protein kinase C 

PP2A- Protein phosphatase 2A 

PPAR- Peroxisome proliferator-activated receptor 

PS- Phosphatidylserine 

PSAG- Penicillin, streptomycin, anfotericine B and 
glutamine 

PSG- Penicillin, streptomycin, and glutamine 

PTEN- Phosphatase and tensin homolog 

PTM- Post-translational modification 

RAF- Rapidly accelerated fibrosarcoma 

RANBP2- RAN binding protein 2 

RANGAP- Ran GTPase activating protein 

RAR- Retinoic acid receptor 

RAS- Rat sarcoma 

RasGAP- Ras GTPase activating protein 

RasGRP3- Ras guanyl releasing protein 3 

RASSF- Ras association domain-containing protein 

RBX- RING box protein 

RING- Really interesting new gene 

RNA- Ribonucleic acid 

ROS- Radical oxygen species 

RT- Room temperature 

RT-qPCR- Retrotranscription and real time quantitative 
PCR 

RXR- Retinoid X receptor 

SAE- SUMO activating enzyme 

SAH- S-adenosylhomocysteine 

SAHH- S-adenosylhomocysteine hydrolase 

SAMe- S-adenosylmethionine 

SBE- Smad binding element 

SCF- Skp2-cullin-F-box 

SENP- Sentrin-specific proteases 

SH2- Src homology 2 

SHP-2- Tyrosine-protein phosphatase non-receptor type 
11 

SIM- SUMO interacting motif 

SIRT1- Sirtuin 1 

SKP2- S-phase kinase-associated protein 2 

SLC2A1- Solute carrier family 2 member 1 

SMURF- Smad specific E3 ubiquitin protein ligase 

SNON- Ski-like proto-oncogene 

SOCS- Suppressor of cytokine signaling 

SPARC- Secreted protein acidic and rich in cysteine 

SQSTM1- Sequestosome 1 

SREBP1C- Sterol regulatory element-binding protein 1c 

STAT- Signal transducer and activator of transcription 

STK11- Serine/threonine kinase 11 

STRADα- STE-20-related adaptor alpha 

SUMO- Small ubiquitin-like modifier 

TACE- Transcatheter arterial chemoembolization 

TFEB- Transcription factor EB 

TG- Triglyceride 

TGF-β- Transforming growth factor beta 

TGIF- TGF-β induced factor homeobox 1 
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THF- Tetrahydrofolate 

TIMP- Tissue inhibitor of metalloproteinases 

TKR- Tyrosine kinase receptor  

TKT- Transketolase 

TLR- Toll-like receptor 

TNFR- TNF receptor 

TNF-α- Tumor necrosis factor alpha 

TRAIL- TNF-related apoptosis-inducing ligand 

TRIP12- Thyroid hormone receptor interactor 12 

TSC- Tuberous sclerosis complex 

TUNEL- terminal deoxynucleotide transferase dUTP nick 
end labeling 

TβR- TGF-β receptor 

UB- Ubiquitin 

UBA3- Ubiquitin-activating enzyme 3 

UBC9- Ubiquitin carrier protein 9 

UBE- Ubiquitin conjugating enzyme 

UBL- Ubiquitin-like 

UCP-2- Uncoupling protein 2 

UFM1- Ubiquitin fold modifier 1 

ULK1- UNC51-like kinase 1 

UVC- Ultraviolet C 

VEGF- Vascular endothelial growth factor 

VHL- Von Hippel-Lindau tumor suppressor 

VLDL- Very-low-density lipoprotein 

WB- Western blot 

WIPI- WD repeat domain phosphoinositide-interacting 
protein 

WT- Wild type 

αSMA- Alpha smooth muscle actin 
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1.1 Resumen 

 

La enfermedad hepática crónica es un término que incluye una larga lista de patologías 

hepáticas y que suele finalizar con la pérdida de integridad del parénquima hepático degenerando 

en cirrosis y carcinoma hepatocelular (CHC). La enfermedad hepática crónica puede estar causada 

por distintas etiologías, como la infección por los virus de la hepatitis B y C, toxinas, consumo de 

alcohol y drogas, enfermedades autoinmunes y hereditarias y la enfermedad del hígado graso no 

alcohólica (EHGNA). Se han investigado múltiples mecanismos moleculares que dan lugar a la 

enfermedad hepática crónica, aunque hoy en día la contribución de las modificaciones 

postraduccionales a esta enfermedad es un área aún por estudiar.  

 

Las modificaciones postraduccionales (PTM) se producen por la conjugación reversible de una 

proteína o un grupo funcional a determinada proteína diana. Las PTM regulan tanto la activación 

como la inactivación de sus proteínas dianas, e inducen cambios en la localización celular, 

degradación/estabilidad, formación de complejos, etc. Dentro de las modificaciones 

postransduccionales, nuestros estudios se  han dirigido a las denominadas “Ubiquitin like” (UBL), 

que incluyen todas las modificaciones ocasionadas por proteínas cuya función sea similar a la 

ubiquitina. Se estima que hay alrededor de 16 UBL con funciones y actividades distintas. Todas ellas 

comparten un ciclo de vida parecido con similitudes en su activación y procesamiento. Hoy en día, 

hay tres UBL que concentran la atención de la mayoría de las investigaciones: la ubiquitina, SUMO 

y NEDD8. NEDD8 (Neural precursor cell expressed developmentally downregulated-8) es una de las 

UBL más similares a la ubiquitina (59%) pero tiene dianas y funciones completamente distintas. La 

principal función de NEDD8 consiste en estabilizar las proteínas a las que modifica alargando su vida 

media. La proteína diana mejor conocida de esta UBL son las conocidas como “cullins” que forman 

parte de los complejos cullin-RING-ligases (CRL). Las CRL son complejos E3 que ubiquitinizan a 

una gran variedad de proteínas involucradas en distintos procesos celulares como el ciclo celular, 

crecimiento celular, replicación del ADN, y transmisión de señales. Recientemente, se han 
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identificado nuevas dianas de NEDD8 diferentes a las CRL como son Mdm2, TβRII y HuR. Por su 

parte, SUMO (small ubiquitin-related modifier) es una UBL que está compuesta por 3 isoformas: 

SUMO1, SUMO2, y SUMO3. La unión de SUMO a diferentes proteínas diana esta mediada por una 

secuencia consenso para este motivo, y las modificaciones que provoca tienen varias funciones en 

su correspondiente diana. Entre las más relevantes se encuentran cambios en la localización celular 

y la actividad de la proteína diana, así como su capacidad de interacción con otras proteínas para la 

formación de diferentes complejos macromoleculares. La conjugación de grupos funcionales a 

moléculas biológicas también ha sido ampliamente estudiada. Uno de los grupos funcionales más 

estudiados es la fosforilación, sin embargo, otros grupos funcionales como la metilación y acetilación 

también están adquiriendo importancia durante los últimos años. La metilación y la acetilación 

pueden afectar tanto a las proteínas como al ADN de la célula, pero son principalmente conocidos 

por su contribución al código de las histonas. Este código es el que determina el grado de 

empaquetamiento del ADN alrededor de las histonas y puede dar lugar a la represión de la 

transcripción génica. 

El principal objetivo de este proyecto es el estudio de la contribución de las 

modificaciones postraduccionales al desarrollo de la enfermedad hepática crónica derivada 

del hígado graso no alcohólico en sus diferentes estadios: esteatosis, fibrosis y CHC. 

 

La EHGNA es una de las principales enfermedades hepáticas crónicas en los países 

desarrollados, y se encuentra asociada a factores de riesgo del síndrome metabólico (obesidad, 

resistencia a la insulina, dislipidemia e hipertensión), incluyendo alteraciones como la esteatosis 

hasta la esteatohepatitis no alcohólica (EHNA). Una alta proporción de pacientes con EHGNA sufren 

alteraciones en el metabolismo de la metionina y la S-adenosilmetionina (SAMe). SAMe es el 

principal donante de grupos metilo en el organismo y su síntesis está controlada por las enzimas 

metionina adenosiltransferasa (MAT) y glicina N-metiltransferasa (GNMT). GNMT metaboliza  SAMe 

en la célula evitando su acumulación. En humanos, la pérdida de la expresión o la actividad de GNMT 

conllevan el desarrollo de EHNA, cirrosis y CHC. Centrándonos en el desarrollo de EHNA, hemos 
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identificado recientemente que la pérdida de la capacidad autofágica del hígado es uno de los 

mecanismos por los que se induce la acumulación de vesículas lipídicas en el hígado en ausencia 

de GNMT. En la autofagia, la célula recicla componentes citoplasmáticos mediante su secuestro en 

vacuolas y posterior fusión con lisosomas donde son degradados. La autofagia permite a la célula 

reciclar componentes para regenerar ATP en condiciones de escasez de energía (la autofagia suele 

estar inhibida en condiciones de energía abundante) y en ciertos casos eliminar componentes 

celulares dañados o viejos como por ejemplo las mitocondrias. En el modelo de ratón Gnmt-KO (que 

desarrolla de forma totalmente espontanea EGHNA, cirrosis y CHC por la acumulación crónica de 

SAMe) descubrimos que la autofagia estaba inhibida en los hepatocitos debido a una disfunción 

lisosomal. Este efecto resultó estar mediado por la regulación de la actividad de la fosfatasa PP2A 

(protein phosphatase 2A) a través de su metilación y no a través de MTOR (mechanistic target of 

rapamycin) aunque desconocemos el mecanismo por el que actúa esta fosfatasa. 

 

Uno de los principales riesgos en el desarrollo de la enfermedad crónica EGHNA es su 

progresión a fibrosis, cirrosis y CHC. Durante la fibrosis se genera una matriz extracelular compuesta 

por colágeno y otras proteínas extracelulares. En condiciones normales la matriz extracelular sirve 

para ayudar a regenerar el hígado tras un insulto que ha dañado el parénquima hepático, sin 

embargo, durante enfermedades crónicas como la enfermedad hepática crónica el insulto es 

persistente y por lo tanto la matriz extracelular se mantiene en con el tiempo incluso aumentando 

hasta el punto en el que se pierde la función hepática. La célula principal implicada en la repuesta 

fibrótica es la célula estrellada (HSC). Las HSC se encuentran de un modo inactivo en un hígado 

sano presentando gotas de vitamina A en su citoplasma. Tras el daño hepático estas células se 

activan, reduciendo sus niveles de vitamina A, aumentando su motilidad y su producción de 

colágeno. Las HSC son actualmente una diana para el tratamiento de la fibrosis aunque todavía no 

se ha descubierto un tratamiento efectivo que pueda evitar o reducir su activación o inducir su muerte 

vía apoptosis. Nuestros resultados muestran que la PTM NEDD8 se encuentra aumentada en 

ratones y pacientes humanos con fibrosis. Este aumento ocurre en los principales tipos celulares del 
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hígado: el hepatocito, la célula estrellada, y las células proinflamatorias de Kupffer. Por tanto, 

inhibiendo la NEDDilización se previno la aparición de la fibrosis en ratones en diferentes modelos 

de esta patología. Es importante señalar que la inhibición de esta PTM afecta de forma diferente a 

los distintos tipos celulares en el contexto fibrótico. En hepatocitos, la inhibición de la NEDDilizacion 

protege de la apoptosis, mientras que en las células de Kupffer previene la activación y en las HSC 

induce la respuesta apoptótica a través de la estabilización de c-Jun. La PTM NEDD8 también ejerce 

una función en la estabilidad de la proteína señalizadora SMAD2. Esta proteína transmite la señal 

desde los receptores de TGF-β (la citoquina transforming growth factor beta es una de las citoquinas 

mas fibrogenicas) y nuestros resultados también demuestran que NEDD8 puede ser importante en 

su estabilidad, facilitando la activación de los genes profibrogenico. También encontramos indicios 

de que SMAD2 puede ser directamente una diana de NEDD8 y que es modificada por este PTM. En 

conjunto, nuestros resultados demuestran la importancia de la PTM NEDD8 en el desarrollo y la 

regresión de la fibrosis. 

 

Los pacientes cirróticos pueden progresar a CHC, siendo ésta la segunda causa de muerte por 

cáncer. El CHC aparece por la modulación (activación/inhibición) de diversas rutas de proliferación 

que se activan en los hepatocitos convirtiéndole en uno de los tumores más difíciles de tratar con 

éxito ya que al atacar una ruta el tumor compensa con otra vía. El CHC tambien presenta otra 

dificultad en su tratamiento ya que casi siempre está presente en un hígado cirrótico lo que reduce 

las posibilidades de tratamiento al estar el órgano ampliamente dañado. La quinasa hepática B1 

(LKB1) identificada previamente como un supresor de tumores por su habilidad en activar AMPK e 

inducir muerte celular se ve aumentada en pacientes con un CHC avanzado. En ausencia de GNMT 

tanto en pacientes como en el modelo de ratón Gnmt-KO, la actividad de LKB1 se encuentra inducida 

y se requiere su presencia para el desarrollo de fibrosis y CHC como se demuestra en el hígado 

completamente sano que presentan el modelo de ratón doble KO Gnmt/Stk11 donde se anula la 

expresión de LKB1 en un entorno donde GNMT está ausente. La característica que define la 

actividad protumoral de LKB1 en el hígado es su asociación con la vía de Ras. Hemos podido 
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identificar que tanto la inducción como el silenciamiento de LKB1 en modelos in vivo de ratón, así 

como en células de hepatoma, regula los niveles del activador de la vía Ras, RasGRP3. Este hecho 

se produce tanto a nivel de ARN mensajero como de proteína. En este contexto es importante 

señalar que en CHC se detecta un aumento de la localización nuclear de LKB1 a pesar de que no 

se produzcan cambios significativos en su proteína adaptadora STRADα (STE20-related kinase 

adaptor alpha). Nuestros resultados demuestran que LKB1 se encuentra SUMOilado por SUMO2 y 

que esta modificación es la responsable de la pérdida de unión a STRADα y de su posterior retención 

en el núcleo. Esta SUMOilación ocurre en la lisina 178 que se localiza dentro de la secuencia 

consenso para SUMO en LKB1. La SUMOilación de LKB1 aumenta en un entorno hipóxico 

característico de los tumores y requiere un paso previo de acetilación para que se produzca. La 

SUMOilacion de LKB1 y su localización nuclear confiere ventajas proliferativas y un mayor 

rendimiento metabólico a los tumores hepáticos. LKB1 nuclear actúa como un factor de transcripción 

regulando la actividad de genes proliferadores y metabólicos entre ellos RasGRP3.   

 

En conclusión, nuestros resultados muestran que las modificaciones postraduccionales tienen 

una contribución importante en la aparición de las distintas fases de la enfermedad crónica hepática. 

En la primera fase, la esteatosis, la metilación contribuye a inhibir la autofagia mediante la activación 

de la fosfatasa PP2A mientras que la NEDDilización facilita la aparición de fibrosis al facilitar la 

activación y supervivencia de las células estelares. Finalmente la SUMOilación de la proteína LKB1 

facilita la supervivencia y replicación del tumor hepático al retener a la quinasa en el núcleo. 
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1.2 Summary 

 

 Chronic liver disease is a term that includes a long list of hepatic pathologies that end with 

the loss of hepatic parenchyma and leads to cirrhosis and hepatocellular carcinoma (HCC). Chronic 

liver disease can be caused by different etiologies such as hepatitis B and C virus infection, toxins, 

alcohol and drug abuse, autoimmune and hereditary disease, and non-alcoholic fatty liver disease 

(NAFLD). Research into the multiple mechanisms that give rise to chronic liver disease have been 

extensively studied but the contribution of post-translational modifications to this disease is still 

lacking. 

Post-translational modifications (PTM) are the reversible addition of a protein or functional group 

to a target protein. PTMs can regulate the activity/inactivity of target proteins, changes in subcellular 

localization, degradation/stability, complex formation, etc. Within the PTMs, our studies have been 

directed towards the “Ubiquitin-like” (UBL) proteins that are similar to ubiquitin. There are an 

estimated 16 UBLs with different functions in the cell but all of them share similar activation and 

processing. Currently, the three most studied UBLs are ubiquitin, SUMO, and NEDD8. NEDD8 

(Neural precursor cell expressed developmentally downregulated-8) is the UBL that is most similar to 

ubiquitin (59%) but it has completely different targets and functions. NEDD8 is mainly involved in 

protein stability and the proteins it modifies have an increased half-life. Its most studied targets are 

the cullins, which form part of the cullin-RING-ligases (CRL). CRLs are E3 complexes that ubiquitinate 

a large variety of proteins involved in different cellular processes such as cell cycle, cell growth, DNA 

replication, and signal transmission. Recently, new NEDD8 non-CRL targets have been identified 

such as Mdm2, TβRII, and HuR. SUMO (small ubiquitin-related modifier) is an UBL composed of 3 

isoforms: SUMO1, SUMO2, and SUMO3. Conjugation of SUMO to its target proteins is controlled by 

a consensus sequence. The effects that SUMO exerts on its target proteins include changes in 

cellular localization and protein activity, protein interaction and ability to form macromolecular 

complexes. 
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The main objective of this project is to study the contribution of post-translational 

modifications to the development of chronic liver disease derived from non-alcoholic fatty 

liver in its different stages: steatosis, fibrosis, and HCC. 

NAFLD is one of the main chronic liver diseases in developed countries and is commonly 

associated with metabolic syndrome risk factors (obesity, insulin resistance, dyslipidemia, and 

hypertension) and ranges from steatosis to non-alcoholic steatohepatitis (NASH). A large portion of 

patients with NAFLD suffer alterations in the metabolism of methionine and S-adenosylmethionine 

(SAMe). SAMe is the principal methyl group donor in the cell and its synthesis is controlled by the 

enzymes methionine adenosyltranferase (MAT) and glycine N-methyltransferase (GNMT). GNMT 

metabolizes SAMe to avoid its accumulation in the cell. In humans, loss of GNMT expression or 

activity leads to the development of NAFLD, cirrhosis, and HCC. Working on the development of 

NAFLD, we recently identified that the loss of hepatic autophagy is one of the mechanisms that 

induces the accumulation of lipid droplets in the liver in the absence of GNMT. In autophagy, the cell 

recycles cytoplasmic components by sequestering them in vacuoles and their posterior fusion with 

lysosomes that degrade the contents. We discovered in the Gnmt-KO mouse model (that 

spontaneously develops NAFLD, cirrhosis, and HCC due to the chronic accumulation of SAMe) that 

autophagy was inhibited in hepatocytes due to dysfunctional lysosomes. This was due to the 

regulation of the phosphatase PP2A’s activity via its methylation.  

One of the main risks of NAFLD is its possible progression to fibrosis, cirrhosis, and HCC. During 

fibrosis an extracellular matrix composed of collagen and other extracellular proteins is deposited in 

the liver. The main cell involved in this response is the hepatic stellate cell (HSC). HSC are normally 

found in an inactive state in healthy livers with vitamin A droplets in their cytoplasm. During hepatic 

injury, these cells are activated and in the process reduce their vitamin A levels, increase their motility 

and the production of extracellular matrix. HSC are currently a therapeutic target for the treatment of 

fibrosis although no effective treatment that can reduce their activation or induce HSC cell death has 

been discovered. Our results show that the PTM NEDD8 is increased in mice and human patients 

with fibrosis. This increase occurs in the main types of hepatic cells: hepatocytes, hepatic stellate 
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cells, and the proinflammatory Kupffer cells. In line with this, when NEDDylation is inhibited we could 

prevent the development of fibrosis in different fibrotic mouse models. Importantly, inhibiting NEDD8 

affects the different cell types in varying ways during fibrosis. In hepatocytes, the inhibition of 

NEDDylation protects them from apoptosis, while at the same time reducing Kupffer cell activation 

and inducing the apoptotic response through c-Jun stabilization in HSC. These results demonstrate 

the importance of the PTM NEDD8 in the development and regression of fibrosis. 

Cirrhotic patients can progress to HCC, the second cause of cancer related death. The 

dysregulation (activation/inhibition) of a diverse set of proliferation pathways that are activated in 

hepatocytes leads to the development of HCC. The liver kinase B1 (LKB1), previously identified as a 

tumor suppressor due to its ability to activate AMPK and induce cell death, is increased in patients 

with advanced HCC. In the absence of GNMT, both in patients and in the Gnmt-KO mouse model, 

the activity of LKB1 is induced and is required for the development of fibrosis and HCC as seen by 

the double KO Gnmt/Stk11 mice that lack LKB1 and GNMT and have healthy livers. The protumoral 

activity of LKB1 is associated with the Ras pathway. We observed that expressing and silencing LKB1 

in mice and hepatoma cells controls the levels of RasGRP3, an activator of the Ras pathway, which 

happens both at the mRNA and protein level. In this context, we detected an increase in the nuclear 

localization of LKB1 in HCC although no significant changes in the levels of its adaptor protein 

STRADα were found. Our results show that LKB1 is SUMOylated by SUMO2 and that this 

modification inhibits the formation of the LKB1-STRADα complex retaining LKB1 in the nucleus. 

SUMOylation occurs on lysine 178 which is also found within a SUMO consensus sequence. 

SUMOylation of LKB1 increases in a hypoxic environment, a characteristic of solid tumors, and 

requires a previous acetylation step to occur. LKB1 SUMOylation and nuclear localization gives 

hepatic tumors a growth advantage and increased metabolic performance. LKB1 can also act as a 

transcription factor regulating the activity of proliferation and metabolic related genes such as 

RasGRP3. 
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In conclusion, our results show that post-translational modifications have an important 

contribution to the development of the different stages of chronic liver disease. In steatosis, 

methylation helps inhibit autophagy while NEDDylation facilitates the appearance of fibrosis. Finally, 

SUMOylation of LKB1 increases the survival and replication of the hepatic tumor. 
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2. Introduction 

2.1 Chronic Liver Disease 
Chronic liver disease is a term that 

encompasses a wide range of hepatic 
pathologies lasting longer than 6 months that 
progressively destroy the liver parenchyma 
generally ending in cirrhosis and 
hepatocellular carcinoma (HCC) (1,2) and is 
one of the leading causes of death in the U.S. 
and in Europe (1,2). Chronic liver disease can 
be caused by a wide range of pathologies 
including hepatitis B and C virus infections, 
toxins, alcohol and drug abuse, autoimmune 
diseases, hereditary diseases and Non-
alcoholic Fatty Liver Disease (NAFLD) (1,3). 

2.1.1 Non-alcoholic Fatty Liver Disease 
NAFLD is emerging as one of the 

most common causes of chronic liver disease 
in the western hemisphere (1) with 10 to 25 % 
of the general population affected with some 
form of NAFLD (4). NAFLD is a clinical term 
that includes a set of hepatic diseases starting 
from simple triglyceride accumulation in 
hepatocytes (steatosis, non-alcoholic fatty 
liver; NAFL) to hepatic steatosis with 
inflammation and fibrosis (non-alcoholic 
steatohepatitis; NASH) (Figure.1) (3,5).  

NAFLD is generally considered the 
hepatic manifestation of the metabolic 
syndrome, a clustering of several conditions 
that increase the probability of developing 
cardiovascular disease and diabetes (1,2). 
Among the conditions of the metabolic 

syndrome that can lead to NAFLD are obesity, 
type 2 diabetes, insulin resistance, 
hypertension and dyslipidemia (1,4). NAFLD is 
more frequent in patients with diabetes (50%) 
and obesity (76%) and is almost universal in 
morbidly obese patients (6). NAFLD cases are 
expected to rise in the near future as patients 
with metabolic syndrome increase in 
developed countries (1).  

The main theory for the progression of 
NAFLD is the “two hit” hypothesis (5). 
According to the two hit hypothesis the liver 
suffers an initial “hit” in the form of dyslipidemia 
which leads to NAFL/steatosis. NAFL is 
generally considered a less progressive form 
of NAFLD with very few steatotic patients fully 
progressing to NASH (3) and it is usually 
treated by eliminating the underlying cause 
such as suggesting a change in lifestyle (1). 
Because only around 10% of NAFL patients 
progress to NASH, researchers believe that a 
second “hit” is required for the disease to 
advance (5,7). Possible second hits are 
increased endoreticular stress and increased 
radical oxygen species (ROS) production 
(5,7). Increased ROS due to insulin resistance, 
overtime, leads to increased mitochondrial 
dysfunction and more hepatocyte apoptosis 
which in turn develops into hepatitis, 
hepatocyte ballooning and fibrosis (5).  

Figure 1. Sequential progression from NAFLD to HCC 

Figure 1. Sequential progression from NAFLD to HCC. Non-alcoholic fatty liver (NAFL) develops after a 
1st “hit” increases triglyceride levels. A 2nd “hit”, in the form of reactive oxygen species (ROS) or endoreticular 
stress, can lead 10% of NAFL patients to develop non-alcoholic steatohepatitis (NASH). Continued damage 
in 25% of patients can result in the activation of the fibrotic response and the formation of cirrhosis. Finally, 
approximately 5-30% of cirrhotic patients may develop hepatocellular carcinoma (HCC), the primary tumor 
of the liver. 
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2.1.2 Lipid Homeostasis 
As mentioned previously, an excess 

accumulation of fat in the liver is one of the 
primary manifestations of NAFLD. The liver is 
one of the main organs responsible for the 
storage and metabolism of fatty acids, and 
hepatic steatosis results mainly from an 
excessive delivery of lipids into the liver, and 
from a misbalance in de novo lipid synthesis 
and catabolism in hepatocytes. There are 
several pathways by which the liver can 
regulate lipid metabolism and that can be 
altered during NAFLD (7): 

De novo lipogenesis/Import:  The liver is 
able to synthesize fatty acids by de novo 
lipogenesis using glucose and proteins via 
acetyl CoA. Lipids can also be imported from 
the peripheral adipose tissues which are a 
large source of fatty acids. Finally, fatty acids 
from the diet are transported to and processed 
directly by the liver.  

β-oxidation/Lipid disposal:  The liver 
can break down fatty acids via β-oxidation as 
a means of obtaining energy from them. The 
liver can also export lipids in VLDL (very-low-
density lipoproteins) to other tissues in the 
body. When synthesis and import of fatty acids 
is increased with respect to β-oxidation or 
transport, lipids accumulate in the liver. 

Lipid storage and breakdown:  Excess 
fatty acids are stored as triglycerides in highly 
dynamic organelles called lipid droplets. They 
can grow in response to increased fatty acid 
quantities or shrink in size and disperse the 
accumulated fatty acids when required (8). 
Until recently, it was thought that only a few 
lipases were responsible for the release of 
fatty acids stored in lipid droplets. However, 
this was unable to explain how hepatocytes 
(that have low lipase levels) are able to quickly 
mobilize large amounts of their lipid droplets 
when needed (9). One recently discovered 
mechanism by which hepatocytes catabolize 
their lipid droplets is a type of autophagy called 
lipophagy (10). 

2.1.3 Lipophagy 
2.1.3.1 Autophagy 
 Lipophagy is a type of autophagy 
dedicated to the digestion of stored lipids in 
lipid droplets (10,11). Autophagy, which 
translates as eating oneself, is a conserved 
cellular recycling pathway that delivers 

specific cellular cargo to acidic lysosomes for 
digestion. This cargo can range from proteins 
to entire organelles and allows the cell to 
maintain energy homoeostasis in times of 
stress such as starvation (11–13).  There are 
three main forms of autophagy: 

Microautophagy: The least studied form of 
autophagy. This form involves the direct 
sequestration of cargo by invaginations of 
lysosomal and late endosomal membranes 
followed by its degradation (14). 

Chaperone-mediated autophagy (CMA): 
This form of autophagy targets proteins that 
contain the KFERQ motif. This motif is 
recognized by the heat shock cognate protein 
70 (Hsc70), forming a substrate protein-
chaperone complex. This complex is then 
delivered to the lysosome surface, where it is 
recognized by the CMA receptor lysosome-
associated membrane protein type 2A (LAMP-
2A). Finally, the target protein unfolds and 
enters the lysosome with the help of LAMP-2A 
(15). 

Macroautophagy: Macroautophagy entails 
the formation of a new double-membrane 
vesicle, or autophagosome that isolates 
specific cargo from the rest of the cytoplasm 
and delivers it via membrane fusion to 
lysosomes for degradation. The whole 
process requires the coordinated activity of 
approximately 30 proteins and is strictly 
regulated (16). Since macroautophagy is 
involved in the digestion of many types of 
cellular components, different terms have 
appeared to specify the cargo that is isolated: 
mitophagy for mitochondria, lipophagy for 
lipids, peroxiphagy for peroxisomes, 
ribophagy for ribosomes, myelinophagy for 
myelin and xenophagy for microorganisms 
(17,18).  

2.1.3.2 Macroautophagy 
 Macroautophagy (referred to mainly 
as autophagy) is mainly carried out by the 
autophagy gene (Atg) proteins that were 
discovered in yeast genetic screens (19). The 
formation of an autophagosome requires at 
least three steps: initiation, nucleation, and 
elongation/enclosure (Figure.2). 

Initiation: Autophagy initiation results in the 
activation of ULK1 (UNC51-like kinase) and its 
recruitment to the phagophore or pre-
autophagosomal structure. This in turn recruits 
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the Atg14, vps15, vps34, and Beclin-1 
complex with active class III PI3K 
(phosphatidylinositol 3-kinase) activity (20,21). 

Nucleation: The PI3K complex produces 
PI3Ps (phosphatidylinositol 3-phosphate) 
which further recruit Atgs to the phagophore. 
These include, WIPI1 and WIPI2 (WD repeat 
domain phosphoinositide-interacting protein) 
which allow for the maturation of the 
autophagosome by recruiting Atg9 and 
facilitating the lipidation of LC-3 (16,22). Atg9 
is currently the only known member that 
controls membrane delivery to the growing 
autophagosome (23). The initial membrane 
originates from either the endoplasmic 
reticulum, the golgi or the mitochondria, 
although it is still unclear which organelle is the 
most important (24).  

Elongation/Closure: Elongation and closure 
of the autophagosome requires the formation 
of two different Atg complexes: the ATG12-
ATG5-ATG16 complex and the ATG7-ATG3-
LC3 complex. Both of these complexes are 
ubiquitin-like conjugation systems that are 
formed in cascades (16). The ATG7-ATG3 
system cleaves the insoluble microtubule-
associated protein 1 light chain 3 (LC3/Atg8) 
into a soluble form or LC3-I. The  ATG12-
ATG5-ATG16 system then binds a lipid moiety 
(phosphatidylethanolamine) to LC3-I, in the 
presence of Atg3 and Atg7, to form LC3-II (25). 
LC3-II is essential for correct autophagosome 
function and is a molecular signature of the 
autophagosome (26,27).  

2.1.3.3 Regulation of autophagy 
Autophagy is a complex process that 

is tightly regulated. Some of the main check 
points for autophagy are mechanistic target of 
rapamycin (MTOR) and 5' adenosine 
monophosphate-activated protein kinase 
(AMPK) (section 2.7.1.1) (28). MTOR is the 
nutrient sensor of the cell and when abundant, 
MTOR inhibits the initiation of autophagy by 
phosphorylating and inhibiting Ulk1 (28). This 
ensures that autophagy is not active when 
there is an abundance of nutrients for the cell. 
On the other hand, under prolonged 
starvation, AMPK activates Ulk1 by 
phosphorylation at different residues (28). 
AMPK can also inhibit MTOR (section 
2.7.1.2). Along with MTOR and AMPK, Atg 
and lysosomal gene expression can also be 
regulated. The HLH-leucine zipper 

transcription factor EB (TFEB) has been 
identified as a master regulator of Atg and 
lysosomal genes, importantly; TFEB is also 
controlled by MTOR. MTOR phosphorylates 
TFEB leading to tits retention in the cytoplasm 
and reducing its ability to activate autophagy 
(29).  

 

 

2.1.4 Autophagy and NAFLD 
 Since autophagy is able to remove 
large quantities of lipids in hepatocytes, 
autophagy may play a protective role in the 
pathogenesis of NAFLD. Autophagy can 
protect the liver from the first “hit” by 
eliminating the accumulation of lipids in 
hepatocytes (10). In the initial report, Singh et 
al. demonstrated that autophagy was able to 
digest lipid droplets by surrounding small 
droplets or pinching parts from larger lipid 
droplets. Inhibiting autophagy or silencing Atg 
genes in hepatocytes leads to an increase in 
lipid droplet accumulation suggesting that a 
defective autophagy may induce lipid 
accumulation in livers. Autophagy might also 

Figure 2. Formation of the autophagosome 

Figure 2. Formation of the autophagosome. 
Schematic representation showing some of the 
proteins and steps required for the formation of 
the autophagosome in macroautophagy and its 
posterior fusion with the lysosome. Adapted 
from (11) 
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be able to protect the liver from the second 
“hit” by eliminating damaged mitochondria that 
increase reactive oxygen species, misfolded 
proteins that increase ER stress, and toxic lipid 
species such as sphingolipid derived 
ceramides (30). At the same time autophagy 
supplies the hepatocyte with ATP to sustain an 
antioxidant response as hepatocytes are 
prone to drug induced oxidative stress and 
damage (31). On the other hand, hepatocytes 
or mice overexpressing parts of the autophagy 
pathway have reduced lipid accumulation and 
improved liver and insulin resistance (10,32). 
Importantly, drugs known to induce steatosis 
such as antiretrovirals act by inhibiting 
autophagy (33) and drugs like the 
anticonvulsant carbamazepine have been 
shown to reduce hepatic steatosis by 
activating autophagy (34). This experimental 
evidence suggests that autophagy could be 
inhibited during NAFLD. Several mechanisms 
have been proposed that may cause NAFLD: 

• Overnutrition leads to a hyperactivation of 
MTOR which in turn leads to a chronic 
inhibition of autophagy. This then leads to 
further lipid accumulation (12). 

• In situations of hepatic steatosis, 
increased lipid accumulation can change 
the membrane lipid composition of both 
autophagosomes and lysosomes 
reducing their fusogenic capacity. 
Lysosomes from high fat diet (HFD) fed 
mice have up to 60% less cholesterol in 
membranes and lumen, and have a 
reduced fusion with autophagosomes. In 
addition, HFD lysosomes also show 
reduced fusion with autophagosomes 
from healthy mice (35). 

 Due to the dynamic nature of 
autophagy, only a few studies examined 
autophagy in human samples. The study of 
autophagic flux requires the use of autophagy 
inhibitors to monitor the differences between 
groups, making the study of autophagy flux in 
humans complex. However, biopsies have 
shown that SQSTM1, a protein that recognizes 
ubiquitinated cargo, accumulates in steatosis 
pointing to an inhibited autophagy (36). 

2.2 Methionine and liver disease 
Lipid metabolism is not the only 

aspect affected by liver disease. Many patients 
with liver disease suffer from 
hypermethioninemia, a condition that was first 

discovered by Kinsell in 1947, after 
demonstrating that liver cirrhosis patients had 
reduced methionine clearance after an 
intravenous injection (37). Similarly, patients 
with alcoholic liver disease have elevated 
levels of methionine in plasma that correlates 
with the prognosis of malignancy (38). Earlier, 
Best demonstrated that rats fed with a diet 
deficient in methyl groups (methionine, 
choline, and folates) developed 
steatohepatitis, fibrosis and HCC (39), 
underscoring the importance of methionine 
levels in the liver. 

2.2.1 S-adenosylmethionine and the 
methionine cycle 

Methionine is an essential amino acid 
that is the precursor to S-adenosylmethionine 
(SAMe, SAM or AdoMet), which is the 
universal biological methyl donor. Despite 
being synthesized in all cells of the body, the 
liver amounts for approximately 85% of all 
reactions using SAMe and approximately 50% 
of methionine metabolism (40,41). SAMe is 
involved in transmethylation reactions that 
donate its methyl group to DNA, RNA, 
proteins, sugars, phospholipids, and even 
atoms such as arsenic (40,42). SAMe is not 
only restricted to transmethylation reactions. It 
also takes part in the synthesis of polyamines, 
compounds necessary for cell division and in 
the liver, intestine and brain it takes part in 
transsulfuration reactions as a precursor for 
cysteine and glutathione, a potent cellular 
antioxidant (43–45).  

 In the liver, SAMe is synthesized from 
L-methionine and ATP by methionine 
adenosyltransferase I and III (MATI/III, 
section 2.2.3.1, Figure.3). SAMe can then be 
demethylated by glycine N-methyltransferase 
(GNMT, section 2.2.3.2, Figure.3) or 
approximately 200 other putative SAMe 
methyltransferases to S-
adenosylhomocysteine (SAH) (46). 
Alternatively, SAMe can be decarboxylated by 
adenosylmethionine decarboxylase and its 
remaining aminopropyl group enters the 
polyamine synthesis pathway (Figure.3). One 
aminopropyl group is transferred to putrescine 
to form spermidine and another to spermidine 
to form spermine (43,44). SAH levels are 
controlled by SAH hydrolase (SAHH) which 
reversibly catalyzes it into homocysteine 
(HCY) and adenine. HCY can enter the liver 
specific transsulfuration pathway as a 
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substrate for cystathionine-6-synthase (CBS) 
whose products lead to cysteine and 
glutathione or it can regenerate methionine via 
remethylation (Figure.3) (47).  

Methionine can be regenerated from 
HCY by two different pathways, the 
remethylation and the methionine salvage 
pathway. In the remethylation pathway, HCY 
can be remethylated by two different enzymes: 
betaine homocysteine methyltransferase 
(BHMT) or methionine synthase (MS). BHMT 
uses betaine, a product of the choline cycle, to 
regenerate methionine. MS requires normal 
levels of folate and vitamin B12 and is coupled 
with the folate cycle. MS uses 5-
methyltetrahydrofolate (5-MTHF) as a methyl 
donor for HCY, the products being 
tetrahydrofolate (THF) and methionine. THF is 
converted to 5,10-methylenetetrahydrofolate 
(5,10-MTHF) by 5,10-
methenyltetrahydrofolate synthetase 
(MTHFS) which is then used to regenerate 5-
MTHF by methylenetetrahydrofolate 
reductase (MTHFR) (Figure.3). The second 
pathway involves the polyamine synthesis 
pathway. When SAMe is used to form 
polyamines the resulting by product is 5’-

methylthioadenosine (MTA). MTA is a potent 
inhibitor of the polyamine pathway (48), of 
methylation reactions (49,50), and of SAH 
hydrolase (51) so it is quickly removed by the 
methionine salvage pathway, which 
transforms MTA back into methionine 
(Figure.3) (48). 

2.2.2 Regulation of the methionine 
cycle 

The methionine cycle is tightly 
regulated by the products of its various 
reactions (Figure.3). SAMe can inhibit 
MTHFR and activate CBS. This ensures that 
when there is excess SAMe, homocysteine is 
diverted to form cysteine and glutathione and 
methionine regeneration is reduced and when 
SAMe levels are low, homocysteine is 
channeled into methionine regeneration to 
increase SAMe production (44,52). SAH is a 
potent inhibitor of methylation reactions as 
most methyltransferases are inhibited by 
concentrations of SAH that are similar to the 
concentrations of SAMe that activate them 
(45). For this reason, SAH is taken into 
account to predict the methylation capacity of 
the cell and the ratio of SAMe/SAH is used as 
the indicator of methylation capacity of the cell 

Figure 3. Hepatic methionine cycle 

Figure 3. Hepatic methionine cycle. Simplified 
diagram showing the various pathways involved in 
methionine and SAMe use and regeneration. 
GNMT is one of the main consumers of SAMe in 
the liver although other SAMe users exist such as 
PEMT. 
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(53). The levels of SAMe are tightly regulated 
by its main enzymes: MAT and GNMT. 

2.2.3 Methionine adenosyltransferase 
and Glycine N-methyltransferase 
2.2.3.1 Methionine adenosyltransferase 
isoforms 

MAT is the enzyme that activates 
methionine by using ATP to synthesize SAMe 
(41). Almost all lifeforms have MAT (except 
some parasites) and it is extremely well 
conserved from bacteria to humans (59% 
sequence identity) (54). MAT is also 
considered one of the essential genes needed 
to sustain life (55).  

In mammals, there are two MAT 
genes, MAT1A and MAT2A, located on 
different chromosomes. Both genes encode 
for two homologous catalytic subunits, α1 and 
α2, respectively and have an 85% amino acid 
identity (56). There is also a third gene, 
MAT2B, that encodes the β regulatory subunit 
which is only expressed in fetal/proliferating 
liver and extrahepatic tissues (57). The 
MAT1A gene is expressed mainly in adult and 
differentiated liver and the α1 subunit that it 
encodes can form two isoenzymes: MATI or 
MATIII. MATI is a tetrameric enzyme whereas 
MATIII is a dimeric enzyme (56). The MAT2A 
and MAT2B genes are expressed mainly in 
fetal/proliferating liver and extrahepatic 
tissues. MAT2A forms a tetrameric isoenzyme 
called MATII, and in some cases the product 
of the MAT2B gene, the β subunit will bind to 
MATII but not with MATI/III. (57,58). 

Each of the three isoenzymes has 
different kinetic properties related with their 
activity. MATII has the lowest Km for 
methionine (4-10 µM), MATI has an 
intermediate Km (23 µM-1 mM) and MATIII has 
the highest Km (215 µM-7 mM) (59). Inhibition 
by its product follows an opposite trend with 
MATII strongly inhibited by SAMe (IC50=60 
µM), and MATI minimally inhibited (IC50=400 
µM). MATIII on the other hand, is strongly 
stimulated by SAMe (8x more activity with 500 
µM SAMe) (60). This data suggests that cells 
that express MAT1A have higher levels of 
SAMe, and that increasing levels of 
methionine will increase the levels of SAMe. 
On the other hand, cells expressing MAT2A 
will have stable levels of SAMe regardless of 
the fluctuations in methionine concentration 
because a small increase in SAMe will inhibit 

MATII. The β regulatory subunit further 
increases the inhibition of SAMe on MATII and 
in situations where SAMe is needed the β 
regulatory subunit is no longer expressed (57). 

2.2.3.2 Glycine N-methyltransferase 
GNMT is the enzyme that produces 

SAH and sarcosine (N-methylglycine) by using 
SAMe and glycine as substrates (Figure.3). 
GNMT is considered the cellular regulator of 
intracellular SAMe levels and it is very well 
suited to carry out this function. Its main 
substrate is glycine which is very abundant, 
non-essential, and easily regenerated when 
transformed to sarcosine. Sarcosine has no 
known metabolic function and can be used in 
the reaction to generate 5, 10-MTHF and 
glycine allowing the folate cycle to continue 
(Figure.3). Like MATIII, the activity of GNMT 
is increased with SAMe, although, unlike other 
methyltransferases, its activity is not inhibited 
by increased levels of SAH (61). The 
expression of GNMT is also similar to that of 
MAT1A: it is reduced in fetal liver and rapidly 
increases after birth (62). It is one of the most 
abundant enzymes in the liver (1-3% of 
cytosolic protein) and is also expressed in 
pancreas, prostate and in the peripheral 
nervous system (62,63). The main activity of 
GNMT in the liver is to regulate the SAMe/SAH 
ratio to ensure that no aberrant methylation 
reactions occur. The futile reaction that GNMT 
catalyzes ensures that the methyl group from 
SAMe is not lost but is instead inactivated 
becoming available again through the folate 
cycle (Figure.3). High levels of 5-MTHF inhibit 
GNMT ensuring that when the levels of SAMe 
are low, GNMT will not completely deplete 
them further (61).  

2.2.3 Study of hypermethioninemia 
Hypermethioninemia is a condition 

that is found in many NAFLD patients and is 
generally due to GNMT, MAT1A and SAHH 
deficiency (64). In order to study these 
conditions, two mouse models have been 
created that mimick hypermethioninemia but 
differ in SAMe content: the Mat1a-KO and 
Gnmt-KO mouse models. 

2.2.3.1 Mat1a-KO mouse model 
Mat1a-KO mice are characterized by 

the absence of the MAT1A gene (but not the 
MAT2A gene) expression (65). The liver is the 
organ most affected in this knock-out because 
it is the main organ in which MAT1A is 
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expressed. These mice have significantly 
increased levels of methionine and extremely 
reduced levels of SAMe and GSH (65). 
Importantly, these mice are more susceptible 
to steatosis and liver injury, and they develop 
NAFLD and HCC spontaneously on a normal 
diet by 8 and 18 months respectively (65). The 
reduced SAMe in the livers of the Mat1a-KO 
mice leads to altered carbohydrate and lipid 
metabolism seen by increased triglyceride and 
glucose levels (65). Additionally, these mice 
produce smaller VLDLs with reduced TG 
content which also leads to increased TG 
accumulation in hepatocytes (66). Increased 
triglycerides induce the expression of the 
cytochrome P450 CYP2E1 and uncoupling 
protein 2 (UCP-2). CYP2E1 metabolizes 
xenobiotics such as CCl4 and ethanol leading 
to the production of ROS and lipid 
peroxidation. UCP-2 uncouples the respiratory 
chain from oxidative phosphorylation and is 
related to mitochondrial ROS production. Both 
these enzymes are responsible for increased 
vulnerability of Mat1a-KO mice to hepatic 
insults by increasing ROS levels in the liver 
(67). Progression to HCC is caused by the 
increased proliferative gene expression found 
in this mouse model that is similar to that seen 
in MAT2A expressing liver (fetal/regenerating 
liver) (65,67), however, they have reduced 
liver regeneration after partial hepatectomy 
because they are unable to increase cyclin D1 
levels and to respond to the mitogenic effect of 
hepatocyte growth factor (HGF),  suggesting 
that chronic hepatic SAMe depletion results in 
loss of responsiveness to mitogenic signals 
during liver regeneration (68,69).  

These results highlight the need for a 
tight regulation of SAMe. This model mimicks 
the hypermethionenmia found in many 
patients with cirrhosis in which 
transmethylation reactions and plasma 
methionine clearance are reduced (37,70), 
and the downregulation and hypermethylation 
of the MAT1A gene has also been found in 
patients with severe NAFLD when compared 
to mild NAFLD patients suggesting that this 
gene is important in the development of 
NAFLD (71). 

2.2.3.2 Gnmt-KO mouse model 
Gnmt-KO mice are characterized by 

the absence of GNMT protein levels (72). The 
livers of these mice have increased serum 
transaminases, significantly increased levels 

of methionine and SAMe and a 100 fold 
increase in the SAMe/SAH ratio (73). This 
model develops NASH at 3 months, fibrosis at 
5 months and HCC as early as 8 months 
spontaneously (73). A different knock-out 
model (Gnmt-/-) developed by Dr. Chen’s 
group also develops HCC but it takes almost 
twice the amount of time for it develop, 
approximately 17 months. Interestingly, in this 
model there are differences between the 
sexes with females developing signs of 
disease much faster than males. This model 
also has hypoglycemia, hepatomegaly, 
increased cholesterol, and glycogen 
accumulation although the reasons for these 
differences are unclear (74,75).  

Gnmt-KO mice develop fatty liver due 
to an increased phosphatidylethanolamine N-
methyltransferase (PEMT) pathway flux that 
uses the excess SAMe to convert 
phosphatidylethanolamine (PE) into 
phosphatidylcholine (PC). PC is used as a 
precursor for triglycerides and despite the 
increase in PEMT activity observed in Gnmt-
KO livers, Gnmt-KO mice have low PE levels 
but only slightly increased PC. The slight 
increase in PC is because PC is quickly 
consumed for the production of diglycerides 
and triglycerides (76). Interestingly, VLDL from 
Gnmt-KO mice have increased ApoE and less 
PE, and they produce more and larger VLDLs. 
Gnmt-KO mice also have increased VLDL 
clearance, mainly in the liver and the heart. 
Additionally these mice have increased 
expression of Plin2 (perilipin 2 or adipophilin) 
a protein involved in the production and 
maintenance of lipid droplets, making lipid 
droplets in Gnmt-KO mice more dynamic 
(76,77). One of the most important aspects of 
this model is due to the global 
hypermethylation of its DNA especially in the 
promoter regions, leading to the silencing of 
some members of the RASSF and SOCS 
gene families (73) that play a key role in 
inhibiting the RAS and JAK/STAT pathways 
(78). This leads to a hyperactivation of RAS 
and its downstream effectors, providing 
proliferative and survival advantages and 
leading to HCC. Like Mat1a-KO mice, Gnmt-
KO mice have an impaired liver regeneration 
although in the case of Gnmt-KO mice, 
regeneration is impaired due to an inhibition of 
the AMPK/LKB1/eNOS cascade (79). This 
model provides further evidence for the need 
to tightly control SAMe. 



Post-translational Modifications in Liver Disease  
         Imanol Zubiete Franco 

28 
 

Like the Mat1a-KO model, the Gnmt-
KO model also mimicks human disease. HCC 
patients have reduced or no GNMT (80) and 
approximately 40% of HCC patients have a 
loss of heterozygosity of GNMT (80,81). 
Furthermore, patients at risk of developing 
HCC, alcohol-induced cirrhosis or HCV, have 
a down regulation of GNMT (82). Along similar 
lines, three patients with mutations in the 
GNMT gene have been discovered and they 
have mild to moderate liver disease with 
elevated serum aminotransferases (83,84).  

Excessive amounts of SAMe have 
been experimentally countered in Gnmt-KO 
mice by using a methionine deficient diet 
(MDD) or with an oral supplementation of 
nicotinamide. A methionine deficient diet 
reduces the amount of methyl groups available 
for the organism normalizing the amount of 
SAMe. Gnmt-KO mice fed a methionine 
deficient diet have normal levels of SAMe and 
methionine and do not develop steatosis (76). 
Treating Gnmt-KO mice with nicotinamide 
reduces the levels of SAMe by activating the 
enzyme nicotinamide N-methyltransferase 
that uses SAMe to synthesize N-
methylnicotinamide. Like with the methionine 
deficient diet, nicotinamide treated mice have 
improved liver health and reduced SAMe 
levels (85). 

2.2.3.3 Gnmt-KO mice and autophagy 
Work from our laboratory has 

demonstrated that livers from Gnmt-KO mice 
are characterized by decreased autophagic 
flux in both fed and starved conditions 
contributing to the hepatic steatosis observed 
in this mouse model. This inhibition is due to 
the increased levels of SAMe and methionine 
present in this mouse model as hepatocytes 
cultured with SAMe and methionine also have 
an inhibited autophagic flux. Along similar 
lines, we observed that Gnmt-KO mice fed a 
methionine deficient diet normalize their SAMe 
and methionine levels and reactivate hepatic 
autophagic flux ameliorating steatosis (86). 

2.3 NAFLD treatment 
To date, there is no single specific 

cure or effective treatment for NAFLD. The 
current therapies are mainly focused on 
treating the underlying causes of NAFLD by 
changing the patient’s lifestyle (87,88), 
although there are some pharmacological 
treatments with limited effectiveness (87). 

Weight loss is recommended for 
NAFLD patients as it eliminates the amount of 
adipose tissue in the body and reduces the 
load of fatty acids that can reach the liver. 
Obesity is also an underlying cause for insulin 
resistance, another NAFLD risk factor. 
However, weight loss has to be gradual as 
losing too much weight in a short amount of 
time or “crash dieting” can damage the liver 
even further (89). A modified diet can help 
reduce weight. Controlling energy intake and 
food composition can help reduce weight and 
fatty acid intake. Finally, an increase in 
physical activity can reduce weight, 
intrahepatic fat, fatty acid uptake, and improve 
insulin sensitivity [a minimum of 140 min/day 
of fast walking (87,90,91)]. However, most 
clinics and hepatological centers don’t have 
the resources and time required to control 
patients and even when under maximum 
incentive and monitoring, patients are mostly 
unable to maintain the desired weight loss and 
life style changes (92) increasing the need for 
pharmacological treatments. 

There are few pharmacological 
agents that have been tested for NAFLD due 
to two different reasons. Since treatment of the 
underlying cause can usually reduce and even 
cure NALFD many researchers and doctors 
have given this disease a low priority for drug 
development. NAFLD is also a slowly evolving 
disease making drug trials longer and more 
costly. Additionally, since histology is the only 
means by which NAFLD regression can be 
assessed, biopsies are necessary making 
trials more complex (93). The principal 
pharmacological treatments are set in two 
categories: insulin sensitizers and 
heaptoprotective agents. 

Insulin seinsitizers:  Glitazones are the 
compounds that have the most evidence-
based data for the treatment of NASH (93). 
These compounds increase insulin sensitivity 
in adipocytes increasing their fatty acid uptake 
and reducing the uptake in other organs 
leading to improved insulin sensitivity, they 
upregulate adiponectin, and have anti-
inflammatory effects on Kupffer cells (93). 
Trials have shown that they can improve 
histological features, reduce 
aminotransaminase levels and improve insulin 
resistance (94). Unfortunately, these 
compounds have side effects like increased 
weight gain (adipocytes accumulate more fatty 
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acids) which may be harder to eliminate, 
cardiovascular complications, increased rate 
of bone loss in women, and may increase risk 
of bladder cancer (93), although this has not 
been confirmed. Additionally, the beneficial 
effects are quickly lost after treatment 
discontinuation (95). Metformin is another 
drug that is being tested. Metformin activates 
AMPK (section 2.7.1.1), reduces glucose 
production and improves peripheral glucose 
usage (96). This drug is safe and improves 
glycemia but it has not shown to be able to 
improve liver histology and other disease 
parameters (93). Currently, other insulin 
sensitizers with antiinflammatory and 
antifibrotic effects such as farnesoid X 
receptor (FXR) agonists, like obeticholic acid, 
and PPARα and δ agonists are being 
investigated. Bile acids act through the 
farnesoid X receptor which has a wide range 
of metabolic effects. Small trials have shown 
that obeticholic acid can improve histology, 
insulin sensitivity, weight-loss, transaminase 
levels, and even fibrosis (section 2.5), 
although there are some side effects such as 
pruritus, increased LDL levels and a possible 
increase in cardiovascular risk (93,97). Other 
promising compounds are Glucagon-like 
peptide-1 receptor agonists and and GTF505 
that act through PPARs (93). 

Hepatoprotective agents: Since 
oxidative stress is an important factor in the 
development of NAFLD, antioxidant agents 
such as vitamin E have been extensively 
studied. Vitamin E can improve liver outcome 
in combination with other treatments (98). It 
improved steatosis, inflammation, hepatocyte 
ballooning, and reduced serum transaminases 
in one study (94). However, these results are 
hard to reproduce and have only been partially 
repeated in other studies and their use comes 
with secondary effects and not recommended 
for diabetic patients, NAFLD patients without 
histological confirmation or NAFLD patients 
with cirrhosis (99). 

2.4 NAFLD progression 
NAFLD is a progressive disease that 

can progress from simple steatosis to 
hepatosteatosis with fibrosis. Of the most 
serious cases of NAFLD, it is estimated that 
about 25% advance to the next stage of 
chronic liver disease which is fibrosis/cirrhosis 
(Figures.1 and 4) (100,101). 

2.5 Liver Fibrosis and Cirrhosis 
Continued and sustained damage of 

the liver can activate a fibrogenic response 
leading to fibrosis and eventually to cirrhosis. 
Fibrosis is the formation and deposition of 
excess extracellular matrix (ECM) proteins 
resulting in the disruption of normal 
parenchymal architecture and activity. It 
results from the prolonged activation of the 
wound healing response leading to 
chronification (Figure.4), a characteristic of 
diseases such as chronic liver disease 
(section 2.1) (102). Unlike other organs, liver 
fibrosis can evolve over decades (103,104) 
and may eventually develop into cirrhosis. 
Cirrhosis, considered an advanced stage or 
end-stage of liver fibrosis, is characterized by 
distorted hepatic vasculature and thick fibrotic 
septa (scar tissue) that surround regenerative 
nodules (104,105). 

Hepatic lobules are characterized by a 
sinusoid surrounded by hepatocytes on a 
loose basal membrane called the space of 
Disse. During cirrhosis, increased fibrogenesis 
results in sinusoidal remodeling that fills the 
space of Disse with ECM and replaces the 
dead hepatocytes with fibrous scars 
(Figure.4). Additionally, the release of 
proangiogenic factors results in the 
capillarization of the sinusoid leading to 
intrahepatic shunts. Collectively, this results in 
increased resistance to blood flow which 
gradually builds up into portal hypertension.  
Portal hypertension is the underlying cause for 
the majority of the complications related to 
cirrhosis (105,106). It leads to ascites, 
splenomegaly and hepatorenal syndrome due 
to altered bloodflow (a life threatening 
condition). Portal hypertension can also 
reduce blood flow to hepatocytes further 
reducing hepatic activity. Reduced liver 
function is also responsible for many of the 
symptoms of cirrhosis and can cause 
hypoalbuminenima, excessive bleeding due to 
lack of coagulation factors, and jaundice due 
to abnormal bilirubin removal (105). 
Additionally, portal hypertension can lead to 
intestinal blood being shunted away from the 
liver, which coupled with reduced hepatocyte 
function can result in hepatic encephalopathy. 
Hepatic encephalopathy is caused by 
excessive toxins (mainly ammonia) in the 
blood, usually removed by the liver, that reach 
the brain resulting in confusion and coma and 
may cause death (107). 
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Cirrhosis is generally an indolent and 
asymptomatic disease and many patients can 
go undiagnosed (108) until liver complications 
are present. Asymptomatic cirrhosis is 
referred to as compensated cirrhosis because 
the liver in these patients is still functional, 
however, when the cirrhotic liver fails and the 
more serious symptoms become apparent 
(hepatic encephalopathy, ascites, jaundice) 
the disease becomes decompensated which 
may be life threatening (109). Biopsy is still the 
gold-standard method for diagnosis of liver 
fibrosis and cirrhosis (105,110). It can identify 
the underlying cause of fibrosis and allows for 
the monitoring of disease progression by the 
staining of ECM proteins. However, liver 
biopsies are invasive procedures, cause pain 
and discomfort, and may cause major 
complications such as internal bleeding (111). 
Sampling error can also occur as the whole 
liver is not equally affected by fibrosis. 
Analysis can also suffer from intra- and 
interobserver variation. Importantly, liver 
biopsies cannot predict disease progression 
(112). This has led to the search for more 
simpler, reliable and noninvasive diagnostic 
methods. These methods include serum tests, 
ultrasonography and transient elastography. 
Serum tests are used to detect levels of 
fibrosis-specific markers, however these tests 
are unable to determine in which organ the 
fibrosis is located. Ultrasonography can detect 
changes in liver parenchyma but it is highly 
operator dependent and may require 
histological confirmation (113). Transient 
elastography [Fibroscan (114,115)] detects 
liver stiffness (fibrosis makes the liver stiff) by 
detecting the velocity of an elastic wave in an 
area that is much larger than that of a biopsy. 
This test is also useful for detecting liver 
steatosis but is unable to determine the 
underlying cause of the disease. 

2.5.2 Cell types and pathways involved 
in fibrosis 
2.5.2.1 Cell types involved in fibrosis 

Fibrosis is a reaction to a sustained 
wound that activates different pathways and 
involves several resident hepatic cells. The 
three main types of cells involved in 
fibrogenesis are hepatocytes, Kupffer cells 
and hepatic stellate cells (Figure.4). 

Hepatocytes: Hepatocytes are generally 
the target of damage inducing agents in the 
liver (toxins, viruses, lipids, bile acids, etc…) 

and are usually responsible for initiating the 
fibrogenic response. Damaged hepatocytes 
release ROS and cytokines such as TNF-α 
and TRAIL which attract immune cells to the 
damaged area (116). Other cytokines, such as 
TGF-β, can also activate and attract hepatic 
stellate cells. In severe insults to the liver, 
hepatocytes can undergo apoptosis and form 
apoptotic bodies. These bodies are detected 
by macrophages which engulf them and 
become activated further releasing cytokines 
(116,117). Pro-inflammatory cytokines such 
as TRAIL, FAS-ligand and TGF-β also have a 
pro-apoptotic effect on hepatocytes. 

Kupffer cells: Kupffer cells are the resident 
macrophages of the liver that are located in the 
lumen of the sinusoid. In healthy liver, Kupffer 
cells remove old and damaged erythrocytes 
and clear pathogens from the blood. During 
fibrosis, Kupffer cells engulf apoptotic bodies 
and also release ROS and cytokines such as 
TGF-β, TNF-α and TRAIL that contribute to 
activate hepatic stellate cells. Kupffer cells are 
also macrophages so they can respond to 
lipopolysaccharide from the gut. Cirrhotic 
patients have a more permeable intestine 
which allows more bacterial products to reach 
the liver (116). 

Hepatic stellate cells: Hepatic stellate 
cells (HSC; previously known as lipocytes, Ito 
cells, and perisinusoidals cell) are the main 
cell type involved in the production of ECM and 
the fibrogenic response in the liver (104,118). 
In healthy liver, HSCs are located in the space 
of Disse in a quiescent state. Quiscent HSCs 
accumulate vitamin A (retinoid) droplets and 
almost all the vitamin A stored in the liver is 
found in these cells [80-90% (119)]. The 
quantity and size of the vitamin A droplets in 
HSCs varies between species and even within 
the different areas of the liver (120,121). HSCs 
are star shaped cells with protrusions 
surrounding the sinusoid pores and in contact 
with the hepatocytes (122). During liver injury 
quiescent HSCs are “activated” or in other 
words transform from a quiescent vitamin A 
rich cell into a proliferating, fibrogenic, and 
contractile myofibroblast-like cell. Hepatic 
stellate cells have a cycle with three major 
phases: initiation, perpetuation and resolution. 

Initiation: Initiation results in early changes in 
HSCs that render the cell more responsive to 
other cytokines and stimuli. In this early stage, 
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stimulation is composed mainly of paracrine 
cytokines derived from damaged hepatocytes 
and Kupffer cells. Endothelial cells from the 
sinusoid can also contribute to initiation by 
activating latent TGF-β found in the matrix 
(section 2.5.2.2) and platelets can also 
release cytokines such as PDGF, TGF-β and 
EGF (123). 

Recent work has shown that HSC are 
capable of phagocytosis like macrophages. 
HSC express phosphatidyl serine (PS) 
receptors that are found mainly in 
macrophages (124), and that recognize the PS 
found in membranes of apoptotic bodies. After 
phagocytosis of apoptotic bodies, HSC induce 
the transcription of TGF-β and collagen 
resulting in their activation via PI-3K and 
MAPK (125). Additionally, HSCs can 
recognize and engulf DNA from dead cells 
(known as damage/danger-associated 
molecular patterns, DAMPs) initiating their 
activation (126). This ability to phagocytose 
apoptotic bodies and DAMPs is important 
because HSC are located right next to the 
hepatocytes and they are the first cells to 
come in contact with hepatocyte apoptotic 
bodies. Kupffer cells require migration into the 
liver parenchyma to have access to the 
apoptotic bodies. 

Perpetuation: Perpetuation of HSC leads to 
changes in seven different activities of primed 
HSCs. The seven behavioral changes, vitamin 

A metabolism, matrix degradation, 
proliferation, chemotaxis, cytokine release, 
fibrogenesis, and contractility, result in the 
formation of the fibrogenic scar at the site of 
the damaged liver. In the perpetuating phase, 
autocrine as well as paracrine signaling is 
present between HSC and other hepatic cells. 

Vitamin A metabolism: One of the earliest 
characteristics discovered of activating HSCs 
was the gradual loss of vitamin A droplets in 
the cytoplasm as activation progressed (127). 
It is unclear why HSCs metabolize their 
vitamin A into retinoic acid, but it appears to be 
a necessary step in their activation as HSCs 
treated with excess retinoids are unable to 
activate (128). HSCs express retinoic acid 
receptors (RAR) and retinoid X receptors 
(RXR) and their activation with retinoic acid 
leads to the synthesis of collagen (129,130). 
Quiscent HSCs also express peroxisome 
proliferator-activated receptor gamma 
(PPARγ) a receptor associated with 
adipocytes and related to fatty acid 
metabolism. During activation, the activity of 
PPARγ is downregulated (131) and the use of 
PPARγ ligands have been used to stop fibrotic 
activity in cultured HSCs (132) and in animals 
(133). Recent studies have shown that 
autophagy (section 2.1.3.1), like in 
hepatocytes, may be the main method of 
mobilizing the HSC lipid droplets to increase 
energy availability. Inhibiting autophagy or 

Figure 4. Fibrosis destroys the hepatic parenchyma 

Figure 4. Fibrosis destroys the hepatic parenchyma. Healthy hepatic (left panel) lobules are formed from 
hepatocytes on a loose basal membrane (space of Disse) surrounding a sinusoid. The space of Disse is also 
where quiscent hepatic stellate cells are found, while Kupffer cells can be found in the hepatic sinusoid. 
During a sustained injury to the liver (right panel), hepatocytes enter apoptosis activating both Kupffer and 
hepatic stellate cells. Activated hepatic stellate cells produce extracelular matrix replacing the dead 
hepatocytes, distorting the hepatic parenchyma and increasing portal hypertension. 
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autophagy deficient HSC were unable to 
activate and fibrosis was reduced despite liver 
damage (134,135). 

Matrix degradation: Fibrogenesis involves 
degradation and production of ECM. In early 
stages of the disease, activating HSC degrade 
the basal lamina and surrounding connective 
tissue and gradually replace it with fibrotic scar 
matrix. HSCs release a wide range of matrix-
metalloproteinases (MMP) along with their 
inhibitors, tissue inhibitor of 
metalloproteinases (TIMP) (136,137). HSCs 
express MMPs that degrade the basal lamina 
such as MMP-2 and MMP-9 (138,139), 
however they also continuously synthesize 
TIMPs that inhibit the activity of many MMPs. 
TIMP-1 is considered an HSC survival factor 
with anti-apoptotic activity and transgenic mice 
overexpressing TIMP-1 in the liver have 
delayed regression of liver fibrosis (140,141). 
In more advanced stages of cirrhosis TIMPS 
can completely inhibit the degradation of the 
thick fibrotic septa reducing the possibility of 
complete regression. Initial matrix remodeling 
can also release and activate latent TGF-β 
(section 2.5.2.2) that further activates nearby 
HSCs. 

Proliferation: Activation of HSCs also induces 
cellular proliferation. The most potent mitogen 
identified to date is platelet derived growth 
factor (PDGF, section 2.5.2.2) (142). During 
activation, HSCs upregulate PDGF receptors 
and begin production of PDGF, leading to 
paracrine and autocrine loops (143). Other 
mitogens for HSCs are VEGF, EGF, and bFGF 
(144–146). 

Chemotaxis: HSC have the ability to migrate 
towards cytokine chemoattractants (147) 
usually found at the point of injury in the liver. 
Potent chemoattractants for HSC are PDGF 
(148) and MCP-1 (149). HSC move by 
spreading of the tip towards the stimulant then 
the cell body and finally retracting the trailing 
parts of the cell using myosin (150). At the 
point of injury, HSC find increased levels of 
adenosine (adenosine levels can be increased 
100 fold in areas of injury) which can inhibit 
PDGF induced chemotaxis and increase 
collagen and TGF-β mRNA expression (151). 
This allows the HSCs to accumulate and 
deposit ECM at the injured area. 

Cytokine release: Activated HSCs release a 
plethora of cytokines that can regulate other 

cells involved in liver injury through autocrine 
and paracrine signaling. They are capable of 
modulating immune cells, other HSCs, and 
hepatocytes. Among the immunokines 
secreted by HSCs are MCP-1, CCL21, CCL5, 
TNF-α, CCR5 and additionally they express 
toll-like receptors (TLRs) that enable them to 
detect bacterial products such as LPS (131). 
Other chemokines secreted by HSCs are 
PDGF, TGF-β, VEGF, bFGF, HGF, and EGF 
(131). The amount of paracrine and autocrine 
signaling involved in liver fibrosis can lead to a 
vicious cycle of constant co-activation 
between HSCs and immune cells further 
magnifying the severity of the disease. 

Fibrogenesis: The main function of an 
activated HSC is to produce ECM at the site of 
liver injury. TGF-β is the most potent cytokine 
involved in ECM synthesis (152). The primary 
fibers in ECM are collagen type I and III which 
replace collagen type IV fibers found in healthy 
livers (131) and HSCs are more fibrogenic 
when grown on collagen type I than type IV 
(153). Fibronectin, a fiber deposited by 
endothelial cells, can also activate HSCs 
(154). As fibrosis progresses and ECM density 
increases, liver stiffness increases. This 
stiffness due to increased ECM deposition is 
the concept behind Fibroscan (section 2.5) 
(114,115). Liver stiffness may also be a factor 
in HSC activation and activity as seen in HSC 
culture in gel substrates (155), in which the 
stiffness of the gel appears to be more 
important than the components of the gel. 

Contractility: HSCs express filaments related 
to contraction such as alpha smooth muscle 
actin (α-SMA) and myosin (156,157) and exert 
contractile activity which is a major 
contribution to hepatic hypertension.  

Resolution: Resolution is the process by 
which the deposited ECM is removed and the 
liver parenchyma and function is restored. 
Resolution requires that activated HSCs either 
revert to a quiescent state or are removed via 
apoptosis (131). Recent studies have shown 
that a fraction of myofibroblasts undergo 
reversion to a state similar to quiescent HSC 
both in vitro and in vivo, however, these 
reverted HSC reactivate faster than quiescent 
HSCs resulting in faster and more aggressive 
fibrosis (158,159). Natural killer cells are the 
immune cells in charge of initiating HSC 
apoptosis through TRAIL and interferon γ 
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pathways (160). Mice that have their NK 
population depleted with the anti-asialo-GM1 
antibody or are genetically deficient for NK 
cells (160,161) have increased fibrosis and 
when NK cells are activated fibrosis is 
reduced. Fibrosis is also increased in patients 
that take immunosuppression drugs, which 
reduce the cytotoxicity of NK cells (162). NK 
cell function might also be the reason why 
some patients develop faster fibrosis than 
others and why fibrosis accelerates with age 
as NK cell activity decreases with age (163). 

Non-hepatic stellate cells: HSCs are not the 
only fibrogenic cell type that contributes to 
fibrosis in the liver. Many studies have shown 
that this may depend on the type of lesion and 
the progression of the disease. Other possible 
sources for myofibroblasts are portal 
fibroblasts (164), bone marrow (165), and cells 
undergoing epithelial-mesenchymal transition 
(166). Portal fibroblasts are thought to be the 
primary fibrogenic cell in cholestatic liver 
diseases (164). Bone marrow may contribute 
cells in more chronic and persistent fibrosis 
and may also supply cells in small quantities 
to healthy liver (167). 

2.5.2.2 Main pathways involved in fibrosis 
 

Platelet-derived growth factor 

Platelet-derived growth factor (PDGF) 
(Figure.5) is a growth factor that promotes 
cellular proliferation and survival, cell 
migration and cytoskeletal reorganization, 
angiogenesis, and embryonic development 
(168). It has a high sequence identity with the 
receptor binding domain of vascular 
endothelial growth factor (VEGF) and they are 
usually referred to as the PDGF/VEGF family 
of growth factors. PDGF is considered the 
most potent mitogen for HSCs although it is 
not the only one that they can respond to. 
PDGF is composed of four secreted 
extracellular ligands (PDGF-A, PDGF-B, 
PDGF-C, and PDGF-D) which join as disulfide 
linked dimers with either homo- or 
heterodimerization, only PDGF-A and PDGF-
B are able to heterodimerize (PDGF-AB) 
(168). It was originally thought that the only 
source of this growth factor was the α-granules 
in platelets, however, further research 
demonstrated that other cells such as 
endothelial cells can also produce PDGF 
(169).  

PDGF binds to and activates the 
PDGF receptor (PDGFR). PDGFR is a 
tyrosine kinase receptor composed of five 
immunoglobulin-like domains in the 
extracellular receptor region and a tyrosine 
kinase in the cytoplasmic region. It has two 
isoforms called PDGFR-α and -β. Upon 
binding with PDGF, the receptors dimerize 
(PDGFR-αα, PDGFR-ββ, or PDGFR-αβ) and 
autophosphorylate each other resulting in their 
activation. PDGFRs activate various pathways 
related to proliferation and migration such as 
the Ras-ERK/MAPK, PI3K/Akt, Jak/STAT, and 
PLC-γ pathways (Figure.5) (168). Their 
autophosphorylation also acts as docking sites 
for proteins containing SH2 or PTB domains. 
Although similar, the receptors may carry out 
different functions depending on their homo- or 
heterodimerization state, this system allows 
for increased specific control over PDGF 
signaling depending on the required situation 
(168). PDGF-AA binds only PDGFR-αα and 
PDGF-DD binds only PDGFR-ββ, PDGF-CC 
and PDGF-AB bind both PDGFR-αα and 
PDGFR-αβ. PDGF-BB is the only homodimer 
that can bind all three of the receptor 
combinations. In HSCs, PDGFR-β is the 
predominant receptor isoform expressed 
during activation and PDGF-BB and PDGF-
DD are the most potent forms of the growth 
hormone for HSCs (131,168). 

Due to its potent activity on HSCs, the 
PDGF pathway is under tight control by 
different means. Extracellular PDGF-C and -D 
contain a CUB (complement C1r/C1s, Uegf, 
Bmp1) domain that inhibits their union with the 
receptor and requires cleavage for any activity 
to be possible. The CUB domain, once 
cleaved, then acts as a competitive inhibitor of 
the proteases (170). PDGF-B is cleaved by 
Factor VII-activating protease (FSAP) at its 
active site, rendering it biologically inert (171). 
ECM proteins also exert an important role in 
control of PDGF. Collagen fibers and the 
protein secreted protein acidic and rich in 
cysteine (SPARC) can bind active forms of 
PDGF and retain them. During liver damage, 
MMPs degrade the collagen releasing the 
bound PDGF which further activates nearby 
HSCs. Additionally, SPARC can only bind 
PDGF at a pH above 6.6 and since in liver 
lesions the pH is generally reduced, SPARC 
releases PDGF in damaged areas creating a 
chemotactic gradient for HSCs (172). Control 
is also found at the receptor level. When 
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activated, the dimerized receptors can be 
internalized and degraded by lysosomes to 
eliminate the signal. Also, the activated 
receptors can attract phosphatases such as 
PTEN or the SHP-2 tyrosine phosphatase that 
quickly end signaling. Other proteins such as 
RasGAP (an inhibitor of RAS), can bind 
through its SH2 domains and negatively 
regulate RAS signaling (173). Experimental 
removal of these mechanisms in mice leads to 
increased fibrogenesis and fibrotic liver.  

Transforming growth factor beta 

Transforming growth factor beta 
(TGF-β) is a cytokine that belongs to the 
transforming growth factor superfamily of 
cytokines which include other factors such as 
BMPs (bone morphogenetic protein), Activins, 
GDFs (growth and differentiation factor), and 

Nodals and all members have a similar 
sequence and signaling pathways. These 
factors control diverse processes such as cell 
proliferation, recognition, differentiation, 
apoptosis and specification of developmental 
fate during embryogenesis (152,174). TGF-β 
includes three isoforms -β1, -β2, and -β3, and 
all isoforms appear to have different functions 
in embryogenesis. However, the -β1 isoform is 
the most studied form in liver disease and 
TGF-β will refer to TGF-β1 from now on. 

TGF-β is synthesized as a precursor 
that is cleaved intracellularly by furin, the 
cleaved section remains covalently attached 
to TGF-β outside the cell and is known as the 
latency-associated peptide (LAP). LAP can 
bind Latent TGF-β binding protein (LTBP) 
which anchors the complex in the matrix 
creating a reservoir of latent TGF-β. Active 

Figure 5. The PDGF and TGF-β pathways are profibrogenic in hepatic stellate cells 

Figure 5. The PDGF and TFG-β pathways are profibrogenic in hepatic stellate cells. Diagram showing 
the main pathways activated by PDGF (left) and TGF-β (right). When activated by PDGF, PDGF receptors 
dimerize and autophosphorylate leading to their activation. Activated receptors can then initiate different 
signaling cascades such as the Ras-ERK/MAPK, Jak/STAT and PI3K/Akt pathways. In HSC, PDGF leads to 
proliferation and increased motility.When activated by TGF-β, TGF-β receptors dimerize and TβRII 
phosphorylates and activates TβRI. TβRI can then activate the receptor-regulated Smad, Smad2, which 
binds the common mediator Smad, Smad4, and translocates to the nucleus to initiate ECM synthesis. 
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TGF-β is a dimer bound together by a disulfide 
bridge further strengthened by hydrophobic 
interactions (174). 

TGF-β binds and activates TGF-β 
receptors (TβR) (Figure.5), of which there are 
three different forms TβRI, TβRII, and TβRIII 
(152,174). The receptors have 
serine/threonine kinase activity with an N-
terminal extracellular ligand binding domain, a 
transmembrane region, and with kinase 
activity in the cytoplasmic C-terminal. TβRIII, 
also known as betaglycan, is a coactivator that 
lacks an intracellular domain and aids with 
receptor activation (175). TβRII binds the 
ligand and dimerizes with TβRI, this results in 
the phosphorylation of the TβRI GS domain 
and its subsequent activation. Activated TβRI 
in turn initiates the TGF-β signaling cascade 
by phosphorylating the receptor-regulated 
Smads or R-Smads. 

Smads are the effector proteins of the TGF 
superfamily ligands, relaying the signal from 
the membrane to the nucleus where they 
initiate gene transcription. There are 8 Smad 
proteins placed in three categories: receptor-
regulated Smads (R-Smads) which include 
Smads 1, 2, 3, 5, and 8, common-mediator 
Smads (Co-Smads) which include Smad 4, 
and inhibitory Smads (I-Smads) which include 
Smads 6 and 7. Smads 1, 5, 6 and 8 are 
receptor-regulated Smads of the BMP 
subfamily. When TβRI is activated, Smads are 
recruited to the receptor and phosphorylated 
resulting in their activation and increased 
affinity for Smad 4. The Smad2/3/4 
heteromeric complex then translocates to the 
nucleus. This nuclear complex has an 
immediate effect in the expression of several 
hundred genes (176), both positively and 
negatively. Many Smad target genes contain a 
Smad binding element (SBE, Figure.5) that 
the Smads proteins bind to, however, this 
binding has a relatively low specificity and is 
very weak which is why in the nucleus, the 
Smad complex recruits different DNA binding 
proteins such as CREBP, SP1, and E2F and 
members of the basal transcription machinery 
such as p300, CBP, ARC105, and Smif (177). 
Additionally, the Smad complex can elicit a 
different response in different cells by 
recruiting cell-specific factors (174). TGF-β 
signaling is terminated when the activated 
Smads are either dephosphorylated or 
degraded. Some R-Smad phosphatases 

include PPM1A, MTRM4, and PP2A (under 
hypoxic conditions) which can remove Smad 
phosphorylation in the cytoplasm and prevent 
TGF-β signal transmission (178). Ubiquitin 
mediated degradation is the main method by 
which Smad complexes in the nucleus are 
targeted for destruction. This is done by 
Smurf-2 (SMAD Specific E3 Ubiquitin Protein 
Ligase 2), a HECT domain containing ligase 
that ubiquitinates nuclear Smads and targets 
them for proteasomal degradation (179). 

Like PDGF, the TGF-β pathway is 
tightly controlled. Control of this pathway can 
happen at four different levels: Ligand, 
receptor, Smad signaling and at the 
transcriptional level. TFG-β availability is 
controlled by LAP and LTBP and creates 
reservoirs of the protein that are embedded in 
the matrix. During tissue remodeling, this 
latent TGF-β is made bioactive by MMPs that 
degrade the surrounding matrix. This is also a 
means of making TGF-β available in the 
injured areas (the areas that suffer 
remodeling). Another protein, α2-
macroglobulin, can bind free TGF-β and inhibit 
its union with its receptor. Coactivators like 
betaglycan can facilitate binding of ligand with 
receptor (174,175). 

Receptors are also a point of control 
in the TGF-β pathway. The immunophilin 
FKBP12 can inhibit TβRI by binding to its 
unphosphorylated GS region and inhibiting its 
activation by TβRII (180). Once the receptors 
are activated, the receptor complex is 
internalized into the cell in either clathrin 
coated early endosomes or caveolin-1-
positive lipid raft vesicles. If the receptor 
complex is internalized in clathrin dependent 
vesicles, then the signal is propagated as the 
receptor complex is placed near smad-
associated proteins and Smads, however, if 
the receptors are shifted into caveolin-1-
positive lipid raft vesicles then the signal is 
eliminated as these vesicles are placed near 
Smurf2-Smad7 complexes that ubiquitinate 
the receptors and target them for degradation 
(181). One of the possible proteins in charge 
of deciding the fate of the receptor complex is 
the E3 ubiquitin ligase c-Cbl that can 
NEDDylate (section 2.8.3) the receptor 
complex selecting it for clathrin dependent 
vesicles. Inhibition of c-Cbl NEDDylation leads 
to the receptors ubiquitination instead and its 
subsequent degradation by internalization in 
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caveolin-1-positive lipid raft vesicles (182). 
Internalization of the receptors also depletes 
the levels of TGF-β in the extracellular medium 
(183). 

R-Smads are also tightly regulated 
and controlled. One of the target genes of the 
TGF-β signaling cascade is Smad 7 which is 
one of the I-Smads. Smad 7 inhibits the 
phosphorylation of R-Smads by binding TβRI 
and blocking the other Smads creating a 
negative feedback loop.  Smad 7 can also bind 
Smurf 2 and target the receptors for 
degradation (174). 

TGF-β signaling is also negatively 
controlled at the transcriptional level. c-Ski, 
SnoN, and TGIF are three proteins that can 
negatively regulate Smad transcription. These 
proteins act by recruiting transcriptional 
repressors, such as NCoR or HDACs, and 
interfere with Smad binding to transcriptional 
activators (174). Another transcriptional 
repressor is c-Jun. c-Jun is also a TGF-β 
target gene and its expression increases as 
the signal is transmitted. This repressor binds 
to the Smad complex and sequesters it in the 
nucleus reducing its binding to transcriptional 
coactivators and reducing transcription of 
TGF-β genes (184,185). 

2.5.3 Fibrosis research 
The use of animal models has helped 

to discover much of what is known about liver 
fibrosis. Unfortunately, there is no single 
animal model that recapitulates every single 
aspect of human disease and all models have 
their own strengths and weaknesses, the most 
important being that rodents have different 
immune reactions, gene regulations, etc. 
Animal models, however, allow for the study of 
problems that cannot be studied in humans, 
multiple sampling time points, restriction of 
experimental variables to a minimum, and the 
study of the intact liver as part of an organism 
(186). Some of the most used models are: 

Carbon tetrachloride or CCl4 intraperitoneal 
administration is a common toxic insult used to 
induce liver fibrosis. CCl4 is converted to the 
CCl3- radical by the cytochrome CYP2E1 in the 
liver leading to hepatocyte death, necrosis and 
activation of fibrosis. Repeated administration 
can cause signs of fibrosis within two weeks of 
treatment (186). Some advantages of this 
model are that it is relatively easy to perform 

and the results are generally reproducible. 
Other CYP2E1 related toxic compounds are 
DMN and DEN. These compounds also lead 
to HCC even if their treatment is discontinued 
(187) which makes them more useful for 
studies in the relationship between fibrosis and 
HCC. 

Bile duct ligation or BDL is a surgical 
procedure that involves the ligation of the bile 
duct leading to obstructive cholestasis. 
Hepatocyte death is a result of bile acid 
induced toxicity. BDL is considered a model for 
secondary biliary fibrosis and involves the 
activation of periportal myofibroblasts. This 
model induces inflammation with fibrosis and 
the proliferation of intrahepatic bile ducts 
(188). Some of the disadvantages of this 
model include that it is an invasive technique 
with a high technical difficulty and less 
constant fibrosis (186). 

Methionine choline deficient diet or MCD is 
a model used to study the progression of 
NAFLD through to fibrosis. This model works 
by reducing the levels of methyl donors in the 
organism and affecting the methionine cycle 
and glutathione synthesis (189), leading to 
oxidative stress. Some of the drawbacks of 
this model are that the animals lose weight and 
are hyper-sensitive to insulin, aspects that are 
not normally found in NAFLD patients (186). 

Genetic models: Many different genetic 
murine strains have been created to determine 
the contribution of specific factors to fibrosis. 
These models are typically either Knock out or 
increased expression models that try to 
determine if the genetic change increases or 
reduces fibrosis spontaneously or after a 
specific insult. One common model used is the 
Mdr2-KO mouse model (190). This model 
lacks the Mdr2 flippase that prevents the 
excretion of phospholipids into the bile and 
results in nonsupparative inflammatory 
cholangitis, HCC and metastasis at 
approximately 12 months of age (191). The 
Gnmt-KO mouse model (section 2.2.3.2) has 
also been used to study the immune system 
during the development of fibrosis. In Gnmt-
KO mice, NK cells have increased cytotoxic 
activity and express more TRAIL, contributing 
to the proinflammatory background in the liver 
(192). Additionally, these mice are more 
sensitive to endotoxin damage but depletion of 
NK cells and their replacement with TRAIL -/- 
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NK cells results in hepatoprotection from 
Lipopolysaccharide induced damage (192), 
and double knock out mice for TRAIL and 
GNMT are also protected from BDL induced 
damage (193). 

2.5.4 Treatment of fibrosis 
Like with NAFLD there is no effective 

cure for fibrosis. Current treatment involves 
removing the underlying insult causing chronic 
liver disease. Most patients that remove the 
underlying cause of disease have a reversal of 
fibrosis, this was seen in patients treated for 
hepatitis B virus, which had improved 
inflammation and necrosis after one year and 
improved fibrosis after 5 years (194). Similar 
problems as in NAFLD exist for the 
development of effective drugs in fibrosis. 
Since biopsy is still the gold standard for 
fibrosis, all trials are more complex. 
Additionally, fibrosis progression or reversal 
can take years to be visible making trials even 
more costly and difficult. Improved non-
invasive markers are required to make 
cheaper and more reliable clinical trials (195).  

2.6 Hepatocellular Carcinoma 
Approximately 5-30% of cirrhotic 

patients develop hepatocellular carcinoma 
(HCC, Figure.1) (196). HCC is the sixth most 
common cancer, the second most common 
cause of cancer-related mortality worldwide 
and the most common form of liver cancer with 
70-85% of total liver cancer (197,198). The 
major risk factors for HCC are Hepatitis B virus 
infection, Hepatitis C virus infection, aflatoxin 
B1 intoxication, NAFLD, and alcoholism. HCC 
generally appears in a background of cirrhotic 
liver making it a very difficult cancer to treat. 

2.6.1 NAFLD and HCC 
The anticipated rise in NAFLD cases 

during the next few years is expected to 
counter the fall in HBV and HCV derived HCC 
due to the improved treatment of these 
infections (199). Many of the risk factors for 
NAFLD, such as obesity and metabolic 
syndrome, are also considered risk factors for 
HCC and other cancers (199,200). 
Dyslipidemia can also increase by 2-3 fold the 
incidence of HCC in patients with HCV 
infection (199). NAFLD patients have a 
reduced risk of developing HCC when 
compared to other chronic liver diseases 
[almost half that of HCV (201)], however, 
NAFLD patients may be more likely to develop 

HCC without cirrhosis as there have been 
cases reported of NAFL patients with this type 
of tumor (202). In contrast, alcoholic HCC is 
almost exclusively found in cirrhotic livers 
(203). Even though NAFLD appears to have a 
reduced risk of HCC, the overall five-year 
survival appears to be similar to that of other 
etiologies (204).  

2.6.2 HCC treatment 
HCC is an extremely complex 

pathology to treat that is worsened by the fact 
that it generally appears on a cirrhotic liver 
background. In order to improve patient 
survival, patients diagnosed with chronic liver 
disease regardless of etiology are subjected 
every six months to an abdominal echography 
in order to screen for HCC. Determining tumor 
markers such as alfa-fetoprotein (AFP) does 
not appear to have any benefits as AFP is a 
predictor of advanced disease and poor 
prognosis (205,206). The goal is to detect 
solitary tumors ≤20 mm in size that have a low 
probability of vascular invasion and 
intrahepatic spread (207), increasing the 
probability of effective treatment. Therapy for 
HCC can be divided into three categories: 
surgical, locoregional, and systemic which are 
used depending on the tumor extension, 
cirrhotic state and co-morbidities of the patient. 

2.6.2.1 Surgical therapy 
Surgical procedures for HCC include 

resection and transplantation. These 
techniques are used mainly in localized tumors 
with no spread (206).  

Resection involves the removal of the 
tumor tissue along with parts of the 
surrounding non-tumor tissue. Due to its 
aggressive nature, the ideal patients are those 
that have no cirrhosis and only one tumor, but 
this method generally has good 5-year survival 
rates. Cirrhotic patients may also undergo 
resection but must be carefully selected to 
avoid complications such as liver failure (206). 
Tumor recurrence is a problem in the first 5 
years after resection [almost 70% of cases 
(206)] and is made more probable by factors 
such as portal hypertension, multifocality, size, 
poor histological differentiation, satellites, and 
vascular invasion (208,209).  

Liver transplantation is a technique 
used on patients that fulfill the Milan criteria 
(single nodule <5 cm or up to three nodules ≤3 
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cm or less, without vascular invasion or 
extrahepatic spread). The Milan criteria offers 
a 4-year survival of 75% with a recurrence of 
15% (210). Unfortunately, the shortage of 
donors means that only the sickest patients 
are selected and that many patients that fulfill 
the criteria may have their cancer advance to 
a point where they are no longer eligible for a 
transplant.  

2.6.2.2 Locoregional therapy 
These types of treatment are used in 

combination with surgery or when surgery is 
not an option. They are mainly used in 
intermediate-stage HCC and include ablation 
and the different types of TACE.  

Tumor ablation induces tumor 
necrosis by injection of chemicals or by 
temperature. Ablation is usually performed 
percutaneously and induces tumor necrosis 
leaving the remains to be absorbed by the 
liver. Chemical ablation is usually performed 
by injecting chemicals such as ethanol and 
acetic acid and can achieve 100% tumor 
necrosis in tumors less than 2 cm big (206). 
Temperature ablation uses techniques such 
as radiofrequency, microwave, laser, and 
cryoablation. Radiofrequency ablation is more 
effective than ethanol injection for tumors 
bigger than 2 cm, however, its effectivity is 
severely reduced for tumors bigger than 5 cm 
(206). Ablation is not recommended for tumors 
near major blood vessels, the biliary tree, the 
heart or bowels (211). Survival after ablation is 
similar to that of surgical resection (206). 

Transcatheter arterial 
chemoembolization or TACE is a selective 
intravascular delivery of drugs, such as 
cisplatin or doxorubicin, into the arteries 
supplying the tumor followed by its 
embolization. This leads to tumor death that 
begins by chemotherapy and is followed by 
ischemia.  TACE is mainly reserved for 
patients with preserved liver function, no 
cancer related symptoms, multinodular HCC, 
no vascular invasion or extrahepatic spread. 
The 2-year survival for patients that meet this 
criteria is around 63% (212). After initial 
success, the tumor can revascularize opening 
up new opportunities for treatment; however, 
the capacity for keeping the tumor under 
control is lost resulting in reduced survival for 
patients. The embolization and subsequent 
hypoxia in the tumor leads to the expression of 

pro-angiogenic factors such as VEGF and 
PDGF which has led to the use of sorafenib 
(systemic treatment) with TACE, however, no 
significant increase in survival has been found 
(213). Other forms of TACE such as DEB-
TACE and TARE are also used. DEB-TACE 
uses drug-eluting beads (DEB) that slowly 
release anthracycline in the tumors along with 
standard artery embolization. DEB-TACE is a 
means of maintaining a high drug 
concentration in the tumor while reducing the 
systemic adverse side effects (214). 
Transcatheter arterial radioembolization or 
TARE is the use of glass or resin spheres 
loaded with β-emitting agents such as Yttrium-
90 or Holmin-166 (206,215). This method 
ensures that the radiation is only released in 
the tumor area, and if done properly, 
secondary effects are minimal (216). This 
technique is not indicated for patients with 
hepatopulmonary shunts as the beads may 
end up in the lungs and in some cases they 
may end up in the gastrointestinal tract (217). 

2.6.2.3 Systemic Treatment 
Systemic treatment is usually given to 

patients that have advanced HCC or when all 
other treatments have failed. Currently the 
only treatment that has a proven survival 
benefit is sorafenib. Sorafenib is a multikinase 
inhibitor (receptor tyrosine kinase and 
threonine/serine kinase inhibitor) that is able to 
block multiple kinases, among them many 
kinases active in HCC such as VEGFR, 
PDGFR, Raf-1, and B-Raf (206). Other 
treatments such as everolimus and sunitinib 
are other systemic drugs with heterogeneous 
potency against specific targets. Everolimus is 
an inactivator of MTORC1 reducing cell growth 
and proliferation and suitinib is another 
receptor tyrosine kinase inhibitor. Various 
different combinations of drugs are being 
tested in clinical trials in an attempt to improve 
drug efficacy (206). 

2.6.3 Molecular pathways in HCC 
One of the main difficulties in treating 

HCC is that many pathways are activated and 
inhibiting one will generally be compensated 
by other pathways, which is why multikinase 
inhibitors like sorafenib were created. These 
pathways are generally affected either directly 
or indirectly by gene mutations, amplifications, 
and promoter methylation which lead to their 
aberrant activation/inactivation (200,206). 



  Introduction 

39 
 

Some of the most important alterations in HCC 
are: 

Telomerase promoter mutations: 
Telomeres are the tips of linear chromosomes 
and telomerases are used to protect them from 
fusion and destruction by nucleases. 
Telomerase is the enzyme complex 
responsible for maintaining the telomeres after 
every cell division and is usually not expressed 
in mature cells leading to the gradual loss of 
telomeres after every division. After a certain 
amount of telomere loss, the DNA damage 
pathway is activated and the cell either enters 
senescence or apoptosis. Mutations in the 
TERT promoter are the most common 
mutation in HCC (30-60%) and are also the 
most common form of TERT activation (218). 
Additionally TERT mutations may already be 
found in cirrhotic preneoplastic lesions (200). 

TP53 mutations: TP53 is a tumor suppressor 
protein that promotes cell cycle arrest and 
apoptosis in response to DNA damage. The 
importance of this protein is made evident 
when over 50% of all cancers have some form 
of inactivating mutation in the TP53 gene 
(219).TP53 mutations in HCC depend on 
etiology and can range from 18% to 50% 
(220). It is considered a driver mutation as it 
can predispose hepatocytes to other lesions 
and carcinogens. 

Other Mutations: Other genes commonly 
mutated are CTNNB1 (Wnt signaling), 
ARID1A (chromatin remodeling), and Axin 1 
(Wnt signaling). Additionally, some tumors can 
contain amplifications of VEGFA and TERT or 
amplifications of the Myc and Met genes (206).  

Activated pathways: HCC tumors generally 
have a variety of activated pathways that make 
it an extremely difficult cancer to treat. There 
are four major pathways altered in HCC, which 
are: Tyrosine kinase receptor (TKR) signaling, 
TGF-β signaling, JAK/STAT signaling, and 
Wnt/β-catenin signaling. 

TKR signaling: Tyrosine kinase receptor 
signaling involves major growth and migration 
pathways. TKRs usually activate pathways 
such as Ras-MAPK, PI3K/Akt, c-MET, c-Myc 
and VEGF signaling. Ras-MAPK and PI3K/Akt 
signaling are up-regulated in almost 50% of 
early HCCs and in almost all advanced HCCs 
(78). Ras-MAPK is activated by upstream 
TKRs such as EGFR, IGFR, and MET 

signaling and leads to the activation of 
proliferation genes. PI3K-Akt signaling leads 
to altered MTOR signaling that also promotes 
cellular growth and is also activated in around 
50% of HCC (221). Ras-MAPK is generally 
activated by hypermethylation of Ras inhibitor 
genes such as NORE1A and RASSF1A15, but 
not usually by direct mutations of K-Ras (206). 
Hepatocyte growth factor-MET signaling is 
associated with poor prognosis (78). VEGF 
signaling plays a prominent role in HCC tumor 
angiogenesis, which is one of the reasons 
behind TACE therapy. HCC neoangiogenesis 
leads to leaky and malformed capillaries which 
can form hypoxic areas in the tumor. Hypoxia 
induces the expression of hypoxia inducible 
factor 1 and 2 (HIF), and these factors have 
been shown to increase tumor chemo- and 
radio resistance also leading to the failure of 
embolization therapies this being the reason 
why HIFs are associated with poor prognosis 
(222). 

TGF-β signaling: This signaling pathway is 
generally a tumor suppressor during early 
phases of the disease but may favor 
invasiveness and angiogenesis in more 
advanced disease (223). TGF-β is also 
involved in the endothelial to mesenchymal 
transition which promotes tumor metastasis 
and HCC expressing late TGF-β genes are 
considered to have a poor prognosis (224). 

JAK/STAT signaling: JAK/STAT signaling 
activates genes that promote proliferation, 
migration and differentiation. This pathway is 
usually affected by inactivation of the pathway 
inhibitors SOCS1 and SSI-1 (78). 

WNT/β-catenin signaling: This pathway is 
involved in embryogenesis, differentiation, 
proliferation and tumorigenesis and is altered 
in around 50% of HCC (225). The most 
common mutations in this pathway occur in the 
CTNNB1 gene which stabilizes β-catenin and 
leads to activation. Other less common 
mutations in this pathway are found in the 
AXIN1 and AXIN2 genes (3%-16%) (226). 
Tumors that have CTNNB1 mutations are 
considered to have a good prognosis (227). 
Research is still being done to discover new 
pathways involved in HCC, among them the 
LKB1-AMPK axis. 
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2.7 Liver Kinase B1 
Liver kinase B1 [LKB1 or 

serine/threonine kinase 11 (STK11)] is a 
serine/threonine protein kinase that is 
ubiquitously expressed. LKB1 was originally 
discovered and classified as a tumor 
suppressor as the gene mutated in patients 
suffering from Peutz-Jeghers syndrome (PJS, 
Figure.6) (228). PJS is a familial cancer 
syndrome that presents with gastro-intestinal 
polyps, and a distinctive pigmentation around 
the lips, oral mucosa, genitalia, or palmar 
surfaces (229). The gastro-intestinal polyps 
that develop in PJS patients can grow big 
enough to cause obstruction, pain, and 
gastrointestinal bleeding with anemia (230) 
additionally, these patients have an increased 
probability of developing cancers, especially of 
the lung, ovary, breast, colon and pancreas 
(231). LKB1 is one of the most commonly 
mutated genes in sporadic lung cancer, in 
which 20% to 40% of non-small cell lung 
carcinomas (NSCLC) have this mutation (232) 
along with 20% of cervical tumors (233). 
Deletion of both alleles of Stk11 in mice leads 
to death during embryogenesis (234) and 
heterozygous mice develop gastrointestinal 
polyps (235,236). Specific deletion of LKB1 in 
different tissues leads to a different phenotype 
depending on the tissue and can range from 
altered differentiation, hyperplasia, to 
aggressive carcinomas (237–239). 

There is only one isoform of the 
STK11 gene, found on chromosome 19p13.3, 
which is 23kb long and comprises 10 exons of 
which nine are coding (240). Human LKB1 is a 
433 amino acid protein (mouse has 436 amino 
acids), with 3 domains: an amino-terminal 
domain (N-terminal, 1-49), a kinase domain 
(49-309), and a carboxy-terminal domain (C-
terminal, 309-433, Figure.6) (240). The N-
terminal domain contains a nuclear 
localization sequence (NLS), but other than 
that the N- and C-terminal domains have no 
identifiable functional domains (240).  

LKB1 is generally found in both the 
cytoplasm and the nucleus of the cell, and 
when overexpressed it tends to accumulate in 
the nucleus. Under normal conditions LKB1 
forms a heterotrimeric complex with STRADα 
(STE-20-related adaptor) and MO25 (mouse 
protein 25 or calcium binding protein 39). 
STRADα is a pseudokinase that lacks several 
key catalytic residues, it binds LKB1 and acts 
as an allosteric activator of LKB1 while at the 
same time it shuttles the complex from the 
nucleus to the cytoplasm by blocking the N-
terminal NLS and facilitating the union of the 
complex to the exportins CRM1 and exportin 7 
(Figures.6 and 7) (241,242). The only known 
function of MO25 in the complex is to stabilize 
the STRADα-LKB1 union (242). Both STRADα 
and MO25α have two isoforms with high 

Figure 6. Liver Kinase B1 
Figure 6. Liver Kinase B1. LKB1 is a 433 amino acid long serine/theronine kinase with a kinase domain, an 
N-terminal and a C-terminal domain. The N-terminal domain contains a nuclear localization sequence (NLS) 
that targets the kinase to the nucleus. LKB1 is modified by various post-translational modifications such as 
phosphorylation, farnesylation, acetylation, SUMOylation, and ubiquitination. Numbers indicate known 
modified residuesP= phosphorylation, Ub= Ubiquitin, Ac= Acetylation, S1= SUMO1, T= Threonine, S= Serine. 
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sequence homology called STRADβ and 
MO25β respectively. 

2.7.1 LKB1 targets 
When in a complex with STRADα and 

MO25, LKB1 is considered to be constitutively 
active. LKB1 is mostly known for its ability to 
phosphorylate and activate 5’ AMP-activated 
protein kinase (AMPK). 

2.7.1.1 AMPK 
AMPK is an ubiquitous cellular energy 

sensor that is activated when the ratio 
AMP:ATP increases and once activated it 
shuts down anabolic pathways that consume 
ATP and activates catabolic pathways that 
produce ATP to restore energy homeostasis. 
AMPK is a heterotrimeric complex composed 
of the catalytic subunit AMPKα, and the 
regulatory subunits AMPKβ and -γ. Each 
subunit has three different isoforms encoded 
by different genes which can lead to at least 
12 different AMPK combinations (243). AMPK 
has four binding grooves, one of which is 
always occupied and another that is always 
free. The remaining two grooves are bound 
with ATP, ADP, or AMP and their ratios 
determine which molecule is bound to the 
groove, allowing for a more sensitive response 
to energy stress. When the two remaining 
grooves are bound with AMP, T172 of the 
activation loop in the α subunit becomes 
resistant to dephosphorylation and is more 
likely to be phosphorylated resulting in the 
activation of AMPK (240). LKB1 is the major 
upstream kinase for AMPK at T172 under 
energy shortage conditions (240), however, 
CaMKK2 is also known to phosphorylate 
AMPK at the same residue during changes in 
calcium concentration (244). 

Activated AMPK limits energy 
consuming pathways and promotes energy 
producing pathways. AMPK limits energy 
consumption by inhibiting fatty acid and sterol 
synthesis by phosphorylating and inactivating 
ACC1 and HMGR (245). Additionally, AMPK is 
also able to inhibit the activity of SREBP1c and 
ChREBP, two transcription factors involved in 
the transcription of lipogenic genes (246,247). 
AMPK is also able to stop gluconeogenesis by 
inhibiting enzymes such as enolpyruvate 
carboxykinase and glucose-6-phosphatase 
(248). AMPK also inhibits autophagy by 
phosphorylating ULK1 (section 2.1.3.1). 
Finally, AMPK can inhibit protein synthesis by 

activating the tuberous sclerosis complex 
(TSC1 and 2) that inhibits MTORC1 (249).  

 

 

2.7.1.2 MTORC1 
Mechanistic target of rapamaycin 

complex 1 (MTORC1), composed of MTOR, 
raptor and mLST8, is the complex in charge of 
integrating nutrient availability with cellular 
signals from upstream kinases. The complex 
is especially activated by the branched chain 
amino acids [leucine, isoleucine, and valine 
(250)]. When activated, MTORC1 initiates 
protein synthesis, activates cell growth 
proteins, and inhibits autophagy. MTORC1 
phosphorylates proteins like 4E-BP1 and 
S6K1 leading to ribosomal and protein 
synthesis (251) and can regulate the 
transcription of Cyclin D1, HIF1α, and MYC 
which lead to increased cell growth, cell cycle 
progression, and angiogenesis (252). 
MTORC1 is dysregulated in most cancers 
(253) due to its importance in cell growth and 
replication. Activation of the LKB1-AMPK 
pathway leads to the inhibition of MTORC1 
signaling by the activation of its TSC inhibitor 
and direct phosphorylation of raptor by AMPK 
(249). The inactivation of MTORC1 by LKB1-
AMPK is the main route by which LKB1 acts 
as a tumor suppressor and cells that do not 

Figure 7. LKB1 is active in the cytoplasm 

Figure 7. LKB1 is active in the cytoplasm. LKB1 
requires the formation of a heterotrimeric complex 
with STRADα and MO25 to exit the nucleus and 
acquire kinase activity. Once in the cytoplasm, 
LKB1 phosphorylates and activates the AMPK 
related kinases or ARKs (among them AMPK) 
which have a diverse set of functions. STRADα 
and MO25 are normally found throughout the cell. 
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have a functional LKB1 have increased 
MTORC1 signaling (254). 

2.7.1.3 AMPK related kinases 
LKB1 is also able to phosphorylate 

and activate approximately 12 different AMPK 
related kinases (ARKs, Figure.7) which have 
a highly conserved sequence around T172, 
but do not associate with the γ-subunit of 
AMPK (255). The ARKs have received less 
attention than AMPK but they are related to a 
variety of processes such as cell polarity, cell 
migration and gene transcription (240). Some 
of the more important ARKs are NUAK1 and 2 
involved in cell motility and protection from 
nutrient and oxidative stress (256,257) and 
MARK1-4 which are ARKs involved in cell 
polarity. Drosophila and C. elegans MARK 
orthologues (Par-1) are required for oocyte 
polarity and embryo asymmetric division 
respectively (258,259). When LKB1 is 
overexpressed in epithelial cells, they polarize, 
even forming a full brush border without cell-
cell contacts (260). The ability to polarize cells 
is also seen as an LKB1 anti-tumor effect as 
loss of polarity is common in cancer cells. 

2.7.2 LKB1 in the liver 
2.7.2.1 Liver Regeneration 

The importance of LKB1 in cell 
metabolism by controlling AMPK is seen in the 
liver where the LKB1-AMPK axis performs 
some non-canonical functions. One of the 
main functions of LKB1-AMPK is seen in liver 
regeneration. One of the most potent 
mitogenic cytokines for hepatocytes is HGF 
which is necessary for DNA synthesis after 
liver injury. HGF activates c-Met and the 
Ras/ERK/MAPK pathways which leads to 
proliferation (261). HGF also activates the 
LKB1-AMPK axis which leads to increased 
endothelial nitric oxide synthase (eNOS) 
activity. eNOS produces nitric oxide (NO) a 
gaseous second messenger mainly known for 
its ability to induce vasodilation. Increased NO 
levels activate inducible nitric oxide synthase 
(iNOS) which further increase the levels of NO 
in the cell (262,263). The increase in NO 
inactivates MATI/III by S-nitrosylation which 
reduces the levels of SAMe (264). High levels 
of SAMe, like in Gnmt-KO mice, are known to 
block HGF induced proliferation (265), 
because increased SAMe leads to the 
methylation and activation of protein 
phosphatases like protein phosphatase 2A 
(PP2A) which can dephosphorylate LKB1, 

AMPK and eNOS turning the pathway off (69). 
AMPK is also able to induce the transfer of 
HuR from the nucleus to the cytoplasm. HuR 
(Human antigen R) is an RNA binding protein 
that increases the half-life of target mRNAs. 
During regeneration HuR favors the survival of 
pro-growth mRNAs such as cyclin A2 and D1 
(266). The use of eNOS inhibitors such as NIO 
or L-NAME blocks the regenerative pathway 
by not being able to reduce MATI/III activity 
and maintaining high levels of SAMe.  

2.7.2.2 LKB1 and HCC 
LKB1 has been implicated in the 

proliferation of HCC in tumors derived from 
NASH. Cells isolated from mouse Mat1a-KO 
tumors (SAMe-D cells) have increased pLKB1 
(S428) and pAkt, which is activated 
independently from the PI3K pathway and is 
probably due to direct interaction with LKB1. 
SAMe-D cells also have increased p53 levels 
but they are retained in the cytoplasm, 
stabilized by the deubiquitinating enzyme 
HAUSP. HAUSP is stabilized by the 
cytoplasmic shuttling and stabilization of HuR 
by LKB1. These cells are also more resistant 
to apoptosis, as exposure to UVC results in 
delayed nuclear accumulation of p53. Knock 
down of LKB1 reduces pAkt, increases nuclear 
p53 and HAUSP and induces apoptosis. 
These results are also found in mouse Mat1a-
KO tumors and in human tumors derived from 
ASH and NASH as they all have increased 
cytoplasmic p53 and pLKB1 (267). 

A different tumor cell line derived from Gnmt-
KO tumors called OKER cells also displays 
increased pLKB1. In this model, the chronic 
high levels of SAMe induce the over activation 
of the Ras/ERK/p90RSK pathway that 
disconnects LKB1 from AMPK. Like with 
Gnmt-KO mice, OKER cells have increased 
methylation of Ras inhibitors such as SOCS1 
and RASSF1A while the Ras activator 
RasGRP3 is overexpressed. Demethylating 
agents and Ras inhibitors lead to a reduced 
Ras pathway and an activated AMPK resulting 
in increased apoptosis and cell death. 
Additionally, xenograft tumors can be blocked 
by demethylating agents or knock down of 
LKB1. A similar relationship is also found in 
human HCC where GNMT levels are inversely 
related to LKB1 and RasGRP3 levels and the 
higher the latter the worse the prognosis (268). 
This data shows that LKB1 can be either a 
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tumor suppressor or a protumor gene 
depending on the situation and the organ. 

2.7.3 LKB1 post-translational 
modifications 

LKB1 can be modified by various post-
translational modifications that can affect its 
localization and activity (see next section). 
LKB1 has four auto-phosphorylation sites at 
threonines 185, 189, 336, and 402 (Figure.6), 
however, mutations of these sites to alanine 
show no effect on LKB1 catalytic activity or 
subcellular localization (240). 

One of the major phosphorylation 
sites for LKB1 is serine 428 (mouse 431) 
which is necessary for LKB1 nuclear export 
and cell cycle arrest activity (240). This serine 
can be phosphorylated by p90RSK1, cAMP-
dependent protein kinase A (PKA), and protein 
kinase c (PKC)-ζ in response to the different 
upstream stimuli that activate them (269,270). 
PKC-ζ can also phosphorylate serine 307 in 
endothelial cells and this may be necessary for 
nuclear export of LKB1 (271). Other 
phosphorylated residues include serine 363 
which is phosphorylated by ataxia 
telangiectasia mutated (ATM) during ionizing 
radiation (272) and serine 325 which is 
phosphorylated by ERK (273). 
Phosphorylation of serine 325 and serine 428 
may be important in melanoma with the 
mutation BRAFV600E. In this type of melanoma, 
both S325 and S428 can uncouple LKB1 from 
AMPK and result in tumor cell proliferation 
(274). Recent studies such as the BRAFV600E 
study have shown that S428 may not be 
necessary for LKB1 activation or that it may be 
context dependent (274,275). Serine 31 lies in 
a consensus sequence for phosphorylation by 
AMPK or ARKs but it has yet to be properly 
characterized (276). 

LKB1 can also be prenylated at serine 
430 (mouse 433) with a farnesyl moiety (277) 
(Figure.6). Its proximity to s428 does not 
appear to affect its phosphorylation and 
mutation of S428 does not appear to affect 
LKB1 prenylation (269). In organs such as 
testis and spleen, a different LKB1 isoform 
exists that lacks the last 63 residues and thus 
cannot be prenylated nor phosphorylated 
(278) and prenylation does not appear to affect 
cellular localization of LKB1 (269). 

LKB1 can also be acetylated. 
Acetylation can occur at nine different lysine 
residues spread throughout the protein (K44, 
48, 96, 97, 296, 311, 423, and 431, Figure.6), 
however, only lysine 48 appears to have a 
considerable effect on its localization. 
Acetylation of K48 inhibits LKB1 translocation 
to the nucleus by reducing its affinity for 
STRADα and LKB1 is deacteylated by the 
deacetylase SIRT1 (279). 

LKB1 can also be ubiquitinated by the 
Skp2/SCF complex. Polyubiquitination at 
lysines 41, 44, 48, 62, and 64 increase the 
stability of the LKB1 complex and favor the 
binding of LKB1 to MO25 (Figure.6 and 7). 
This mechanism appears to be upregulated in 
HCC leading to increased LKB1 levels in later 
stages of the disease (280). Recently, LKB1 
was shown to be SUMOylated by SUMO1 
(section 2.8.4), which increased its interaction 
with AMPK (AMPK contains a SUMO 
interaction motif) and results in higher AMPK 
phosphorylation. LKB1 is SUMOylated more 
during starvation when AMPK activation is 
needed (281). Finally, LKB1 can also be 
NEDDylated (section 2.8.3), a modification 
that increases its stability and is increased 
during HCC (282). 

2.8 Post-translational Modifications 
The human genome is estimated to 

contain around 20,000 to 25,000 genes 
(genome) (283), however, there are an 
estimated 1,000,000 proteins (proteome) 
(284). This vast difference can be explained by 
post-translational modification of mRNA and 
proteins. Genomic recombination, initiation of 
transcription at different promoters, different 
transcription termination, and alternative 
transcript splicing are a few ways of increasing 
protein diversity from the same set of genes 
(285). The remaining diversity is obtained from 
post-translational modifications (PTM) that 
occur during the “life cycle” of the protein 
(Figure.8). 

2.8.1 Addition of functional groups 
 Many different types of functional 
groups can be used as post-translational 
modifications. Some of the most widely 
studied are: 

Phosphorylation: Protein phosphorylation is 
one of the most studied forms of PTM. It 
mainly involves the addition of a phosphate 
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group to the side chains of serine, threonine, 
and tyrosine. Phosphorylation is involved 
mainly in cell signal transduction affecting 
many cellular processes such as cell 
proliferation, growth, and apoptosis. 
Phosphorylation is a reversible process and 
allows the target protein to quickly react to a 
stimulus and perform an action for a limited 
time. Phosphorylation is carried out by protein 
kinases which use ATP as the principal donor 
and the phosphate group is removed by 
protein phosphatases (286). 

Methylation: Methylation is the addition of 
one-carbon methyl groups (-CH3) to nitrogen 
(N-methylation) or oxygen (O-methylation) 
from an amino acid side chain. Methylation 
can increase hydrophobicity and mask 
negative amino acid charges (286). The most 
common donor of methyl groups is SAMe 
(section 2.2.1) and the reaction is catalyzed 
by various methyltransferases. Methylation is 
mostly known for the histone code, a 
sequence of methylated and acetylated 
histone amino acids that can regulate the 
amount of chromosomal condensation (287). 

Acetylation: Acetylation is the addition of an 
acetyl group (CH3CO-) most commonly to 
lysine ε-NH2. This reaction is catalyzed by 
various acetyltransferases and the reverse 
reaction is catalyzed by deacetylases. 
Acetylation is involved in protein stability, 
localization, protein synthesis, and is also 
known for the histone code (287,288). One 
acetyltransferase that has received a lot of 

attention during the past few years is sirtuin1 
(SIRT1). This deacetylase has been involved 
in gene silencing, ageing, cancer, and 
metabolism (289). 

2.8.2 Addition of polypeptides 
Another big class of post-translational 

modifications is the covalent addition of a 
polypeptide. The biggest groups of 
polypeptides that are reversibly attached to 
other proteins are ubiquitin-like proteins (UBL) 
which can elicit a wide range of effects, 
ranging from protein stability to DNA repair. 
UBLs are named after ubiquitin (Ub), the first 
and most famous of these kinds of proteins to 
be discovered in 1975 (290). Ubiquitin is 
mainly associated with the stability of the 
target protein as polyubiquitinated proteins are 
signaled for destruction via the proteasome 
(291). However, recent work has uncovered 
different roles for ubiquitin sometimes even 
depending on the type of chains formed on the 
substrate (292).  

UBLs have a similar sequence to Ub 
and share a similar 3D structure. Additionally, 
the UBLs share a similar conjugation pathway 
that involves an E1 activating enzyme, an E2 
conjugating enzyme, and an E3 ligase 
(Figure.9) (293). UBLs are first processed so 
that the terminal glycine is available for the 
reaction. The E1 activating enzyme first 
activates the UBL with ATP and transfers it to 
the E2 conjugating enzyme, which is then 
transferred to the E3 ligases which will 
determine the final substrate the UBL will be 

Figure 8. Post-translational modifications increase proteome complexity 

Figure 8. Post-translational modifications increase proteome complexity. Post-translational 
modifications can increase protein diversity from the 20,000 to 25,000 genes present in the human genome 
to over 1,000,000 proteins with varying activities, stability and localizations.   
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covalently attached to (293,294). E1, E2, and 
E3 enzymes are extremely specific and only 
load their corresponding UBL despite the 
extreme similarities between all UBLs (293). 
All UBLs come with their own set of 
deconjugating enzymes that efficiently remove 
the UBL from the substrate and process the 
precursor. Like the conjugating enzymes, the 
deconjugating enzymes work mainly with their 
specified UBL. There are around 16 UBLs 
(293) and the most studied ones are Ubiquitin, 
NEDD8 and SUMO while lesser known UBLs 
are ISG15 (immune system), FAT10 (immune 
system), Atg8 and 10 (Autophagy), and Ufm1 
(erythroid differentiation) (11,293). 

2.8.3 NEDDylation 
NEDDylation is the covalent addition 

of Neural precursor cell expressed 
developmentally downregulated-8 (NEDD8) to 
a substrate protein. NEDD8 is the UBL that is 

most similar to Ub [59% similarity in humans 
(295)] but despite this similarity both proteins 
are conjugated to different substrates and 
carry out different functions in the cell. NEDD8 
is mainly localized in the nucleus and is 
expressed in most adult tissues (296). 

The E1 activating enzyme for NEDD8 
is the E1 NEDD8 activating enzyme (NAE) 
which is composed of a regulatory subunit, 
amyloid-β precursor protein binding protein 1 
(APPBP1), and a catalytic subunit known as 
ubiquitin-activating enzyme 3 (UBA3) 
(Figure.9). This cascade has two E2 enzymes 
known as ubiquitin-conjugating enzyme E2M 
(UBE2M or UBC12) and ubiquitin conjugating 
enzyme E2F (UBE2F). All known NEDD8 E3 
ligases belong to the RING subclass and can 
also function as E3 ubiquitin ligases (297). The 
most studied E3s are RING-box protein 1 
(RBX1) and RBX2 which are components of 

Figure 9. Ubiquitin-like proteins share a similar life cycle 

Figure 9. Ubiquitin-like proteins share a similar life cycle. Ubiquitin-like proteins (UBL) share a similar 
activation and life cycle. A specific isopeptidase produces a mature UBL by exposing the terminal Gly-Gly (-
GG) motif which allows the specific E1 to use ATP to activate the UBL. The UBL is then transferred to a 
specific E2 conjugating enzyme and then to the substrate with the help a specific E3 ligase. The cycle is 
closed when the specific isopeptidase cleaves the UBL from the substrate again exposing the terminal Gly-
Gly motif. The SUMO specific E2, Ubc9, can attach SUMO directly to the target substrate (*) without the help 
of an E3 by detecting the SUMO specific consensus sequence. In red are the specific enzymes dedicated to 
SUMOylation and in blue are the specific enzymes dedicated to NEDDylation. 
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the cullin-RING ligases (CRL). NEDD8 is 
deconjugated from its substrates through the 
deNEDDylating cysteine protease NEDP1 
(also known as SENP8 or DEN1) and CSN5, 
a subunit of the COP9 signalosome that 
removes NEDD8 from CRL (298). NEDP1 
works mainly on non-CRL targets and cleaves 
the NEDD8 precursor to expose its terminal 
glycine (299). 

2.8.3.1 NEDD8 Targets 
NEDD8 is mainly involved in the 

regulation of the cell cycle and DNA 
replication, signal transduction, and 
centrosome and cytoskeletal regulation (300). 
These effects are mainly mediated through the 
activity of its most studied and important 
substrate: cullins. Cullins are scaffold proteins 
for the Cullin-RING E3 ubiquitin ligases (CRL) 
which are large ubiquitinating complexes that 
target many different substrates for 
destruction. Addition of NEDD8 allows the 
cullin to dissociate from its inhibitor Cullin-
associated NEDD8-dissociated protein 1 
(CAND1) and bind the RING domain protein to 
form the CRL. CRLs can then bind with a 
substrate receptor that will determine the 
substrate that gets ubiquitinated. CRLs can 
bind many different substrate receptors which 
is the reason why they can target so many 
different proteins for destruction (301). 
Interestingly, CRLs require that the NEDD8 
moiety be constantly removed otherwise the 
CRL complex is destabilized and degraded, so 
CRLs go through cycles of addition and 
removal of NEDD8 with the help of the COP9 
signalosome (301). 

Recently, more targets for NEDD8 
have been discovered other than the CRLs. 
These also include a range of different 
proteins performing different cellular roles. 
Some of these proteins are HuR (302), EGFR, 
TβRII, VHL, Smurf1, and a subset of ribosomal 
proteins (300,303). One of the most important 
NEDDylated proteins is p53. NEDDylation of 
p53 by Mdm2 leads to the attenuation of its 
transcriptional activity (304). Mdm2 can also 
autoNEDDylate itself increasing its stability.  

2.8.3.2 NEDD8 and Cancer 
Since NEDD8 targets, especially the 

CRLs, are involved in many tumor sensitive 
pathways it is not surprising to find that many 
cancers have dysregulated components of the 
NEDD8 pathway (305) and mutations of CRL 

adaptors like FBW7 are found in 6% of all 
cancers and almost 30% of leukemias and 
gastrointestinal cancers (306). Additionally, 
cullin upregulation is associated with cancer 
and tumor progression (307). Some of the 
cancers in which dysregulated NEDDylation 
has been studied are lung cancer (308) and 
liver cancer (282). In HCC tumor prognosis 
correlated with the upregulation of the 
NEDDylation pathway. The RNA binding 
protein HuR (highly expressed in malignant 
lung and gastric tumors) is also NEDDylated 
by Mdm2. Mdm2 NEDDylation of HuR retains 
it in the nucleus and protects it from 
proteasomal degradation. HuR lysine mutants 
(K283, 313, 326R) that are incapable of 
NEDDylation or Mdm2 mutants increase the 
cytoplasmic localization of HuR and its 
ubiquitination leading to proteasomal 
degradation (302). 

Recently, MLN4924, a first in class 
inhibitor of NAE1 (309) and the NEDD8 
pathway was developed and its use leads to 
increased tumor cell death by blocking the 
cells at the S-phase of the cycle and leading to 
DNA re-replication. This is because the 
replication licensing factor CDT1 is stabilized 
by the absence of CRL activity (310,311). In 
HCC, the use of MLN4924 on hepatic tumor 
cell lines leads to increased PEMT flux and 
altered oxidative phosphorylation and cell 
apoptosis. Additionally, inhibition with 
MLN4924 leads to reduced stability of LKB1 
and Akt, implicating these kinases as possible 
NEDD8 substrates (282). 

2.8.4 SUMOylation 
SUMOylation is the addition of a small 

ubiquitin-related modifier (SUMO) moiety to 
the target protein. SUMO is expressed in all 
eukaryotes and higher eukaryotes express 
several isoforms (312). SUMO has a 20% 
amino acid sequence identity with Ub and 
contains a unique 20 amino acid flexible N-
terminal used for the formation of SUMO 
chains (294). Humans have 4 SUMO isoforms, 
SUMO 1, 2, 3, and 4. SUMO 1-3 are 
ubiquitously expressed in all tissues but 
SUMO 4 appears to be restricted to kidney, 
lymph node, and spleen (313). SUMO2 and 3 
(usually referred as SUMO2/3) are 97% 
identical but only have a 50% similarity with 
SUMO1 (294). SUMO1 and SUMO2/3 have 
different substrates and may have different 
effects on their targets while SUMO1 tends to 
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monoSUMOylate its targets; SUMO2/3 forms 
polySUMO chains on its substrates (314,315).  

Like all UBLs, SUMO has its own 
corresponding E1, E2, and E3 enzymes 
(Figure.9). The E1 activating enzyme is 
composed of SUMO-activating enzyme 1 
(SAE1 or AOS1) and SUMO-activating 
enzyme 2 (SAE2 or Uba2). This heterodimer 
uses ATP to activate all types of SUMO. There 
is only one known E2 enzyme for SUMO called 
Ubc9 which is unique in that it is able to detect 
and bind to a specific SUMO conjugating site 
found on SUMO substrates (next section) 
(316). The final E3 ligases are composed of 
two different groups: Siz/PIAS and RanBP2.  
The Siz/PIAS group of E3 ligases contains six 
members in humans called protein inhibitors of 
activated STAT (PIAS) composed of PIAS1, 
isoforms PIASxα and PIASxβ, PIAS3, and 
PIASγ (317). RanBP2 is an unrelated protein 
that is found in the nuclear pore and is involved 
in nucleocytoplasmic shuttling (318). The E3 
ligases give the system flexibility and 
specificity. Similarly, like the other UBLs, 
SUMO has its own set of deSUMOylases that 
specifically remove SUMO from its target 
proteins. Sentrin-specific proteases (SENP) -
1, -2, -3, -5, -6, and-7 all remove SUMO from 
its substrates and cleave the precursor SUMO 
to its terminal glycine residue (319). SENP6 
and 7 mainly deconjugate SUMO2/3 chains 
from substrates (320). SENPs normally don’t 
distinguish between SUMO1 and SUMO2/3 
but they do have different cellular localization. 
SENP1 and 6 are found in the cytoplasm and 
the nucleus (321–323), while SENP2 is found 
at the nuclear pore (324) and SENP5 is found 
mainly in the nucleolus (325). SUMO4 is an 
exception in the SUMO family as it does not 
appear to be able to be cleaved by SENPs to 
form a mature form with a terminal glycine 
(326). 

2.8.4.1The SUMO consensus sequence 
The SUMO acceptor lysine is 

embedded in a small motif that is recognized 
by the E2 Ubc9.  The consensus motif is 
ψKXD/E (where ψ is a hydrophobic residue, K 
is the acceptor lysine, and X is any amino acid) 
(327). Mutation of the lysine or other amino 
acids of the motif can lead to reduced 
SUMOylation of the protein. In some cases the 
motif can be extended and may require a 
downstream phosphorylation site to favor 
SUMOylation (ψKXD/EXX(pS)P, called 

phosphorylation-dependent SUMOylation 
motif) (328) or the site is flanked by negatively 
charged amino acids (ψKXD/EXXEEEE, 
called negatively charged amino acid 
dependent SUMOylation motif) (328). 
Approximately 50% of SUMO substrates have 
a consensus site (329), the other forms of 
substrate conjugation are due to SIM-
dependent SUMOylation and E3 ligase-
dependent SUMOylation. During SIM-
dependent (SUMO interacting motifs) 
SUMOylation, proteins that contain SIMs bind 
a SUMO moiety that is bound to Ubc9 bringing 
the acceptor lysine in close proximity for the 
reaction to occur (330). E3 ligase-dependent 
modification requires that the target protein 
recognize the E3 PIAS to bring the acceptor 
lysine close enough for the reaction to occur 
(331).  

2.8.4.2 SUMO targets 
Like most UBLs, SUMO is involved in 

many different processes. Some of the most 
important ones are protein localization, 
activity, and stability. SUMO modified proteins 
are involved in many diverse cell functions 
such as nucleocytoplasmic shuttling, DNA 
repair, mitosis, cell development and 
differentiation, senescence, and apoptosis 
(332–334). One of the first targets discovered 
for SUMO was the nuclear pore transport 
protein RanGAP which is SUMOylated by the 
E3 RanBP2 (335,336). Additionally, SUMO 
has been related to DNA repair mechanisms 
as loss of PIAS4 and SUMO can lead to loss 
of ubiquitinated proteins necessary for DNA 
repair to work efficiently (337,338). The 
discovery of a SUMO consensus site has led 
to the discovery of many SUMO target proteins 
outside the nucleus such as Akt1 (339,340), 
Argonaute 2 (341,342), MATII (343), p85 (344) 
and STAT5 (345), all involved in different cell 
processes. 

2.8.4.3 SUMO and Cancer 
The SUMO pathway is involved in 

many different cellular pathways that are 
involved directly or indirectly in growth and 
division making the pathway a target for 
cancer. Ovarian (346) and lung 
adenocarcinoma (347) have increased 
expression of Ubc9 while SENP1 is 
overexpressed in prostate cancer (348) and 
thyroid oncocytic adenoma (349). Ubc9 is also 
overexpressed in other types of cancer 
(350,351). Additionally, patients with multiple 
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myeloma have enhanced SUMOylation in cell 
lysates and high expression of SUMO 
isoforms is linked with poor outcome (352). In 
other studies, researchers found that 
SUMOylation of Akt1 led to increased Akt 
activity resulting in more cell proliferation and 
tumorigenesis. A mutation that is found in 
many tumors E17K leads to increased 
SUMOylation of Akt1 resulting in increased 
activity and a worse outcome (339). In breast 
cancer, patients with a G73A polymorphism in 
the Ubc9 gene have a reduced ability for 
repairing DNA double stranded breaks 
resulting in increased cancer rates and an 
association with tumor grade (353,354). For 
the same reasons that SUMO can promote 
tumor formation and growth, it can lead to 
tumor suppression. Over expression of 

SENPs can favor the deSUMOylation of Mdm2 
and its subsequent degradation leading to 
increased p53 stability (355). 

In HCC, Tomasi et al. found that Ubc9 
was upregulated by both protein and mRNA 
levels. In liver, Ubc9 is phosphorylated by 
Cdc2 which increases Ubc9 stability. 
Increased SAMe levels were able to reduce 
phosphorylation of Ubc9 by reducing Cdc2 
levels. Both Cdc2 and Ubc9 are increased in 
HCC along with pUbc9 (356). Other groups 
have also reported that SUMO1 is increased 
during HCC when compared to the adjacent 
healthy tissue and the increase in SUMO1 
leads to an increased cell cycle (357) and 
increased multidrug resistance (358). 
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3. Objectives 

The principal aim of this project consists in the study of post-translational modifications in the 

development of liver disease from non-alcoholic liver disease, through fibrosis, and finally to 

hepatocellular carcinoma. The three minor objectives for this project are as follows: 

Gnmt-KO mice have abnormally high serum levels of SAMe and methionine and quickly 

develop liver steatosis. In hepatocytes, the major mechanism for lipid catabolism is autophagy which 

can quickly mobilizes lipid reserves in a process called lipophagy. Defects in this process have been 

related to steatosis development in the liver. Recent studies in yeast have shown that methionine and 

SAMe can inhibit autophagy and we have shown that Gnmt-KO mice have an inhibited autophagic 

flux which contributes to steatosis due to the elevated levels of SAMe and methionine. The first 

objective is to determine the mechanisms by which high levels of SAMe and methionine can block 

autophagy in the liver and the contribution of PP2A and MTOR to the block. 

The post-translational modification NEDD8 is involved through its main substrate, the cullin-

RING ligases, in many different cell processes. Recent work has uncovered that the NEDDylation 

pathway is dysregulated in many different types of cancer such as in the lung and liver. Many of the 

pathways involved in HCC are also affected during liver fibrosis and cirrhosis, the steps before liver 

cancer. The second objective of this project is to determine if the NEDDylation pathway is altered 

during the formation of liver fibrosis and the role that NEDDylation may play in the evolution of this 

disease.  

Recent work on LKB1 in the liver has uncovered a different role for this kinase in cell growth 

and proliferation. Contrary to other organs, LKB1 is necessary for liver regeneration after partial 

hepatectomy and may have a protumoral role. In liver cancer derived from SAMe deficiency or 

excess, LKB1 is activated and this activation results in a tumor like phenotype. Additionally, HCC 

patients with upregulated LKB1 levels have a worse prognosis. Work on the mechanisms by which 

LKB1 can induce tumor growth and proliferation in the liver are being uncovered and among them is 

the upregulation of the RAS pathway through inhibition of RAS inhibitors and upregulation of RAS 

activators. Additionally, LKB1 is mainly considered to be active only in the cytoplasm but research 

has shown that it may have an important role in the nucleus although little work has been done to 

study the mechanisms that maintain it there. The third objective is to study the mechanisms by 

which LKB1 overexpression can result in liver malignancy and the post-translational mechanisms that 

determine the localization of LKB1 in the cell as well as the possible effects that nuclear LKB1 can 

have on cell survival. 
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4. Experimental Procedures 

4.1 Cell Isolation, Culture and Treatments 
4.1.1 Primary Cells 
4.1.1.1 Mouse Hepatocytes 

Primary hepatocytes from 3-month old male wild type (WT) (C57BL/6J strain) and GNMT 
knockout (Gnmt-KO) mice were isolated by perfusion with collagenase type I (Worthington, USA) as 
described previously (359). In brief, animals were anesthetized with isofluorane (1.5% isofluorane in 
O2), the abdomen was opened and a catheter was inserted into the inferior vena cava. The liver was 
perfused with buffer A [Phosphate Buffered Saline (PBS), 5 mM EGTA. 37°C and oxygenated] and 
the portal vein was cut. Subsequently, the liver was perfused with buffer B [Phosphate Buffered 
Saline. 37°C and oxygenated] to remove the EGTA. The liver was then perfused with buffer C [PBS, 
1 mM CaCl2, collagenase type I (Worthington, USA). 37°C and oxygenated]. Once the perfusion was 
complete, the liver was placed in a petri dish containing Minimun Essential Medium (MEM, Gibco, 
USA) and the gall bladder was carefully removed after which the liver was gently disaggregated with 
forceps. The digested liver was then filtered through a sterile gauze; hepatocytes were collected and 
washed three times in MEM (First wash: 400 rpm, 4 min. Subsequent washes: 500 rpm, 5 min). After 
the final wash the supernatant was removed (supernatant from the three wash steps was conserved 
and used to isolate Kupffer cells and hepatic stellate cells, section 4.1.1.2 and 4.1.1.3) and the 
pelleted cells were resuspended in fresh 10% fetal bovine serum (FBS, Gibco) MEM supplemented 
with 1% penicillin, streptomycin, and glutamine (PSG, Gibco). 

 Primary hepatocytes were seeded over previously collagen-coated culture dishes at a density 
of 7600 cells/mm2 in 10% fetal bovine serum (FBS; Gibco) MEM supplemented with 1% PSG and 
placed at 37°C in a humidified atmosphere of 5% CO2-95% air. After 2-4 hours of attachment, the 
culture medium was replaced with fresh 10% MEM or 0% FBS MEM depending on the treatments to 
be performed (Table.1). 

4.1.1.2 Primary mouse Kupffer Cells 
Supernatants from the hepatocyte wash (section 4.1.1.1) were joined together and 

centrifuged 1350 g for 10 min at 4°C. The pellet was resuspended in 10 ml buffer (150 mM NaCL, 6 
mM KCl, 10 mM Hepes and 6 mM NaOH) and then loaded onto a 25/50% percoll PLUS (GE 
Healthcare, UK) gradient and again centrifuged at 1350 g for 30 min at 4°C with minimum 
acceleration/deceleration. The non-parenchymal cells were collected with a pipette from the interface 
between the two density cushions of 25% and 50%. Collected cells were centrifuged again at 1350 g 
for 10 min at 4°C and the resulting pellet was resuspended in RPMI cell medium (Gibco). Kupffer 
cells were removed from the media by selective adherence, by incubating the resuspended cells on 
uncoated plastic culture plates for 8 min at 37°C. Afterwards the media was removed and used for 
primary mouse hepatic stellate cell isolation (next section). Primary Kupffer cells were incubated in 
0% RPMI medium supplemented with 1% PSG at 37°C in a humidified atmosphere of 5% CO2-95% 
air. 

4.1.1.3 Primary mouse Hepatic Stellate Cells 
The remaining media was centrifuged again and the resulting pellet was resuspended in 

RPMI. The hepatic stellate cells were then seeded on uncoated plastic culture plates and cultured in 
RPMI medium 0% FBS and supplemented with 1% PSG at 37°C in a humidified atmosphere of 5% 
CO2-95% air. 

4.1.1.4 Bclc3 cell line 
 Barcelona Clinic liver cancer 3 (Bclc3) human cell lines were derived from resected 
hepatocellular carcinoma patients with Hepatitis C virus infection. Cell cultures were maintained in 
DMEM/F12 1:1 (Gibco) supplemented with 10% FBS, 1% PSG, 1% Sodium pyruvate (GE Healthcare 
Life Sciences) and 1% Non-essential amino acids (Gibco) at 37°C in a humidified atmosphere of 5% 
CO2-95% air. 
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4.1.3 Commercial Cell Lines 
Huh7 

Huh7, human hepatocarcinoma cells, were purchased from the American Type Culture 
Collection (ATCC) and were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) 
supplemented with 10% FBS and 1% PSG and 1% Fungizone (Anfotericine B, Gibco) (PSAG). 

MLP29 

Mouse Liver Progenitor 29 (MLP29) cells were purchased from ATCC and were cultured in 
DMEM supplemented with 10% FBS and 1% PSAG. 

LX-2 

LX-2 cells are immortalized human hepatic stellate cells that still retain the ability to respond 
to transforming growth factor beta (TGF-β) and platelet-derived growth factor (PDGF) (360). LX-2 
cells were purchased from Merck-Milipore, Germany, and cultured in DMEM 2% FBS supplemented 
with 1% PSAG. 

All commercial cell lines were cultured at 37°C in a humidified atmosphere of 5% CO2-95% 
air. 

4.1.4 Cell Treatments 
Primary hepatocytes and commercial cell lines were subjected to different treatments in the 

present work. Reagents, concentrations and FBS percentage in the culture medium are presented in 
Table 1. 

4.1.4.1 Hypoxia 
For hypoxia experiments, cells were incubated in an Invivo2 400 hypoxia Workstation (Baker Ruskinn, 
USA) at 1% O2 for 24 hours and lysed/fixed in the hypoxia chamber unless otherwise stated. 

Table 1. Treatments and compounds used for in vitro experiments. 
Compound Dose Vehicle Function/Target Supplier %FBS  

3-Deazaadenosine 20 µM dH2O Inhibitor of 
methylation reactions Sigma Aldrich 10 

Ammonium 
Chloride 20 mM dH2O 

Raises Lysosomal pH 
(N/L) Sigma Aldrich 0 

Butyrolactone-3 100 µM DMSO Inhibits GCN5 Abcam 10 

Chloroquine 60 µM dH2O Inhibitor of lysosome 
mediated proteolysis Sigma Aldrich 0 

Deoxycholic acid 50 µM dH2O Toxic bile acid Sigma Aldrich 0 

Ex-527 30 µM DMSO 
Selectively inhibits 

SIRT1 Sigma Aldrich 10 

Insulin 0.5 
µg/ml 

Culture 
Medium Metabolic hormone Sigma Aldrich 0 

Leupeptin 100 µM dH2O Protease inhibitor 
(N/L) 

Sigma Aldrich 0 

Lipopolysaccharide 200 
ng/ml 

Culture 
Medium Endotoxin Sigma Aldrich 0 

L-Methionine 0.125-1 
mM 

Culture 
Medium Multiple functions Sigma Aldrich 0 

MLN4924 3 µM DMSO Inhibits NAE1 Millenium 
Pharmaceuticals 0 

Okadaic Acid 1 nM - PP2A inhibitor Sigma Aldrich 0 

SAMe 0.5-4 
mM 

Culture 
Medium Multiple functions Abbott 0 

TGF-β 8 ng/ml dH2O 
Multifunction 

cytokine, involved in 
fibrosis 

Peprotech 0 

Table 1. Treatments and compounds used for in vitro experiments 
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4.2 DNA and RNA 
4.2.1 Cell Transfection 
Plasmid cDNA transfection 

The protocol for commercial cell line transient transfection using Lipofectamine 2000 
(Invitrogen, USA) was as follows: 

DNA-Lipofectamine complex formation: Lipofectamine 2000 (2.5 µl/1 µg DNA) was diluted in 
500 µl of OPTI-MEM (Gibco) medium for transfections in 60 mm culture plates and in 1 ml for 
transfections in 100 mm culture plates and incubated for 5 min. After incubation, the mixture was 
added to 500 µl of OPTI-MEM (1 ml for 100 mm plates) containing plasmid DNA (1 to 6 µg depending 
on the experiment), and incubated for at least 20 min at room temperature (RT) to allow for the 
formation of the DNA-Lipofectamine complexes. 

Cell transfection: DNA-lipofectamine complexes previously formed were added to the culture 
plates containing the corresponding culture medium with 10% FBS but without antibiotics and with 
the cells in suspension.  For experiments involving FLAG-LKB1 and HIS6-SUMO, the ratio of 3 µg 
plasmid/1,000,000 cells was used and in experiments that required transfection of two or more 
plasmids a ratio of 2:2:1 µg was used. DNA-lipofectamine complexes, cells and media were mixed to 
a concentration of 62,500 cells/ml and then plated in the appropiate culture plate. The mixture with 
cells was left overnight and the culture media was replaced next morning with fresh culture medium 
supplemented with antibiotics. Approximately 6 hours after the media change, the cells were either 
lysed or subjected to the corresponding treatment depending on the experiment. Transfection 
efficiency was confirmed by Western blotting or RNA expression analysis. 

The protocol for transient transfection using jetPRIME (Polyplus transfection, France) in LX-
2 cells and primary cells was as follows: 

2 µg of plasmid were diluted in 200 µl of jetPRIME buffer, briefly vortexed, 4 µl of jetPRIME 
reagent were added (for LX-2 cells, due to toxicity, half the quantity of jetPRIME reagent was used), 
the mixture was briefly vortexed again and then incubated at RT for 10 min. After the incubation, the 
mixture was added to the cells in suspension with the appropriate culture medium supplemented with 
FBS and antibiotics and the mixture was left overnight. Primary hepatocytes were maintained with 
the mixture for 4 to 6 hours after which fresh media was added. For the LX-2 pulldown assays, cells 
were transfected with 3 µg of His6-NEDD8, the next day the transfection mixture was replaced with 
fresh media and left for 6-8 hours. Finally a new transfection mixture with 3 µg of CS2-FLAG Smad2 
was added to the media and also left overnight. Transfection efficiency was confirmed by Western 
blot or RNA expression analysis. 

The plasmids used in this study are listed in Table 2. 

4.2.2 Plasmid Constructs 
SUMO mutant LKB1 plasmid construction 

Putative SUMO sequence binding sites on LKB1 were analyzed using the SUMOplot Analysis 
Program (http://www.abgent.com/SUMOplot, Abgent, USA). The 4 highest ranking sites predicted by 
SUMOplot were used to create the mutants (lysines 96, 97, 178 and 235; Table.2). Lysines were 
mutated to arginines (R). An additional acetylation mutant (K48R) was also created based on (279). 
The mutant LKB1 plasmid constructs were created using the QuickChange kit for directed 
mutagenesis (Stratagene, USA), according to the manufacturer’s instructions, with two 
complementary oligonucleotides and with the pcDNA3-FLAG LKB1 plasmid as a template. The 
products were sequenced (STABvida, Portugal) to ensure that only the correct lysine had been 
mutated. 
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Table 2. List of plasmids used in cell transfections 

Table 2. List of plasmids used in cell transfections. 
Plasmid Source Id. 

CS2 FLAG-Smad2 Addgene #14042 
pcDNA3-His6-NEDD8 Dr. Rodríguez - 

pcDNA3-His6-ΔGG-NEDD8 Dr. Xirodimas - 
V5-NEDP1 Dr. Xirodimas - 

pcDNA3-FLAG-LKB1 Addgene #8590 
pcDNA3-FLAG-KD LKB1 

(K78I) Addgene #8591 

FLAG-SENP1 Dr. Rodríguez - 
FLAG-SENP2 Addgene #18047 

pcDNA3-RGS SENP3 Addgene #18048 
pcDNA3-RGS SENP5 Addgene #18053 

FLAG-SENP6 Addgene #18065 
p3xFLAG-CMV-10-SENP7 Addgene #42886 

pCMV-FLAG PIAS1 Dr. Rodríguez - 
pCMV-FLAG hPIASxα Addgene #15209 
pCMV-FLAG hPIASxβ Addgene #15210 
pCMV-FLAG hPIASγ Addgene #15208 
pECE-FLAG SIRT1 Addgene #1791 
pcDNA4-STRADα Dr. Rodríguez-Nieto - 

pcDNA3-His6-SUMO1 Dr. Rodríguez - 
pcDNA3-His6-SUMO2 Dr. Rodríguez - 
pcDNA3-His6-SUMO3 Dr. Rodríguez - 

pcDNA-V5 Ubc9 Dr. Rodríguez - 

pcDNA3-FLAG-LKB1 K48R Site-directed 
mutagenesis - 

pcDNA3-FLAG-LKB1 K96R Site-directed 
mutagenesis 

- 

pcDNA3-FLAG-LKB1 K97R Site-directed 
mutagenesis - 

pcDNA3-FLAG-LKB1 K178R Site-directed 
mutagenesis - 

pcDNA3-FLAG-LKB1 K235R Site-directed 
mutagenesis 

- 

pcDNA3-LacZ Invitrogen - 

 

Gene Silencing 

Cells were transfected with specific siRNAs at a final concentration of 84 nM to 100 nM using 
JetPRIME, Dharmacon (GE lifesciences, USA) or Lipofectamine 2000 reagents. The siRNAs sued 
and their conditions are detailed in Table 3. Gene silencing efficiency was confirmed by Western blot 
or mRNA expression. 

4.2.3 RNA extraction and processing 
4.2.3.1 RNA isolation 

Total liver, cultured hepatocytes, Kupffer cell, hepatic stellate cell or commercial cell line RNA 
was isolated using TRIzol reagent (Invitrogen) according to manufacturer´s instructions. 5 µg of 
Glycogen (Ambion, USA) were used in the RNA precipitation step to facilitate RNA pellet visibility. 
RNA concentration was determined spectrophotometrically in the Nanodrop ND-100 
spectrophotometer (ThermoFisher Scientific, USA). 
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Table 3. List of siRNAs used in in vitro silencing assays 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.3.2 Retrotranscription and Real Time quantitative PCR (RT-qPCR) 
1-2 µg of isolated RNA were treated with DNase I (Invitrogen) and cDNA was synthesized 

with M-MLV reverse transcriptase in the presence of random primers and RNaseOUT (all from 
Invitrogen). cDNA for RNA (500 ng) samples isolated from primary hepatic stellate cells was 
synthesized with SuperScript III reverse transcriptase (Invitrogen) without previous DNase I 
treatment. Resulting cDNA was diluted 1/10 (1/20 if 2 µg were used) in RNase free water (Sigma-
Aldrich, USA). PCRs were performed using either the BioRad iCycler iQ5 Thermalcycler, with iQ 
SYBR Green Super Mix (Bio-Rad, USA) or the ViiA 7 Real time PCR System, with SYBR Select 
Master Mix (Applied Biosystems, USA). For the iCycler, 5 µl of cDNA were used and including the 
specific primers the total reaction volume was 20 µl in a 96-well plate (BioRad). For the ViiA 7, 1.5 µl 
of cDNA were used and including the specific primers the total reaction volume was 6.5 μl in a 384-
well plate (Applied Biosystems). All reactions were performed in triplicate. PCR conditions for the 
primers were optimized, and 40 cycles with a melting temperature of 60 °C, and 30 sec for each step, 
were used. 

 Primers were designed using the Primer 3 software (361) via the NCBI-Nucleotide webpage 
(http://www.ncbi.nlm.nih.gov/nucleotide/) and synthesized by Sigma Aldrich. Primer sequences are 
detailed in Tables 4 and 5. After checking the specificity of the PCR products with the melting curve, 
data was normalized to the expression of a housekeeping gene (GAPDH or 18S). 

4.3 Protein 
4.3.1 Protein Extraction and Analysis 

Extraction of total protein was performed as described previously (266). Cells were washed 
with PBS buffer and resuspended in 200 μl of lysis buffer [Caspase buffer: (HEPES 10 mM pH 7.4, 
0.1% CHAPS, DTT 125 mM, EDTA 2 mM), RIPA: (1.6 mM NaH2PO4, 8.4 mM Na2HPO4, 0.5% Azide, 
0.1 M NaCl, 0.1% SDS, 0.1% Triton X-100, 5 mg/ml sodium deoxycholate) and NP-40: (50 mM Tris-
HCl pH 8.5, 150 mM NaCl, 1% NP-40, 5 mM EDTA)]. All lysis buffers except caspase buffer were 
supplemented with protease and phosphatase inhibitor cocktails (Roche, Switzerland). In the case of 
frozen liver tissue, approximately 50 μg of tissue was homogenized by using a Precellys 24 tissue 
homogenizer (Precellys, France) in 500 μl of buffer. In all cases, the lysates were centrifuged (13000 
rpm, 20 min, 4 °C) and the supernatant (protein extract) was quantified for total protein content by the 
Bradford protein assay (Bio-Rad) or by BCA protein assay (Pierce, USA) depending on the type of 
lysis buffer used and determined using a Spectramax M3 spectrophotometer (Molecular Devices, 
USA). 

 

 

Table 3. List of siRNAs used in in vitro silencing assays. 
siRNA Concentration Provider Id. Conditions 

NAE1 100 nM Qiagen SI00901187 jetPRIME, o/n 

PP2A catalytic 
subunit α 

84 nM 
(hepatocytes) 
100 nM (MLP29) 

Sigma-Aldrich SASI_Mm01_00038232 

DharmaFECT 
(hepatocytes), 
Lipofectamine 
2000 (MLP29), 
twice during a 
48h period, o/n 

PP2A catalytic 
subunit β 

84 nM 
(hepatocytes) 
100 nM (MLP29) 

Sigma-Aldrich SASI_Mm01_00126453 

DharmaFECT 
(hepatocytes), 
Lipofectamine 
2000 (MLP29), 
twice during a 
48h period, o/n 

c-Jun 100 nM Qiagen SI00300580 jetPRIME o/n 
siControl 100 nM Qiagen SI1022076 jetPRIME o/n 
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Table 4. List of mouse primers used 

Table 4. List of mouse primers used. 

Gene Forward Primer (5'-3') Reverse Primer (5'-3') 

Bax CTGGATCCAAGACCAGGGTG GTGAGGACTCCAGCCACAAA 

Bcl-2 CCAGCATGCGACCTCTGTTT CTTGTGGCCCAGGTATGCAC 

Ccl2 GACCCCAAGAAGGAATGGG ACCTTAGGGCAGATGCAGTT 

Ccr1 GAGGGCCCGAACTGTTACTT GGCTACAGGTACGGTGAGTG 

Ccr2 ATCCACGGCATACTATCAACAT CAAGGCTCACCATCATCGTAG 

Ccr5 GTCAGAACGGTCAACTTTGGG GTGTGGAAAATGAGGACTGCAT 

Col1a1 CAGTCGCTTCACCTACAGCA CGGGAGGTCTTGGTGGTTTT 

Col1a2 GGCTCTAGAGGTGAACGTGG CACCAGGGGCACCATTAACT 

Cxcl2 GTCCCTCAACGGAAGAACCA CTCAGACAGCGAGGCACATC 

Gapdh TTGATGGCAACAATCTCCAC CGTCCCGTAGACAAAATGG 

Gnmt ACCAGTATGCAGATGGGGAG CCAATTGTCAAAGGATGGCT  

Il-1b GCCACCTTTTGACAGTGATGAG GACAGCCCAGGTCAAAGGTT 

Il-6 GCTGGTGACAACCACGGCCT AGCCTCCGACTTGTGAAGTGGT 

Mmp9 TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC 

Nae1 CAGTATTGGCAAGAACCGAGC AACATCTGCTAAACGCAGCA 

Nedd8 CAGCAGCGGCTCATCTACAG CAGGGCAAGGAGGTAAACGG 

Nos2 GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC  

Ppp2ca GGCCTGAGTATGTGCACTGT GATGGCCCGCAAGGATTCTA 

Ppp2cb GGATCCTGCCACCATCACAA GTTGATGTGGTACGTGTGCG 

Stk11 GTCAGCTGGGGTCACACTTT TGGTGAAGTCTCCTCTCCCA 

Strada ACTGCGCTCTGACTCCTAGA GAGGCTGCTCTCCAAACAGT 

Tgfb TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC 

Tnfα CGTCAGCCGATTTGCTATCT CGGACTCCGCAAAGTCTAAG 

 

 

Western blotting 

 Protein extracts were boiled at 95 °C for 5 min in SDS-PAGE sample buffer (250 mM Tris-
HCl pH 6.8, 500 mM β-mercaptoethanol, 50% glycerol, 10% SDS and bromophenol blue). An 
appropriate amount of protein (between 5 and 30 μg), depending on protein abundance and antibody 
sensitivity, were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) in 8% to 15% acrylamide gels (depending on the molecular weight of the protein of interest), 
using a Mini-PROTEAN Electrophoresis System (Bio-Rad). Gels were transferred onto nitrocellulose 
membranes by electroblotting using a Mini Trans-Blot cell (Bio-Rad). Membranes were blocked with 
5% nonfat milk in TBS pH 8 containing 0.1% Tween-20 (Sigma Aldrich) (TBST-0.1%), for 1 hour at 
RT, washed three times with TBST-0.1% and incubated overnight at 4 °C with commercial primary 
antibodies. Primary antibodies and their optimal incubation conditions are detailed in Table 6. 
Membranes were then washed three times with TBST-0.1% and incubated for 1 hour at RT in blocking 
solution containing secondary antibody conjugated to horseradish-peroxidase (HRP, Table.6). 
Immunoreactive proteins were detected by using Western Lightning Enhanced Chemiluminescence 
reagent (ECL, PerkinElmer, USA) and exposed to Super Rx-N X-ray films (Fuji, Japan) in a Curix 60 
Developer (AGFA, Belgium). 
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4.3.2 Protein immunoprecipitation assays 
Protein-Protein complexes were immunoprecipitated as follows: 

Cell lysate preparation: Cells were lysed in NP-40 buffer. Whole-cell lysates were processed 
and quantified for protein content as described in section 4.3.1. 

Covalent cross-linking of antibodies to beads: In order to limit the recovery of light and heavy 
antibody chains during immunoprecipitation, antibodies were covalently cross-linked to Protein A-
Sepharose beads (Sigma Aldrich). 100 μl of beads were washed 5 times with PBS (5000 rpm, 5 min, 
4 °C) and incubated overnight with the primary antibody: Stradα (Santa Cruz Biotechnology, USA, 5 
μg), mTOR (Cell Signaling Technology, USA, 5 μg), pSmad2 (Cell Signaling Technology, 5 μg) and 
IgG2 (BD Pharmingen, USA) as a negative control. After incubation, beads were washed two times 
(2500 rpm, 5 min, 4°C) with sodium borate buffer (0.2 M Borate, 3 M NaCl, pH 9), and covalently 
cross-linked with borate buffer containing dimethyl pimelimidate for 30 min at RT with agitation. Beads 
were then washed two times with borate buffer and incubated with 0.2 M ethanolamine, pH 8, for 2 
hours protected from light at RT with agitation. The covalent cross-linking reaction was stopped by 
washing beads twice with fresh glycine buffer (200 mM, pH 2.5). Beads were washed twice with PBS 
with 0.1% azide and kept at 4 °C until incubation with the protein extracts. 

Table 5. List of human primers used 

Table 5. List of human primers used. 

Gene Forward Primer (5'-3') Reverse Primer (5'-3') 

COL1A1 CAAGAGTGGTGATCGTGGGT CACGGTGACCCTTTATGCCT 

G6PD GTCCTGCATGAGCCAGATAGG GGTCGATGCGGTAGATCTGG 

GAPDH AATGAAGGGGTCATTGATGG AAGGTGAAGGTCGGAGTCAA 

NAE1 TTGTGGCCAAAGAGGGTCAA ATGATTACCCACAGCGGCAG 

NEDD8 CTACAGACAAGGTGGAGCGAA CTCCTCTCAGAGCCAACACC 

PAI1 CAATCGCAAGGCACCTCTGA AAACACCCTCACCCCGAAGT 

PGD GGGTCTTTCCCTCACTCGTC TAAGTTCTGGCCCATGACGG 

RASGRP3 GCAGAATGCCTCTCACCACT GGGAGGTAGGCTGCGATTTAG 

RN18S CCGATAACGAACGAGACTCTGG TAGGGTAGGCACACGCTGAGCC 

SLC2A1 GGCTTCTCCAACTGGACCTC CCGGAAGCGATCTCATCGAA 

TKT CAGGGATGCCATTGCACAAG CAGGAATGTATAGACCCCCGC 

ACTA2 CTTGTCCAGGAGTTCCGCTC TTTCTTGGGCCTTGATGCGA 

 

Immunoprecipitation assay: Covalently cross-linked beads were incubated with 500 μg of 
protein lysate overnight at 4°C with agitation (IgG controls were a mixture from all the lysates). After 
incubation beads were washed five times with NP-40 lysis buffer and bound proteins were eluted by 
heating at 95 °C for 5 min in SDS PAGE buffer without β-mercaptoethanol to avoid light and heavy 
chain contamination. Immunoprecipitated proteins (IP) and original cell extracts (Input) were analyzed 
by Western blotting with the appropiate antibodies. 

Nickel-Histidine affinity purification using nickel-nitriolotriacetic acid (Ni2+-NTA) beads 

 Huh7 cells were transfected with pcDNA3-His6 SUMO 1, 2, or 3 and a FLAG-LKB1 plasmid 
as described before (section 4.2.1). For some specific experiments other plasmids were also co-
transfected (Table.2). 36 hours after transfection cells were collected for the purification protocol. LX-
2 cells were transfected with pcDNA3-His6 NEDD8 or pcDNA3-His6-ΔGG-NEDD8 and CS-FLAG 
Smad2 as described before (section 4.2.1) and collected 36 hours after transfection. 
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Table 6. List of commercial antibodies used for Western blot 

Table 6. List of commercial antibodies used for Western blot 
Antibody Id. Supplier Dilution Incubation Solution 

4-EBP1 9452 Cell Signaling 
Technology 1/1000 TBST-0.01%-Milk 5% 

AMPK 07-350 Milipore 1/1000 TBST-0.01%-Milk 5% 

c-Jun 9165 Cell Signaling 
Technology 1/1000 TBST-0.01%-BSA 

3% 
Demethylated PP2A 05-577 Upstate 1/100 TBST-0.01%-Milk 5% 
FLAG F1804 Sigma Aldrich 1/500 TBST-0.01%-Milk 5% 
GAPDH ab8245 Abcam 1/10000 TBST-0.01%-Milk 5% 

JNK 9252 Cell Signaling 
Technology 1/1000 TBST-0.01%-Milk 5% 

LC3B 2775 Cell Signaling 
Technology 1/1000 TBST-0.01%-Milk 5% 

LKB1 3050 Cell Signaling 
Technology 1/1000 TBST-0.01%-Milk 5% 

MTOR 2983 Cell Signaling 
Technology 1/1000 TBST-0.01%-Milk 5% 

NAE1 API3067C Abgent 1/1000 TBST-0.01%-Milk 5% 
NEDD8 ab81264 Abcam 1/1000 TBST-0.01%-Milk 5% 
p4E-BP1 
S65 9451 Cell Signaling 

Technology 1/1000 TBST-0.01%-Milk 5% 

p53 sc-126 Santa Cruz 
Biotechnology 1/1000 TBST-0.01%-Milk 5% 

pAMPK 
T172 2531 Cell Signaling 

Technology 1/1000 TBST-0.01%-Milk 5% 

pJNK  
T183/Y185 446826 Life Technologies 1/1000 TBST-0.01%-BSA 

3% 
pLKB1 
S428 

NBPI-
19951 Novus Biological 1/500 TBST-0.01%-BSA 

3% 
pMTOR 
S2448 2971 Cell Signaling 

Technology 1/1000 TBST-0.01%-Milk 5% 

pS6 
S235/S236 4857 Cell Signaling 

Technology 1/1000 TBST-0.01%-Milk 5% 

pSmad2 
S465/S467 3101 Cell Signaling 

Technology 1/1000 TBST-0.01%-Milk 5% 

RGS-His 34610 Qiagen 1/1000 TBST-0.01%-Milk 5% 

S6 2317 Cell Signaling 
Technology 1/1000 TBST-0.01%-BSA 

3% 

Smad2/3 3102 Cell Signaling 
Technology 1/1000 TBST-0.01%-Milk 5% 

STRADα sc-55052 Santa Cruz 
Biotechnology 1/500 TBST-0.01%-BSA 

3% 

TNFR1 sc-8436 Santa Cruz 
Biotechnology 1/1000 TBST-0.01%-Milk 5% 

V5 377500 Invitrogen 1/500 TBST-0.01%-Milk 5% 
α-Tubulin ab18251 Abcam 1/5000 TBST-0.01%-Milk 5% 
β-Actin A-5316 Sigma-Aldrich 1/10000 TBST-0.01%-Milk 5% 
PP2A, Subunit A 07-250 Upstate 1/1000 TBST-0.01%-Milk 5% 
Anti-mouse IgG, 
HRP-linked 7076 Cell Signaling 

Technology 1/5000 TBST-0.01%-Milk 5% 

Goat anti Rabbit IgG 
(H+L)-HRP Conjugate 170-6515 Bio-Rad 1/5000 TBST-0.01%-Milk 5% 
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His6-SUMOylated or His6-NEDDylated proteins were purified as previously described 
(339,362). Briefly, cells were lysed in lysis buffer (6 M guanidinium-HCl, 0.1 M Na2HPO4/NaH2PO4, 
0.01 M Tris-HCl pH 8, 10 mM β-mercaptoethanol, 10 mM imidazole and 0,1% Triton X-100, buffer pH 
8), sonicated and then 100 μl of low density Ni2+-NTA-agarose beads (ABT, Spain) that had been 
previously coated with BSA and washed with lysis buffer were added. Lysates were incubated with 
beads for 3 hours in agitation at RT. After incubation, the mixture was washed with wash buffer 1 (6 
M guanidinium-HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl pH 8, 10 mM β-mercaptoethanol, and 
0,1% Triton X-100, buffer pH of 8) once, twice with wash buffer 2 (8 M urea, 0.1 M Na2HPO4/NaH2PO4, 
0.01 M Tris-HCl pH 8, 10 mM β-mercaptoethanol, and 0,1% Triton X-100, buffer pH 8), and finally 
three times with wash buffer 3 (8 M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl pH 6.3, 10 mM 
β-mercaptoethanol, and 0,1% Triton X-100, buffer pH 6.3). After the last wash, the bound proteins 
were eluted with 500 mM imidazole in 5% SDS, 0.15 M Tris-HCl pH 6.8, 30% glycerol and 0.72 mM 
β-mercaptoethanol. The eluates were subjected to SDS-PAGE and the proteins transferred to a 
nitrocellulose membrane for Western blotting against LKB1 or Smad2. 

Chromatin Immunoprecipitation (ChIP)  

ChIP analysis was performed using the Magna ChIP assay kit (Millipore). Bclc3 cells 
expressing WT LKB1 or LacZ were seeded in p150 culture plates, crosslinked with 1% formaldehyde 
(v/v) at RT for 10 min. Cells were lysed and the DNA was sonicated into 200-500 bp using a Bioruptor 
plus sonicator (Diagenode, Belgium). An agarose gel was run using a sample of the sheared DNA to 
ensure that the majority of the DNA fragments were between 200 and 500 bp. The remaining protocol 
was completed following the manufacturer’s instructions. IgG1 (BD Pharmingen) was used as the 
negative control, H3K9Me3 (Merck Millipore) as a positive control and LKB1 (Cell Signaling) as assay 
antibody. The primers used in the assay for the detection of the RasGRP3 promoter were: Pp1 5’-
TGG GCA ATG GAG GTG ATG ACA GC-3’ and Pp2 5’-AGC AAG TTT CTC TTC AAC GTG CCT-
3’.  

ELISA Assays 

Enzyme-Linked Immunosorbent Assays (ELISA) for mouse Tumor Necrosis Factor alpha 
(TNF-α), Interleukin-6 (IL-6) and Transforming Growth Factor beta (TGF-β) were performed using the 
DuoSet ELISA Development Kit according to the manufacturer’s instructions (R&D Systems, USA). 
Briefly, the capture antibody was left overnight to bind to the well surface. After, washing the wells, 
the sample (liver protein extract or Kupffer cell media) was added to the wells at RT for 3 hours to 
allow binding. The wells were washed again and the detection antibody was added for 3 hours at RT. 
Finally, the detection antibody was washed and a detection substrate was added. The resulting color 
was quantified using a Spectro M3 spectrophotometer. To measure TGF-β, liver protein samples 
were subjected to a previous acid activation step as described previously (363). 

PP2AC Subunit Methylation Assay 

Hepatocytes were pre-treated with 3-Deazaadenosine (Deaza; Sigma) (20 µM) during 6h, 
and then cultured in SAMe and methionine supplemented medium during 12h. 20 µl of protein lysate 
(1 µg/µl) were treated with either 50 µl of preneutralized base solution (80 mM NaOH, 80 mM HCl, 
and 200 mM Tris pH 6.8) or with 20µl of base (200 mM NaOH) during 20 minutes to completely 
demethylate PP2AC and then neutralized with 30 µl of neutralization buffer (133.3 mM HCl and 333.3 
mM Tris pH 6.8). Samples were compared by immunoblot using unmethylated PP2A antibody 
(Upstate biotechnology, USA). Percentage of PP2A methylation was calculated by subtracting the 
densitometry value of unmethylated PP2A normalized with Actin, in the sample treated with base 
solution by the densitometry value in the control sample. Percentage was calculated by considering 
WT control samples as 100%. 

Hydroxyproline Assay 

Liver hydroxyproline content was analyzed using the Hydroxyproline Assay Kit (MAK008, 
Sigma-Aldrich) following the manufacturer’s instructions. Briefly, approximately 10 mg of liver was 
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hydrolyzed in 12M HCl for 3h then 50 µl of supernatant was transferred to a 96 well plate and placed 
in a 60°C oven to dry. The colorimetric reaction was achieved following the manufacturer’s 
instructions. The mg of liver used in the assay was used to determine the amount of 
hydroxyproline/mg of each liver.  

Luciferase Assay 

Luciferase activity was measured using the Cignal SMAD Reporter Assay Kit (Qiagen, 
Germany). LX-2 cells were cultured in MEM 0% FBS overnight. The next day the cells were 
transfected with the reporter plasmids using jetPRIME for 4 hours. Cells were then treated with 8 
ng/ml TGF-β and 3 µM MLN4924 for 6 hours and luciferase activity was measured using the Dual-
Glo Luciferase Assay System (Promega, USA) following the manufacturer’s instructions. 

4.4 Immunostaining Assays 
4.4.1 Histology, Immunohistochemistry and Immunohistofluorescence 

Histology and Immunohistochemistry 

Paraffin-embedded sections (5 µm thick) of formalin-fixed liver samples were initially 
deparafinized in xylene or xylene-substitute and rehydrated through graded alcohol solutions. Once 
hydrated, sections were subjected to the following stainings: 

Hematoxylin & eosin: After the deparaffinization and rehydration process, sections were subjected to 
conventional hematoxylin & eosin staining (http://www.ihcworld.com/_protocols/special-
_stains/h&e_ellis.htm). 

Sirius Red: Rehydrated sections were stained with Sirius red solution 1 (0.01% Fast Green FCF in 
picric acid, Sigma Aldrich) for 15 min and then with Sirius red solution 2 (0.04% Fast Green FCF/0.1% 
Sirius red in picric acid, Sigma Aldrich) for another 15 min. The sections were then dehydrated directly 
in 100% alcohol and mounted in DPX mounting medium (Sigma Aldrich). 

Sudan Red: Formalin fixed liver samples were washed in 60% isopropanol and then stained with 
fresh Sudan III (0.5% in isopropanol; Sigma Aldrich) solution for 30 min. Samples were then washed 
again in 60% isopropanol and then counterstained with hematoxylin and eosin. The sections were 
then washed with distilled water and mounted in DPX mounting medium. 

Specific antibodies used in immunohistochemistry can be found in Table 7. 

For the analysis, images were taken with an upright light microscope (Zeiss, Germany). The 
average sum of intensities and stained area percentage of each sample was calculated using FRIDA 
software (http://bui3.win.ad.jhu.edu/frida/, John Hopkins University). 

Immunohistofluorescence 

Rehydrated sections were unmasked in citrate buffer pH 6 then blocked with 3% H2O2 PBS 
for 10 min and then incubated with PBS 5% goat serum for a further 30 min. The primary antibody 
was incubated overnight at 4°C (F4/80: 1h at 37°C) and the corresponding secondary antibody was 
incubated for 30 min (Cy3). Nuclei were counterstained with DAPI. Images were taken using an 
Axioimager D1 (Zeiss). A list of the antibodies used in Immunohistofluorescence is available in Table 
8. 
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Table 7. List of commercial antibodies used in immunohistochemistry 

 

 

 

 

 

 

 

 

 

 

 

Immunocytofluorescence 

Cells were seeded over 12 mm coverslips (27,000 cells/coverslip) and fixed in PBS 4% 
paraformaldehyde (Santa Cruz Biotechnology) for 10 min then washed three times with PBS. 
Coverslips were then blocked and permeabilized with PBS containing 0.1% BSA, 10% goat serum 
and 0.2% Triton X-100 for 30 min at RT. After blocking, the coverslips were washed in PBS and 
incubated overnight in a humid chamber with the primary antibody (FLAG 1:100, LKB1 1:100, LC3B 
1:50; Table.8) in PBS. Coverslips were again washed in PBS and then incubated for 1 hour with 
secondary antibody (dilution 1:200, Cy3 conjugated anti-mouse or FITC-conjugated anti-rabbit, 
Jackson ImmunoResearch laboratories, USA) in blocking solution with DAPI but no Triton X-100 at 
RT. Coverslips were mounted in Dako fluorescence mounting medium (Dako, Denmark). Images 
were taken using an Axioimager D1 (Zeiss). LC3-II immunocytofluorescence images were taken 
using a Leica TCS-SP confocal laser microscope (Leica, Germany). 

Table 8. List of antibodies used in immunofluorescence 

Table 8. List of antibodies used in immunofluorescence 

Antibody Id. Supplier Dilution 

LKB1 3050 Cell Signaling Technology 1:100 

FLAG A8592 Sigma Aldrich 1:100 

LC3B 2775 Cell Signaling Technology 1:50 

NEDD8 2745 Cell Signaling 
Technology 

1:300 

Albumin ab8940-1 Abcam 1:100 

αSMA 180106 Invitrogen 1:50 

F4/80 NCA497bb Bio-Rad 1:50 

FITC 111-095-003 Jackson ImmunoResearch 1:200 

Cy3 115-165-003 Jackson ImmunoResearch 1:200 

 

 

Table 7. List of commercial antibodies used in immunohistochemistry. 

Antibody Id. Supplier Dilution Source 

Cleaved 
Caspase 3 9661 Cell Signaling 

Technology 
1/50 Rabbit 

Desmin M0760 Dako 1/50 Mouse 

F4/80 NCA497bb Bio-Rad 1/50 Rat 

GNMT sc-33222 Santa Cruz 
Biotechnologies 1/100 Rabbit 

Ki67 ab66155 Abcam 1/100 Rabbit 

LKB1 05-832 Milipore 1/100 Mouse 

NAE1 API3067C Abgent 1/100 Rabbit 

NEDD8 2745 Cell Signaling 
Technology 

1/200 Rabbit 

Pan-Ras Ls-b5494 Lifespan Biosciences 1/100 Rabbit 

RasGRP3 3334 Cell Signaling 
Technology 

1/100 Rabbit 

SUMO2/3 bs-7338R Bioss 1/200 Rabbit 
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TUNEL Assay 

Apoptosis was analyzed by using the In situ Cell Death detection Kit (Roche) following the 
manufacturer´s instructions. Paraffin-embedded sections (5 μm thick) of formalin-fixed liver samples 
were treated with proteinase K for 15 min at RT and subjected to peroxide block (3% H2O2 in 
methanol) before incubation with TUNEL diluent buffer containing FITC-conjugated primary antibody 
(dilution 1/50) for 2 hours at 37°C. Sections were mounted in Dako fluorescence mounting medium 
(Dako). 

4.5 Cell Viability 
Caspase-3 Activity Assay 

Caspase-3 activity was measured in cells as previously described (364). Cells were lysed in 
caspase buffer and the protein content was determined as before (section 4.3.1). 20 μl of 25x 
reaction buffer (PIPES pH 7.4 250 mM, EDTA 50 mM, 2.5% CHAPS, DTT 125 mM) was mixed with 
2.5 µl of fluorogenic caspase-3 substrate (Enzo Life Sciences, USA) and with 10 to 50 µg of protein 
lysate in a total volumen of 500 µl. This reaction mixture was divided into two duplicates and 
performed in 96 well plates. The mixture was incubated at 37°C with gentle shaking for 2 hours. 
Readings were taken at 0, 1, and 2 hours using a Spectramax M3 spectrophotometer (excitation 
wavelength 390 nm, emission wavelength 510 nm). Caspase-3 activity was determined by calculating 
the change in fluorescence from 1 to 2 hours of incubation. 

MTT assay 

Plated cells were incubated for 1 hour at 37°C with 0.5 mg/ml MTT (Thiazolyl Blue 
Tetrazolium Bromide, Sigma Aldrich) in culture media. After incubation, culture media was removed 
and the MTT was resuspended in DMSO (Sigma Aldrich) for 15 min and absorbance was determined 
using a Spectramax M3 spectrophotometer. 

Crystal Violet 

Cells were stained and fixed with 0.1% Crystal violet in 20% methanol solution with gentle 
shaking at RT for 40 min. Next, the wells were washed 4 times with dH2O to eliminate the excess 
crystal violet and the wells were left to dry overnight. Once the wells were completely dry, a 10% 
acetic acid solution was added (1 hour, RT) to resuspend the crystals. The resulting color was read 
using a Spectramax M3 spectrophotometer. 

Anexin V analysis (apoptosis) 

Apoptosis was measured by determining the amount of apoptotic LX-2 cells using flow 
cytometry. After treatment, the media and the cells were collected by trypsinization and then 
centrifuged. Cells were incubated with propidium iodide and anexin V for 15 min at RT while protected 
from light. After the incubation, the stained cells were monitored using a FACS Canto Cytometer 
(Becton Dickinson, USA). The percentage of cells in apoptosis was determined using the FlowJo 
software. 

Wound Healing Assay 

Huh7 cells, previously transfected with LKB1, LKB1 K178R and LacZ, were seeded to 
confluence over 12 mm coverslips. A pipette tip (200 µl) was used to scratch a straight line through 
all the wells. Media was changed twice to remove dead and unattached cells. The wells were then 
placed in hypoxia for 24 h, and then cultured again in normoxia. Pictures of the scratch were taken 
at timepoints t=0, t=12, t=24, and t=48 using an Eclipse TS100 microscope (Nikon, Japan). 
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4.6 Animal Experiments 

All animal experimentation was conducted in accordance with the Spanish guide for the care 
and use of laboratory animals, and with the International Animal Care and Use Committee Standards. 
All procedures were approved by the CIC bioGUNE Ethical Review Committee. Mice were housed in 
a temperature-controlled animal facility (AAALAC-accredited) with 12-hour light/dark cycles, and fed 
a standard diet (Harlan Teklad) with water ad libitum. 

Liver samples were rapidly split into several pieces, some were snap frozen in liquid nitrogen and 
stored at -80°C for subsequent protein and RNA analysis and others were formalin fixed for histology 
and immunohistochemistry. Animals had sub-mandibular blood extracted prior to their sacrifice. 
Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were   determined   from   
serum   samples. The animals used for experimentation were: 

• Gnmt-KO (72). 
• Stk11/Gnmt double Knock Out (dKO). 
• Wild-type (WT; C57BL/6J). 

Figure 10. Generation of the Gnmt/Stk11-dKO mouse 

Figure 10. Generation of the Gnmt/Stk11-double Knockout. (A) Gel electrophoresis of PCR products 
used to genotype the Gnmt/Stk11-dKO mouse. 1, Detection of FLOX. 2, Detection of GNMT. 3, Detection of 
Alb-Cre. (B) mRNA levels of Gnmt and Stk11 in WT, Gnmt-KO and Gnmt/Stk11-dKO mice. 
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4.6.1 Generation of the Stk11/Gnmt-dKO mouse 

The Gnmt-/-Alb-Cre+Stk11loxP/loxP (Stk11/Gnmt dKO) mouse was generated by crossing the 
Gnmt-/- mouse with the Alb-Cre+Stk11loxP/loxP mouse (129S6-Stk11tm1Rdp/Nci–Lkb1 flox- mouse kindly 
provided by Arkaitz Carracedo from CIC bioGUNE, Spain). Genotyping of these mice uses the 
following primers using genomic DNA prepared from animal tails: 1. PCRS5 -TCT AAC AAT GCG 
CTC ATC GTC ATC CTC GGC, LKB36 - GGG CTT CC ACCT GGT GCC AGC CTG T, LKB39 - GAG 
ATG GGT ACC AGG AGT TGG GGC T. PCRS5/LKB39 primer pair produces a 300 bp fragment for 
e presence of .FLOX, whereas LKB39/LKB36 primer pair gives a 220 bp product for the wild type 
allele. 2. GNMT P1 -GTA CCG CAG AGT ACA AGG CG, GNMT P2 –CAA TCG CAG GAG GAA 

CAG CC, GNMT P3 –CTG AAT GAA CTG CAG GAC GAG. PCR amplification with P1– P2 and P3–
P2 primers resulted in expected 330 and 1151 bp fragments respectively; 3. Alb-Cre Primer 1- CCA 
CGA CCA AGT GAC AGC AAT, Alb-Cre Primer 2- TTC GGA TCA GCT ACA CCA (Figure.10A,B). 
Gnmt-/- and Stk11/Gnmt dKO mice were no different in appearance. 

4.6.2 Animal treatments 
• Bile duct ligation (BDL): Adult male mice were subjected to BDL as described previously 

(193). Mice were treated with MLN4924 (Millenium Pharmaceuticals, USA) 3- (n=5) or 7- 
(n=5) days post BDL once a week (60 mg/kg, following the Millenium Corporation 
communication) by subcutaneous injection. 21 days (n=10) after surgery, animals were 
sacrificed and the livers were harvested as mentioned earlier (Figure.11A,B). Control mice 
n=5. 

• Carbon tetrachloride (CCl4): CCl4 (Sigma Aldrich) was injected via intraperitoneal injection 
into adult male mice at a dose of 0.6 ml/kg once a week (n=8). Two weeks after the first CCl4 
dose, MLN4924-treatment by subcutaneous injection at a dose of 60 mg/kg once a week 
was started (n=10). After 4 weeks of MLN4924 treatment animals were sacrificed and the 
livers were harvested as mentioned earlier (Figure.11C). Control mice n=5. 

• Methionine deficient diet (MDD): Adult male 7 month old Gnmt-KO mice were analyzed for 
tumors by echography and their transaminase levels determined. The mice that had no 
tumors and had ALT levels higher than 60 were transferred to a methionine diet (S8946E020 
EF AIN 76A 0.15% L-methionine, SSNIFF, Germany) for 1 month. After 1 month, mice ALT 
levels were determined again and mice that had normalized transaminase levels were 
sacrificed and their livers harvested as mentioned previously. 

• Hypoxia: Mice were placed in an Invivo2 400 hypoxia Workstation to subject them to hypoxia. 
For acute hypoxia, mice were placed in the hypoxia chamber with an 8% O2 concentration 
for 6 hours. Chronic exposure was achieved by placing the mice in the hypoxia chamber with 
an 8% O2 concentration for 24 hours. Mice were sacrificed in the hypoxia chamber. 
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Table 9. Characterization of liver fibrosis patients 

Table 9. Characterization of liver fibrosis patients  
Number of Patients n= 15 
Gender (Female/male) 9/6 
Mean age (years) 44 (27-65) 
Mean serum transaminases:  
     AST (U/L) 38 (18-87) 
     ALT (U/L) 38 (14-42) 
     GGT (U/L) 47 (9-233) 
Mean Albumin (G/DL) 4.2 (3.8-4.5) 
Mean Platelet count (x109/L) 263 (127-410) 
Metabolic syndrome (%) 47 
Fibrosis:  
 Stage 1- Perisinusoidal or periportal 4 
 Stage 2- Perisinusoidal and portal/periportal 9 
 Stage 3- Bridging fibrosis 2 

Figure 11. Experimental procedures using MLN4924 in mice 

Figure 11. Experimental Procedures using MLN4924 in mice. Time frame used for bile-duct ligation (BDL) 
mice with MLN4924 treatment starting at (A) 3 and (B) 7 days after BDL. (C) Time frame for CCl4 and 
MLN4924 treatment starting two weeks after the first CCl4 injection. 
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4.7 Human Samples 
Surgically resected specimens of patients from the Valdecilla Hospital, Santander, Spain, 

were used (n=15). Histological scoring was performed according to the NASH Clinical Research 
Network criteria (365). In these patients, fibrosis was staged from 0 to 4, being 0-none and 4-cirrhosis 
(Table.9). Another cohort of alcoholic and viral fibrosis samples from the Azienda Ospedaliero of 
Modena in Italy, were also analyzed. Healthy human liver samples were used as controls (n=13). 
Serum samples from non-steatotic and NAFLD patients were examined (non-steatotic= 92, NAFLD= 
263). Clinical data were collected retrospectively using patient records described in a previous report 
(366). For the LKB1 studies (section 5.3) formalin-fixed paraffin-embedded liver sample sections 
from surgically resected specimens of healthy controls and 50 HCC patient tumors (Table.10) 
recruited from the Valdecilla Hospital were examined by immunohistochemistry. Patients gave 
informed consent to all clinical investigations, which were performed in accordance with the principles 
embodied in the 1975 Declaration of Helsinki in a priori approval by the institutional human research 
review committee. 

 

 

Table 10. Characterization of HCC patients. 
Number of patients n= 50 
Gender (female/male) 10/40 
Age1 (years) mean ± SD 65.6 ± 7.8 
Etiology (n)  
Hepatitis C virus 17 
Hepatitis B virus 2 
Ethanol 16 
Other 15 
Average time of chronic liver injury before surgery 
(years) mean ± SD 

8.2 ± 7.5 

HCC <3 cm 27 
HCC >3 cm 33 
BCLC stage (n)  
0 5 
A 42 
Unknown 3 
CHILD (n)  
A 42 
B 5 
Unknown 3 
Differentiation grade (n)  
Good 16 
Bad 8 
Moderate 8 
Unknown 18 
Recidivism (n)  
Yes 25 
No 10 
Exitus post-surgery 8 
Unknown 7 
1: At time of biopsy collection. Time between HCC detection and surgery <1 
year 

  

Table 10. Characterization of HCC patients 
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4.8 Liver Metabolomics analysis  
Bile acids profiles were analyzed as previously described (366). Briefly, UPLC/time-of-flight 

mass spectrometry (TOF)-MS based platforms analyzing methanol liver extracts were combined. 
Data obtained with the UPLC®-MS were processed with the TargetLynx application manager for 
MassLynx (Waters Corp., Millford, USA) as detailed previously (366). Intra- and interbatch 
normalization followed the procedure described (366). Calculations were performed with R v2.13.0 
(367). 

4.9 Methionine and SAMe measurements  
 Serum levels of methionine and SAMe were determined by liquid chromatography/mass   

spectrometry   (LC/MS)   using   a Waters Acquity ultraperformance liquid chromatography (UPLC) 
system equipped with a column oven, and a Waters Acquity UPLC BEH C18 column (2.1 X 100 mm, 
1.7 µm). A 3 µL aliquot of sample was injected into the UPLC column, which was maintained at 50°C 
and eluted at 600 µL/min. The mobile phase consisted of water with 0.05%   formic   acid   (solvent   
A) and acetonitrile with 0.05% formic acid (solvent B). Separation was carried out starting with 1% B 
for 1 minute, followed by a linear gradient from 1% to 95% B for 10 minutes and staying at 95% B for 
6 minutes. The UPLC system was coupled to a Waters Micromass LCT Premier Mass Spectrometer 
equipped with a Lockspray ionization source operating in electrospray positive ion mode (W mode, 
resolution 10,000 full width at half maximum). Full-scan time-of-flight MS spectra were acquired 
between m/z (mass-to- charge ratio) 80 and 1,000 using the   dynamic range enhancement mode, with 
a total scan time of 0.4 seconds. Leucine enkephalin was used as a reference compound for accurate 
mass measurements. The reference was infused into the Lockspray reference channel, and the 
masses of the analyte channel were automatically mass-corrected by the software. A set of samples, 
prepared from all standard compounds, was acquired over the concentration range of 10 pg/µL to 50 
ng/µL in order to test the linearity of the system. After analyzing all concentration levels, calibration 
curves were generated µL and chromatogram traces of the protonated species of the standards were 
extracted with a mass window of 0.05 Da. Serum levels of methionine and SAMe were automatically 
calculated from the calibration curves. 

 4.10 Lysosomal enzymatic activity 
1.25 million hepatocytes were collected in PBS and dispensed in filter paper (13.5 mm). A 3 

mm diameter circle from dried hepatocytes spots was used to analyze the lysosomal enzymatic 
activity. This method was adapted from a previously described report (368). 

4.11 Energetic metabolic profile 
Cellular metabolic profile was determined using a Seahorse XF24 Extracellular Flux Analyzer 

(Seahorse Biosciences, USA), providing real-time measurements of oxygen consumption rate (OCR) 
and extracellular acidification rate (ECAR). Huh7 cells previously transfected with WT LKB1, LKB1 
K178R, or LacZ were seeded in collagen I coated XF24 cell culture microplates (Seahorse 
Bioscience), at 2.0 × 104 cells per well. Cells were placed for 24 hours in hypoxia and then growth 
medium was removed and replaced with 500 μl of assay medium prewarmed to 37°C, composed of 
DMEM without bicarbonate containing 1 mM sodium pyruvate, 2 mM l-glutamine, and cultured at 
37°C. Measurements of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 
were performed after equilibration in assay medium for 1h. After an OCR and ECAR baseline 
measurement, sequential injections through ports in the XF Assay cartridges of pharmacologic 
inhibitors: Oligomycin (1mM), an inhibitor of ATP synthase, which allows a measurement of ATP-
coupled oxygen consumption through oxidative phosphorylation (OXPHOS); carbonyl cyanide 4-
trifluoromethoxy-phenylhydrazone (FCCP) (300 nM), an uncoupling agent that allows maximum 
electron transport, and therefore a measurement of maximum OXPHOS respiration capacity; and 
finally Rotenone (1 µM), a mitochondrial complex 1 inhibitor were performed and changes in OCR 
and ECAR were analyzed.  

4.12 ATP Detection Assay 
ATP in Huh7 cells was detected using the ATPlite kit (PerkinElmer, USA). Huh7 cells were 

transfected with WT LKB1, LKB1 K178R and LacZ and then plated on 96 well plates. The plates were 
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then placed in hypoxia for 24 hours and ATP was detected following the manufacturer’s instructions. 
Cells were lysed inside the hypoxia chamber. 

4.13 Statistical Analysis 
All experiments were performed in triplicate unless otherwise stated. Data is expressed as 

mean ± SD (standard deviation). Where indicated the data is expressed as mean ± SEM (standard 
error of the mean). Statistical significance was estimated using Student´s t-test. A p value of < 0.05 
was considered significant. 
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5. Results  
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5.1 Methionine and S-Adenosylmethionine levels are critical 

regulators of PP2A activity modulating lipophagy during steatosis. 

Journal of Hepatology. 2016 Feb;64(2):409-418. doi: 10.1016/j.jhep.2015.08.037. 

5.1.1 Background 
The Gnmt-KO mouse model has high levels of SAMe and methionine that leads to the 

development of steatohepatitis spontaneously (72,73). This mouse model has an inhibited autophagic 
flux that contributes to the development of steatosis. Culture of wild type hepatocytes with high levels 
of SAMe and methionine also results in an inhibition of autophagy. Normalization of SAMe and 
methionine levels in Gnmt-KO mice by feeding them with a methionine deficient diet reactivates 
hepatic autophagy (86), however, the mechanism by which high SAMe and methionine levels inhibit 
autophagy in Gnmt-KO mice remain unknown. 

 

5.1.2 SAMe and autophagy flux 
We had previously seen that either the 

acute treatment of wild type hepatocytes with 
high levels of SAMe and methionine, or the 
chronic exposure to elevated levels of SAMe 
and methionine of Gnmt-KO hepatocytes was 
able to inhibit autophagy flux (86). However, 
the mechanisms by which acute or chronic 
elevation of SAMe and methionine levels 
affected autophagy flux remained unknown. 
We studied autophagic flux by analyzing LC3-
II turnover by Western blot or LC3 puncta 
immunolabelling, in the presence or absence 
of the inhibitor of lysosome-mediated 
proteolysis chloroquine (Chlo). We observed 
that Gnmt-KO hepatocytes have an altered 
LC3-flux most likely due to an impaired 
lysosomal function, as shown by elevated 
LC3-II levels in untreated hepatocytes that do 
not increase after lysosomal blockage 
(Figure.12A,B). However, in WT hepatocytes 
cultured with SAMe and methionine, the block 
is likely due to an inhibition of upstream 
autophagosome formation as shown by the 
reduced accumulation of LC3-II levels after 
lysosomal blockage (Figure.12C). Treatments 
with SAMe and methionine are generally done 
for a maximum of 48h, whereas Gnmt-KO 
hepatocytes are exposed to high levels of 
SAMe for months. In line with this, we 
observed a slight reduction in the activity of 
three lysosomal hydrolases (α-Galactosidase 
A, Arylsulphatase B and Glucoceramidase) in 
WT hepatocytes after 48h of SAMe and 
methionine culture (Figure.12D), but we were 
unable to continue the experiment for longer 
as prolonged exposure to SAMe and 
methionine induces cell death (Figure.12E). 

5.1.3 Gnmt-KO mice have reduced 
MTOR activation and autophagic 
flux 

To uncover the mechanism involved in 
autophagy inhibition in Gnmt-KO mice due to 
high SAMe and methionine levels we studied 
the state of MTOR, a known inactivator of 
autophagy (28). Surprisingly, we found that 
MTOR was inactivated in Gnmt-KO mice 
(Figure.13A). Gnmt-KO mice had the same 
basal levels of pMTOR (S2448) and the 
downstream target 4E-BP1 as starved WT 
mice and no change was observed between 
fed and starved Gnmt-KO livers. This result 
was unexpected since the levels of methionine 
[an activator of MTOR (250)] in Gnmt-KO mice 
are elevated. To test whether SAMe was 
responsible for MTOR inhibition, we cultured 
WT hepatocytes with SAMe, methionine, or 
both (Figure.13B). As expected methionine by 
itself was able to induce pMTOR but SAMe by 
itself or with methionine had an inhibitory effect 
on MTOR and 4E-BP1, as early as 9h 
(Figure.13C). The high levels of SAMe were 
also able to inhibit MTOR activation despite 
treatment with insulin which is a potent 
activator of MTOR (Figure.13D). In Gnmt-KO 
hepatocytes, treatment with insulin barely 
increased pMTOR levels while a similar effect 
was seen in WT hepatocytes cultured with 
SAMe and methionine and stimulated with 
insulin.  
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Figure 12. SAMe and methionine alter autophagic flux in hepatocytes 

Figure 12. SAMe and methionine alter autophagic flux in hepatocytes. (A,B) WT and Gnmt-KO hepatocytes 
cultured with or without chloroquine (Chlo) during the last 4 hours. (B) WT hepatocytes cultured with SAMe and 
methionine and treated with autophagy inhibitors. (D) Time course of the activity of three lysosomal enzymes 
during SAMe and methionine culture at the indicated time points. (E) Caspase 3 activity in WT hepatocytes 
treated with SAMe and methionine for 67 hours compared to non-treated and Gnmt-KO hepatocytes. 
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Figure 14. Both SAMe and methionine are required for autophagy inhibition 

Figure 13. SAMe and methionine reduce MTOR activation 

Figure 13. SAMe and methionine reduces MTOR activation. (A) Western blot of MTOR and 4E-BP1 
(MTOR downstream target) in fed or starved WT and Gnmt-Ko mice. (B) Wb of MTOR and its downstream 
targets in WT hepatocytes cultured with SAMe, methionine or both. (C) Time course of the inactivation of S6 
in WT hepatocytes treated with SAMe and methionine at different time points. (D) Effects of insulin (0.5 mg/ml) 
on MTOR and its downstream targets in WT and Gnmt-KO hepatocytes (left panel) Effects of SAMe and 
methionine culture on insulin signaling in WT hepatocytes (right panel). 

Figure 14. Both SAMe and methionine are required for autophagy inhibition. (A) Western blot of LC3 
from WT hepatocytes cultured with methionine or SAMe separately and treated with N/L. (B) Wb of LC3 from 
WT hepatocytes cultured with reduced concentrations of both SAMe and methionine and treated with N/L. 
(C) Effects of reduced concentrations of SAMe and methionine on S6 dephosphorylation in WT hepatocytes. 
Both (A) and (B) have a densitometry analysis of the LC3 blots. 
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Next we looked at the effect of both 
molecules on autophagic flux. WT 
hepatocytes cultured with either SAMe or 
methionine had a functioning autophagy 
(Figure.14A) and only when treated with both 
was there a reduction in LC3-flux 
(Figure.12A). Interestingly, culture at lower 
doses of both compounds had little effect on 
autophagy (Figure.14B) and a similar result 
was obtained for MTOR (Figure.14C).  

5.1.4 SAMe, methionine, MTOR and 
PP2A methylation 

PP2A is known to inhibit MTORC1 
indirectly (369). Previous studies from our 
laboratory have pointed out the possibility that 
SAMe levels in liver could control protein 
phosphatase activity. In 2006 Martínez-
Chantar et al. demonstrated that high SAMe 
levels block AMPK phosphorylation through 
the activation of protein phosphatases (266). 
They also found that SAMe inhibits the effects 
of HGF on AMPK activation through a process 
that involves the association of PP2A to 
AMPK. More recently, it has been shown that 
in liver regeneration after partial hepatectomy, 
a decrease in the hepatic levels of SAMe was 
necessary to allow the phosphorylation of the 
LKB1-AMPK axis by HGF, promoting liver 
regeneration (69,79). To study the possible 
role of SAMe and methionine in PP2A 
regulation and in MTOR phosphorylation, we 
treated Gnmt-KO hepatocytes and SAMe and 
methionine cultured WT hepatocytes with 
okadaic acid, an inhibitor of protein 
phosphatases (Figure.15A), and saw an 
increase in MTOR phosphorylation similar to 
control cells. Interestingly, WT hepatocytes 
treated only with okadaic acid barely had an 
increase in pMTOR. Recent studies in yeast 
have demonstrated that methionine inhibits 
autophagy by inducing SAMEe-mediated 
methylation of PP2A (370). In line with this 
idea, we treated SAMe and methionine 
cultured hepatocytes with Deaza, a potent 
inhibitor of methylation reactions, which led to 
an increase in the levels of unmethylated 

PP2A (Figure.15B) and induced an activation 
of MTOR and its downstream targets 
(Figure.15C), suggesting that PP2A activation 
by SAMe was being mediated by PP2A-
methylation. The same study suggested that in 
yeast, methylated PP2A is able to regulate 
MTOR through the phosphorylation of Npr2p 
(370). To study the contribution of PP2A in 
regulating MTOR phosphorylation, we 
immunoprecipitated PP2A and found that 
MTOR co-immunopreciptated along with 
PP2A and that this only happened in the 
presence of high levels of SAMe and 
methionine (Gnmt-KO and SAMe and 
methionine treated hepatocytes) 
(Figure.15D), suggesting that in our model, 
PP2A was directly interacting with and 
inactivating MTOR. 

We next studied the role that PP2A 
has on autophagic flux. The PP2A inhibitor 
okadaic acid was able to restore autophagic 
flux both in Gnmt-KO and SAMe and 
methionine treated hepatocytes 
(Figure.16A,B) suggesting that PP2A is able 
to directly control autophagy. PP2A is 
composed of the scaffold (PP2AA), regulatory 
(PP2AB) and catalytic (PP2AC) subunits. The 
catalytic subunit is composed of two isoforms, 
α and β, with the α isoform being slightly more 
abundant (371). The catalytic subunit is 
methylated by the methyltransferase Leucine 
carboxyl methyltransferase-1 (LCMT-1) (371). 
Methylation of PP2AC regulates the binding of 
the regulatory subunits and can determine the 
activity of the enzyme (372,373). We silenced 
the catalytic subunit (both α and β isoforms) in 
mouse liver progenitor MLP-29 cells treated 
with SAMe and methionine (Figure.16C) and 
in Gnmt-KO hepatocytes (Figure.16D). 
Silencing PP2A was able to reactivate 
autophagic flux in both cell types suggesting 
that SAMe and methionine can inhibit 
autophagy in hepatocytes via PP2A catalytic 
subunit-methylation. 
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Figure 15. Methylated PP2A inhibits MTOR. (A) (upper panel) Western blot of MTOR from Gnmt-KO 
hepatocytes pretreatd with okadaic acid (OK, 1 nM), (lower panel) Wb of MTOR from WT hepatocytes 
pretreated with okadaic acid (OK, 1 nM) and cultured with SAMe and methionine. (B) PP2A demethylation 
assay. Unmethylated PP2A is indicated by an arrow head. Graph shows corresponding percentage of PP2A 
methylation. (C) Effects on MTOR of Deaza treatment in WT hepatocytes cultured with SAMe and methionine. 
(D) Immunoprecipitation of MTOR from WT hepatocytes cultured with SAMe and methionine and Gnmt-KO 
hepatocyte extracts. The lower panel shows inputs. 

Figure 15. Methylated PP2A inhibits MTOR 
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  Figure 16. Methylated-PP2A inhibits autophagic flux. (A) Western blot of LC3 from Gnmt-KO hepatocytes 
treated with okadaic acid (OK) and chloroquine (Chlo). (B) Wb of LC3 from SAMe and methionine cultured 
WT hepatocytes treated with okadaic acid (OK) and ammonium/leupeptin (N/L). (C) Wb of LC3 in PP2A 
subunit c (both isoforms) silenced and SAMe and methionine treated mouse MLP29 cells. The mRNA levels 
of PP2ACa and PP2ACb are shown in the graph on the right panel. (D) As in (C) but in Gnmt-KO hepatocytes. 

Figure 16. Methylated PP2A inhibits autophagic flux 
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5.2 Deregulated NEDDylation in liver fibrosis 

Hepatology. 2017;65:694-709. doi: 10.1002/hep.28933 

5.2.1 Background 
The ubiquitin-like protein NEDD8 is a post-translational modification that mainly targets the 

Cullin-RING ligases (CRL) and improves their stability. Recent work has shown that NEDD8 can also 
modify other proteins such as Mdm2, TGF-β Receptor II, and HuR (302). CRLs are involved in many 
different pathways, many of them involved in cancer, additionally; HuR and Mdm2 have also been 
implicated in cancer which prompted different to groups to study the regulation of this PTM in cancer. 
Dysregulated NEDDylation has been found in different cancers such as in the liver (282) and lung 
(308). However, it is unclear if this dysregulation is a consequence of cancer or is present before 
malignant transformation. 

 

5.2.2 Altered NEDDylation in liver 
fibrosis 
 Deregulated NEDDylation has been 
implicated in many pathological conditions 
(282,308,309,374). Here, 
immunohistochemical analysis of livers from a 
cohort of NAFLD patients with significant 
fibrosis evaluated by an expert pathologist and 
classified either as low or moderate fibrosis, 
showed increased hepatic NEDDylation 
[measured both as levels of global protein 
NEDDylation and of the Nedd8 activating 
enzyme E1 subunit 1 (NAE1)] (Figure.17A, 
Suppl. Fig. 1A, section 4.7). These results 
were confirmed by Western-blot analysis of 
the levels of NEDDylated cullins, used as a 
surrogate for global protein NEDDylation 
(Figure.17B). Increased NEDDylation activity 
in fibrosis is not dependent on etiology, as its 
induction was also observed in fibrosis 
originating from hepatitis B infection or alcohol 
abuse (Suppl. Fig 1B,C). NEDDylation was 
also measured in experimental models 
recapitulating the key steps of fibrosis clinical 
progression such as Bile duct ligation (BDL), 
the most frequently used macrosurgical 
extrahepatic cholestasis experimental model 
(375), and in the well-established toxic model 
of CCl4-induced liver fibrosis (376). Both global 
protein NEDDylation and NAE1 expression 
levels measured by IHC (Figure.17C,D), as 
well as NEDDylated cullins measured by 
Western blot were increased at 21 days after 
BDL and after 6 weeks of CCl4 (Figure.17E,F). 
Noteworthy, NEDDylation was induced 
already at day 3 after BDL and 2 weeks of CCl4 
administration suggesting that increased 
NEDDylation is an early event in liver injury 
[(Suppl. Fig 2A,B (left panel)]. Increased 
NEDDylation was only observed at the post-

translational level, without significant changes 
at the mRNA level of either NEDD8 or NAE1 
in the clinical and animal models of fibrosis 
used (Figure.17G).  

 Hepatic fibrosis is a multi-step process 
involving different cell types. Interestingly, 
double immunofluorescence staining for 
NEDD8 and albumin, a hepatocyte marker, 
were co-localized in mouse liver after BDL. 
Likewise, activated Kupffer cells (KC) 
expressing F4/80, a macrophage marker, and 
activated hepatic stellate cells (HSC) 
expressing desmin and alpha smooth muscle 
actin (α-SMA) co-localized with NEDD8 
staining after BDL-induced injury. These 
findings were confirmed by Western blot after 
isolation of the different cell types either from 
control or BDL-induced fibrotic mouse livers 
(Figure.18A) and suggests that different cell 
types involved in liver fibrosis progression are 
affected by NEDDylation modifications during 
liver injury.  

Increased NEDDylation in the BDL 
and CCl4 fibrotic mouse models prompted us 
to investigate the impact of NEDDylation 
inhibition in these animals. For this purpose we 
used MLN4924, a first-in-class inhibitor of 
NAE1 that has recently entered clinical trials 
for cancer therapy both in solid and non-solid 
tumors. BDL mice were treated once a week 
with MLN4924 starting at 3- or 7-days after the 
surgery and ending at 21 days (BDL MLN4924 
3d and BDL MLN4924 7d), time-points 
characterized either by cell death and 
inflammation or fibrosis onset, respectively 
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Figure 17. NEDDylation is altered in human and murine fibrosis. (A) Hepatic global protein NEDDylation 
and NAE1 levels in healthy (n=13) and fibrotic liver patients (n=15). (B) Western blot analysis of NEDDylated 
cullins from patients diagnosed with significant or non-significant fibrosis. Global liver protein NEDDylation 
and NAE1 levels in (C) bile duct ligation (BDL) and (D) CCl4 treated mice and with MLN4924 (BDL 3 days 
post BDL and 7 days post BDL). Western blot levels of NEDDylated cullins in (E) BDL and (F) CCl4. 
Messenger RNA levels of human fibrotic patients (stages 2 and 3) and BDL (including MLN4924 treated) and 
CCl4 mice. (*, ** or *** = p<0.05, p<0.01 or p<0.001 respectively) vs control and (#, ## or ### = p<0.05, 
p<0.01 or p<0.001 respectively) MLN4924 treated vs. BDL and CCl4. F.S= Fibrosis Stage. 

Figure 17. NEDDylation is altered in human and murine fibrosis 
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Figure 18. NEDDylation in mouse liver cells 

Figure 18. NEDDylation in mouse liver cells. (A) Co-immunofluorescence of albumin, an hepatocyte 
marker, F4/80, secreted by activated Kupffer cells, desmin and alpha smooth muscle actin (αSMA), hepatic 
stellate cell markers, with NEDD8 in BDL and control mice. Western blots of NEDDylated cullins from primary 
cells of each type with healthy controls for comparison is shown on the right. (B) Survival curve for mice 
subjected to BDL and mice subjected to BDL and treated with MLN4924. 
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Figure 19. NEDDylation inhibition improves bile acid induced hepatic injury 

Figure 19. NEDDylation inhibition improves bile acid-induced hepatic injury. (A) Levels of three 
different bile acids in BDL mice and MLN4924 treated mice (3d post BDL). (B) Hematoxylin and eosin (H&E), 
terminal deoxynucleotidyl dUTP Nick End Labeling assay (TUNEL) and cleaved caspase 3 IHC staining of 
BDL mice livers. (C) Serum transaminases from BDL mice. (D) mRNA levels of Bax and Bcl-2 from BDL 
mice. (F) Western blot of NEDDylated cullins from primary mouse hepatocytes treated with deoxycholic acid 
(DCA, 50μM) for the indicated amount of time. (G) Caspase 3 activity from primary mouse hepatocytes 
treated with 50 μM DCA for 6 hours, with or without MLN4924 (left graph) and with NAE1 silenced (right 
panel). Western blot was used to confirm NAE1 silencing. (*, ** or *** = p<0.05, p<0.01 or p<0.001 
respectively) vs control and (#, ## or ### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 treated vs. 
BDL and CCl4. 
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(Suppl. Fig. 2A and Figure.11). MLN4924-
treatment was also administered to CCl4-
rodents from 2 to 6 weeks of the initial CCl4 
administration, a time point where cell death, 
inflammation and fibrosis co-exist (Suppl. Fig. 
2B, Figure.11, section 4.6.2). As expected, 
MLN4924-treatment decreased protein 
NEDDylation in both animal models studied 
(Figure.17C-F) without affecting mRNA levels 
(Figure.17G). MLN4924-treatment was also 
able to reduce BDL mice mortality 
(Figure.18B), as treated mice had a 100% 
survival rate whereas vehicle mice had only a 
60% survival. 
 

5.2.3 NEDDylation inhibition 
ameliorates bile acid- and CCl4-
induced cell death  

Both intrahepatic Bile acid (BA) 
overload (375) and the metabolization of toxic 
CCl4 (376) result in liver injury. Metabolomic 
analysis of mouse livers revealed that 21 days 
after BDL, both primary hepatic BA, such as 
cholic acid, and taurine-conjugated BA 
(tauroursodeoxycholate and 
taurodehydrocholic acid) were significantly 
increased relative to control animals whereas 
pharmacological treatment with MLN4924 
starting 3 days after BDL had no effect in 
hepatic BA concentration (Figure.19A). In 
spite of unaltered BA hepatic content, 
NEDDylation inhibition in vivo after BDL 
significantly decreased the accumulation of 
cell death-related markers, such as 
parenchymal disruption, terminal 
deoxynucleotide transferase dUTP nick end 
labeling (TUNEL) and Caspase 3 cleavage 
(Figure.19B) with reduction of serum 
transaminase levels (Figure.19C). Also, 
MLN4924-treatment of BDL rodents reduced 
the activation of the pro-apoptotic and necrotic 
stress-activated kinase, c-Jun N-terminal 
kinase (JNK) and of p53 as well as of mRNA 
levels of genes involved in death regulation 
such as β-cell lymphoma 2 (Bcl-2) and the Bcl-
2 associated protein X (Bax), being the first 
previously described as an adaptive response 
to resist BA induced apoptosis (377) 
(Figure.19D,E). Contrary to previous studies 
in cancer reporting activation of p53 by 
MLN4924 (378), MLN4924-treatment after 
BDL reduced hepatic p53, an effect that we 
ascribe to an overall improved liver phenotype. 
Decreased cell death markers and serum 
transaminases upon MLN4924-treatment 

were also observed in CCl4-induced liver 
fibrosis in mouse (Figure.20A,B). 

Liver fibrosis is a multi-cellular 
complex process where hepatocyte death 
mediated by BA plays an important initiation 
role (195,379). Therefore, to assess the role of 
NEDDylation inhibition in hepatocyte cell 
death, we isolated primary mouse hepatocytes 
and treated them with the toxic bile acid 
deoxycholic acid (DCA). Similar to our in vivo 
results, where NEDDylation was increased in 
hepatocytes from BDL-injured mouse livers 
(Figure.18, Suppl. Fig. 2A), NEDDylation was 
induced 30 min to 1h following DCA-
stimulation in isolated healthy mouse 
hepatocytes (Figure.19F). Treatment with 
DCA significantly increased cell apoptosis, 
measured as caspase 3 activity (Figure.19G). 
This is in agreement with earlier evidence 
where increased death as a result of necrosis 
was observed in BDL whereas high toxic BA 
were shown to induce apoptosis in cultured 
hepatocytes (380). Noteworthy, NEDDylation 
inhibition either by MLN4924-treatment or 
Nae1 silencing significantly reduced caspase 
3 activity only in DCA-stimulated hepatocytes 
not inducing apoptosis per se, indicating that 
NEDDylation inhibition-mediated cell death is 
exclusively of dividing hepatoma cells or pre-
tumoral hepatocytes, as previously observed 
(282). Overall, this data suggests that 
NEDDylation could mediate hepatocyte death 
in liver injury. 

5.2.4 NEDDylation inhibition 
decreases liver inflammation  

Upon death-induced stimulus, 
hepatocytes release cytokines that promote 
the activation of the liver resident 
macrophages. Thus, increased accumulation 
of F4/80, a cell membrane marker of 
macrophages, was observed in our injury 
models. Diminished F4/80 staining indicated 
that NEDDylation inhibition in vivo decreased 
KC accumulation both in BDL and CCl4-
induced liver injury (Figure.20C and 
Figure.21A). MLN4924-treatment to BDL 
rodents diminished the expression of pro-
inflammatory cytokines, such as TNFα, and its 
receptor, the tumor necrosis factor alpha 
receptor (TNFR1), previously implicated in 
liver damage (Figure.21B) (381) 
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Figure 20. NEDDylation inhibition improves liver health in CCl4 treated mice 

Figure 20. NEDDylation inhibition improves liver health in CCl4 treated mice. (A) Hematoxylin and eosin 
(H&E) and terminal deoxynucleotidyl dUTP Nick End Labeling assay (TUNEL). (B) Serum transaminase 
levels from CCl4 treated mice. (C) F4/80 staining in CCl4 mice. (D) Desmin, αSMA, sirius red staining and (E) 
hepatic hydroxiproline levels from CCl4 treated mice. (*, ** or *** = p<0.05, p<0.01 or p<0.001 respectively) 
vs control and (#, ## or ### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 treated vs. CCl4. 
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Figure 21. NEDDylation inhibition decreases liver inflammation and reduces Kupffer cell activation 

Figure 21. NEDDylation inhibition decreases liver inflammation and reduces Kupffer cell activation. 
(A) F4/80 staining in BDL liver. (B) Hepatic TNFα and TNFα receptor levels. (C) mRNA levels of inflammatory 
markers in BDL mice livers. (D) mRNA levels of Cxcl2 and Ccl2 in primary mouse hepatocytes exposed to 
50 μM DCA and treated with MLN4924. (E) IL-6 and TNFα levels in the extracellular medium (upper panel) 
and mRNA levels of inflammatory markers (lower panel) in LPS stimulated (200 ng/ml) primary mouse 
Kupffer cells cultured with MLN4924. (F) Ccr2 and Ccl2 mRNA levels in in vivo activated primary Kupffer 
cells after MLN4924 treatment. (*, ** or *** = p<0.05, p<0.01 or p<0.001 respectively) vs control and (#, ## 
or ### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 treated vs. BDL and non treated. Legend applies 
to: A, B and C 
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Figure 22. NEDDylation inhibition reduces fibrosis 

Figure 22. NEDDylation inhibition reduces fibrosis. (A) Desmin, αSMA and Sirius red staining in BDL 
livers. BDL mice hepatic hydroxiproline (B) and TGF-β (C) content. (D) Comparison of mRNA levels of 
profibrogenic markers between control, BDL and BDL MLN4924 treated mice. (*, ** or *** = p<0.05, p<0.01 
or p<0.001 respectively) vs control and (#, ## or ### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 
treated vs. BDL. 
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and accounted for reduced expression at the 
mRNA level of inducible nitric oxide synthase 
(Nos2) and the C-C chemokine receptors, 
Ccr1, Ccr2 and Ccr5 (Figure.21C).  

Different liver cell types interact and 
play important roles on inflammation 
mediation. NEDDylation inhibition prevented 
stimulation of inflammatory markers such as 
the chemokine (C-X-C motif) ligand 2 (Cxcl2) 
and the chemokine (C-C motif) ligand 2 (Ccl2) 
in primary mouse hepatocytes treated with 
DCA (Figure.21D). On the other hand, 
previous studies have reported that 
lipopolysaccharide (LPS)-activated 
macrophages have increased NEDDylation 
activity (382), an outcome similar to our in vivo 
discovery of increased NEDDylation in 
activated KC (Figure.18). In vitro treatment 
with MLN4924 to isolated KC after stimulation 
with LPS, reduced IL-6 and TNFα cell release, 
as well as mRNA levels of Il-6, Il1b, Tnfα and 
Nos2 (Figure.21E). Likewise, NEDDylation 
inhibition in isolated KC from injured livers 
decreased the mRNA levels of Ccr2 and Ccl2, 
molecules involved in CC-chemokine 
recruitment of macrophages (Figure.21F) 
(383). All together this data suggests that 
NEDDylation can modulate inflammation after 
hepatic injury.  

5.2.5 NEDDylation plays a role in 
hepatic stellate cell activation 

As a result of maintained hepatocyte 
cell death and hepatic inflammation, quiescent 
HSC undergo a differentiation process 
towards an activated state, becoming the main 
fibrogenic cell type in the damaged liver 
(131,384). Thus, HSC accumulation (desmin 
staining) and more importantly its activation 
(α-SMA staining), with concomitant 
accumulation of collagen deposits (Sirius red 
staining and hydroxyproline assay) were 
increased after BDL and CCl4-induced injury. 
MLN4924-treatment in vivo starting either at 3 
or 7 days after BDL and after 2 weeks of CCl4 
chronic administration, showed a reduction of 
HSC activation and collagen deposition 
(Figure.20D,E and Figure.22A,B). 
Noteworthy, the decrease was more 
significant in the BDL model probably because 
3 and 7 days after BDL is an initial stage of the 
fibrosis progression while in the CCl4 model 
fibrosis is more advanced at 2-weeks after 
CCl4 administration (Suppl. Fig. 2B). We 
hypothesize that, at least in the BDL mouse 

model, MLN4924 treatment acts both by 
reducing and preventing the activation of HSC. 
Moreover, NEDDylation inhibition in BDL-
induced liver injury, reduced the levels of the 
pro-fibrogenic factor, TGF-β, both at protein 
and mRNA level, and the expression of 
collagen type I alpha 1 (Col1a1), and the 
matrix metalloproteinase 9 (Mmp9) accounting 
for matrix degradation (Figure.22C,D). 

As mentioned earlier, HSC have 
increased NEDDylation when activated during 
fibrosis (Figure.18). We again confirmed this 
increase in primary HSC cultivated on plastic. 
After seven days of plastic culture, primary 
HSC had increased NEDDylation which 
coincided with increased activation markers 
(Figure.23A). Treatment of these cells with 
MLN4924 led to a sharp decrease in the 
activation. Even primary HSCs that had been 
activated for five days on plastic had a 
reduction of activation markers when treated 
with MLN4924, the results were similar with 
primary HSCs extracted from BDL livers 
(Figure.23B-D). Silencing NAE1 in primary 
HSC led to similar results, NAE1 silenced 
HSCs were less activated than control cells 
after 7 days plastic culture (Figure.23E).  

To continue studying the effect of 
NEDDylation inhibition on the activation of 
HSCs we used LX-2 cells, a human immortal 
HSC cell line (360). When treated with TGF-β, 
LX-2 cells increase their activation as seen by 
increased pSmad2 (S465/467) levels as well 
as increased levels of collagen, α-SMA, and 
PAI1 mRNA (Figure.24A,B). In line with our 
previous results, LX-2 cell activation was 
accompanied with increased cellular 
NEDDylation. When treated with MLN4924 
and TGF-β, NEDDylation is reduced and 
collagen, α-SMA, and PAI1 mRNA levels fall 
back to that of control cells (Figure.24A,B). 
Interestingly, MLN4924 treatment was able to 
reduce total levels of Smad2, with or without 
TGF-β treatment, suggesting that 
NEDDylation plays a role in Smad2 stability. 
To explore the possibility that Smad2 might be 
directly NEDDylated we then silenced NAE1 or 
overexpressed NedP1, a specific NEDD8 
isopeptidase, in LX-2 cells to ensure that this 
effect was not due to drug off target effects. In 
cells without NAE1 or overexpressing NedP1, 
Smad2 levels were again reduced when 
compared to controls (Figure.24C). To see if 
there was a direct  
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Figure 23. NEDDylation plays a role in hepatic stellate cell activation 

Figure 23. NEDDylation plays a role in hepatic stellate cell activation. (A) mRNA levels of profibrogenic 
markers in 7 day plastic activated primary mouse HSC and plastic activated primary mouse HSC cultured 
with MLN4924 (3 μM) since the first day of culture. A Western blot of NEDDylated cullins from control cells 
is shown. (B) mRNA levels of profibrogenic markers in plastic activated primary mouse HSC and plastic 
activated primary mouse HSC cultured with MLN4924 (3 μM) starting from the fith day of culture. (C) Western 
blot of NEDDylated cullins from BDL in vivo activated primary mouse HSC and in vivo activated primary 
mouse HSC cultured with MLN4924 (3 μM) and (D) mRNA levels of profibrogenic markers. (E) mRNA levels 
of profibrogenic markers in in vivo BDL activated HSC with NAE1 silenced and 7 days of plastic culture. The 
levels of Nae1 mRNA are used to confirm NAE1 silencing. (*, ** or *** = p<0.05, p<0.01 or p<0.001 
respectively) vs control and (#, ## or ### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 treated vs. 
BDL or non-treated. 
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Figure 24. NEDDylation plays a role in Smad signaling 

Figure 24. NEDDylation plays a role in Smad signaling. (A) Western blot of NEDDylated cullins, Smad2 
and c-Jun in human LX-2 cells treated with TGF-β (8ng/ml) and MLN4924 (3 μM). (B) mRNA levels of 
profibrogenic markers in human LX-2 cells treated with TGF-β (8ng/ml) and MLN4924 (3 μM). (C) Western 
blot of Smad2 from human LX-2 cells with either NAE1 silenced (upper panel) or overexpressing NedP1-V5 
(lower panel). (D) Ni2+-NTA pulldown of FLAG-Smad2 bound to His6–NEDD8 in human LX-2 cells. (E) 
Immunoprecipitation (IP) of pSmad2 (S465/467) and blot against c-Jun from human LX-2 cell extracts treated 
with 8ng/ml TGF-β. (F) Luciferase activity of Smad binding elements (SBE) in human LX-2 cells stimulated 
with TGF-β (8ng/ml) and cultured with MLN4924 (3 μM). (*, ** or *** = p<0.05, p<0.01 or p<0.001 respectively) 
vs control and (#, ## or ### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 treated vs. non-treated. 
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Figure 25. NEDDylation inhibition induces hepatic stellate cell apoptosis through c-Jun stability 

Figure 25. NEDDylation inhibition induces hepatic stellate cell apoptosis through c-Jun stability. (A 
and C) Caspase 3 activity of in vivo acitivated and plastic activated primary mouse HSC respectively cultured 
with MLN4924 (3μM). (B) Western blot of c-Jun levels in in vivo activated primary mouse HSC. (D) Caspase 
3 activity and Anexin-V positive human LX-2 cells cultured with MLN4924 (3 μM). (E) Caspase 3 activity in 
human LX-2 cells with silenced c-Jun and cultured with MLN4924 (3 μM). Western blot was used to confirm 
c-Jun silencing (lower panel). (*, ** or *** = p<0.05, p<0.01 or p<0.001 respectively) vs control and (#, ## or 
### = p<0.05, p<0.01 or p<0.001 respectively) MLN4924 treated vs. non-treated. 
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interaction between NEDD8 and Smad2 we 
performed a Ni2+-NTA agarose pulldown in LX-
2 cells transfected with FLAG-Smad2 and 
His6-NEDD8 or a NEDD8 mutant (His6-ΔGG-
NEDD8) which is unable to conjugate with 
targets. Only extracts from cells transfected 
with His6-NEDD8 pulled down a band at 
approximately 70 kDa, indicating that Smad2 
might be NEDDylated (Figure.24D). 

Interestingly, when MLN4924 treated 
cells are stimulated with TGF-β, there is no 
decrease in pSmad2 levels even though there 
is a decrease in total Smad2 levels 
(Figure.24A). These results suggest that 
while NEDDylation may be stabilizing 
unmodified Smad2 it disrupts phosphorylated 
Smad2 levels, however, with NAE1 inhibition 
we see a reduced expression of Smad target 
genes indicating that MLN4924 is somehow 
disrupting the activity of activated Smad. 
Smad signaling can be interrupted by several 
mechanisms, such as Smad7, Smurf1 and 2, 
and c-Jun. Previous researchers have shown 
that c-Jun has a Smad binding element in its 
promoter and that it is expressed in cells 
stimulated with TGF-β and the increased c-
Jun in the nucleus is then able to bind and 
intercept the Smad complex and inhibit its 
transcription (184,185). c-Jun is also degraded 
by cullins (385), and we saw an increase in c-
Jun stability in LX-2 cells and primary HSCs 
(Figure.24A and 25B). To test whether the 
increase in c-Jun is one of the reasons why 
MLN4924 treated HSCs have a reduced 
activation, we performed a pSmad2 
immunoprecipitation in TGF-β activated LX-2 
cells (Figure.24E). Activated cells 
immunoprecipitated more c-Jun than control 
cells. Additionally, activated LX-2 cells treated 
with MLN4924 have reduced activation of a 

commercial Smad binding element (SBE) 
luciferase assay when compared to TGF-β 
only cells (Figure.24F). These results suggest 
that in our model c-Jun may also be blocking 
activation by sequestering the Smad complex 
and preventing activation of Smad target 
genes despite high levels of pSmad2. 

5.2.6 NEDDylation inhibition 
decreases fibrosis by inducing 
hepatic stellate cell apoptosis 

Therapies aimed at reducing fibrosis 
have also attempted to induce apoptosis of 
activated HSC to reduce their activity. To test 
whether NEDDylation inhibition could also be 
reducing fibrosis by inducing HSC apoptosis 
we assessed caspase-3 activity in MLN4924 
treated BDL activated primary mouse HSC or 
TGF-β stimulated LX-2 cells (Figure.25A,D). 
The results showed that both cell types had 
increased apoptosis when treated with 
MLN4924 and apoptosis from HSC isolated 
from healthy animals is significantly lower than 
that observed in activated HSC (Figure.25C). 
Previous reports have shown that c-Jun is 
linked to apoptosis in several types of cells 
(386), including HSC (387) and inhibiting 
NEDDylation in both primary HSCs and LX-2 
cells leads to accumulation of c-Jun 
(Figure.24A and 25B). To confirm the role of 
c-Jun in HSC apoptosis we partially silenced 
c-Jun in LX-2 cells and this was able to reduce 
the apoptotic-induced actions of MLN4924 
(Figure.25E). This evidence suggests that the 
accumulation of c-Jun as a result of 
NEDDylation inhibition may be reducing 
fibrosis on the one hand by reducing activation 
of HSC and on the other by promoting HSC 
apoptosis. 
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5.3 SUMO2 retains LKB1 in the nucleus and increases hepatoma 

cell survival 

5.3.1 Background  
The serine/threonine kinase LKB1 has generally been considered a tumor suppressor due to 

its role as the activator of AMPK and its control over cellular metabolism. Recently, a different function 
has been discovered for LKB1 in cell growth and cancer. In liver, we found that LKB1 was activated 
in liver regeneration after partial hepatectomy (69) and that patients with poor prognosis HCC have 
increased levels of LKB1 (267,268,282). Indeed, overexpression of LKB1 in hepatoma cells induces 
replication and survival through regulation of the Ras signaling pathway. Furthermore, mice livers 
overexpressing LKB1 show formation of preneoplastic nodules with increases expression of 
RasGRP3. On the other hand, hepatoma cells with silenced LKB1 have increased cell death and 
reduced cell growth (268). Although the effects of LKB1 on the liver are starting to be elucidated, the 
mechanisms by which this happens are still largely unknown. 

 

5.3.2 LKB1 expression is induced in 
low GNMT tumors from HCC 
patients 

Hepatic protein and mRNA levels of 
LKB1 are induced in bad prognosis HCC 
patients (268,282). In this context, 
hyperactivation of LKB1 (S428) is negatively 
correlated with low levels of GNMT in human 
HCC (268). Indeed, the absence of GNMT in 
the Gnmt-KO mouse model induces the 
spontaneous development of NAFLD and its 
progression to fibrosis and HCC highlighting 
the role of GNMT in liver disease (73). 
Importantly, 6 month old pretumoral Gnmt-KO 
mice have increased hepatic LKB1 levels 
(Figure.26A). 

In order to evaluate if LKB1 is 
implicated in malignant transformation during 
the initial stages of liver cancer, LKB1 levels 

were analyzed by immunohistochemistry in 
very-early or early HCC patients (BCLC stage 
0 or A) with different pathological etiologies 
(section 4.7) and characterized by low GNMT 
levels (Figure.26B). In agreement with our 
previous work, we show that LKB1 protein 
levels are induced in human early stage HCC 
specimens compared to healthy controls and 
correlated with the levels of GNMT 
(Figure.26A,B).  

To further study the role of LKB1 
(gene STK11) in GNMT deficient hepatic 
tumors we created a Stk11/Gnmt double 
knockout mouse. Therefore, Gnmt-KO mice 
were crossed with the Alb-Cre+Stk11loxP/loxP 
generating a novel animal model, the 
Stk11/Gnmt dKO with low hepatic LKB1 in the 
context of GNMT deficiency (Figure.10 and 
27A, section 4.6.1). In these animals, LKB1 
levels are reduced in hepatocytes due to the  

Figure 26. LKB1 levels are increased in the abscence of GNMT 

Figure 26. LKB1 levels are increased in the 
absence of GNMT. (A) Western blot of LKB1 
from control and Gnmt-KO mice livers. (B) 
IHC of GNMT and LKB1 levels in human 
HCC. 
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Figure 27. Loss of LKB1 in the Gnmt-KO mouse improves liver health 

Figure 27. Loss of LKB1 in the Gnmt-KO mouse improves liver health. (A) Western blot of LKB1 levels 
in the Gnmt-KO and Gnmt/Stk11-dKO mouse models. (B) Sudan red and Sirius red staining of Gnmt-KO and 
Gnmt/Stk11-dKO livers less than 6 months old. (C) A Kaplan-Meier plot showing the percent of tumor free 
mice (Gnmt-KO and Gnmt/Stk11-dKO). (D) H&E staining and representative photographs of more than 10 
month old Gnmt-KO and Gnmt/Stk11-dKO mice livers. (E) RasGRP3, Pan-RAS and Ki67 staining of Gnmt-
KO and Gnmt/Stk11-dKO mice livers. (F) Wb of LKB1 from control, Gnmt-KO, and Gnmt-KO on a methionine 
deficient diet (MDD, 1 month). 
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Cre recombinase driven by the Albumin (Alb) 
gene promoter commonly used to generate 
adult mice with reliable hepatocyte-specific 
recombination of loxP-flanked alleles. 
Comparison of the Gnmt-KO versus 
Stk11/Gnmt-dKO mice indicated that hepatic 
Stk11 silencing reduced liver NASH and 
fibrosis in animals younger than 6 months old 
(Figure.27B). Moreover, hepatic Stk11 
knockout completely blocked liver tumor 
appearance associated with GNMT deficiency 
in animals older than 10-months-old, as 
observed by ultrasound surveillance 
(Figure.27C) and later confirmed by visual 
inspection upon sacrifice. Hematoxylin and 
eosin (H&E) staining was further used to 
confirm the presence of liver tumors in the 
Gnmt-KO mice (Figure.27D). These results 
agree with previous evidence from our group 
where Stk11 ablation in flank xenograft tumors 
of hepatoma cells from the Gnmt-KO mouse 
resulted in reduced tumor growth (268). 
Importantly, these results at this level were 
independent of SAMe levels (SAMe levels= 
3,334±±±±623 mol/mg in Gnmt-KO vs. 3,413 ±±±± 
209 mol/mg in the Stk11/Gnmt-dKO). 
Interestingly, Gnmt-KO mice had increased 

RasGRP3 and Pan-RAS levels in protumoral 
nodules in a similar fashion as to what we had 
previously seen in mice overexpressing LKB1 
in the liver as well as increased inflammatory 
cell infiltration as seen by Ki67 staining 
(Figure.27E). Loss of LKB1 reduced the 
appearance of nodules and the associated 
hepatic inflammation along with the levels of 
RasGRP3 and Pan-Ras. The improved liver 
phenotype seen when LKB1 is deleted 
resembles the effects seen when Gnmt-KO 
mice are fed a methionine deficient diet (86). 
Normalization of SAMe levels, with a 
methionine deficient diet in Gnmt-KO mice, led 
to a reduction of total LKB1 (Figure.27F), 
suggesting that SAMe levels may play a role 
in determining LKB1 levels.  

5.3.3 LKB1 localizes to the nucleus 
The data gathered here and in 

previous work from our lab points to LKB1 
directly influencing the activity of the Ras 
proliferation pathway, especially the 
expression of RasGRP3. Hepatoma cells 
derived from Gnmt-KO and human (Bclc3 cell 
line) tumors had increased mRNA and protein 
RasGRP3 levels when overexpressing LKB1 

Figure 28. LKB1 has a nuclear localization despite normal STRADα levels 

Figure 28. LKB1 has a nuclear 
localization despite normal STRADα 
levels. (A) IHC of LKB1 and SUMO2/3 in 
8 month old WT and Gnmt-KO mice 
livers. (B) RasGRP3 ChIP enrichment in 
Bclc3 human hepatoma cells. (C) mRNA 
levels of Stradα in Gnmt-KO liver and 
Gnmt-KO hepatocytes cultured for 24 
hours. 
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(268) suggesting that LKB1 overexpression 
may play a role in regulating cellular 
transcriptional activity. In 8 month old Gnmt-
KO mice and Bclc3 hepatoma cells, LKB1 is 
mainly localized in the nucleus (Figure.28A). 
In order to test whether LKB1 may directly be 
inducing the expression of RasGRP3 we 
performed a ChIP assay in Bclc3 human 
hepatoma cells (Figure.28B). Interestingly, 
we found that the promoter of RasGRP3 co-
immunoprecipitated with LKB1 suggesting that 
the up regulation of the mRNA levels of this 
Ras activator is controlled by LKB1. This data 
is similar to that of Scott et al. that saw an 
increased binding of nuclear LKB1 to the 
promoter region of Cyclin D1 (388).  

Subcellular localization of LKB1 is 
normally controlled by the pseudokinase 
STRADα. We checked the levels of STRADα 
in Gnmt-KO mice tumors, Gnmt-KO 
hepatocytes and in the ONCOMINE database 
and found that STRADα levels were not 
reduced (Figure.28C and Table 11). This data 
points to a different mechanism retaining LKB1 
in the nucleus and regulating its activity. 

 

5.3.4 LKB1 is modified by SUMO2 
controlling its subcellular 
localization 

LKB1 is known to be modified by 
various post-translational modifications. 
Among them the most studied are NEDD8 and 
ubiquitin. NEDD8 can increase the stability of 
LKB1 in HCC (282) and K63 ubiquitination can 
increase LKB1 activity by stabilizing the 
formation of the LKB1-STRADα-MO25 
complex (280). One PTM that is connected to 
protein localization is SUMO (small ubiquitin-
like modifier) and it is the only PTM with a 
known consensus site on its target proteins 
(294). While working on this project Ritho et al. 
found that LKB1 was SUMOylated by SUMO1 
during starvation and that this modification 
increased the interaction of LKB1 with AMPK 
but had no effect on localization (281). We 
found that, like LKB1, SUMO levels are 
increased in 8 month old Gnmt-KO mice when 
compared to WT controls (Figure.28A), so to 
explore LKB1 SUMOylation we first used 
SUMO site prediction software to find any 
possible SUMO consensus sites in its amino 
acid sequence. The results showed 3 high 
scoring sites within LKB1 (Figure.29A).  Since 
LKB1 had putative SUMO binding sites we 
next performed a Ni2+-NTA agarose bead 
pulldown from Huh7 cells transfected with 
His6-SUMO1, 2, or 3 and LKB1. We observed 
that LKB1 was only modified with SUMO2 and 
that this result was specific because co-
transfection with Ubc9 increased the SUMO2 
smear (Figure.29B, lane 5). This modification 
did not require LKB1 activity as a kinase dead 
mutant was also modified (Figure.29C). 
Additionally, we observed an increase in 
SUMOylation with PIAS1 and 4 (Figure.29D, 
lanes 3 and 6) and that SENP2 was the most 
active LKB1 deSUMOylase (Figure.29E, lane 
4). Interestingly, SENP7 did not modify LKB1-
SUMO this may be due to its role as a SUMO 
chain modifier (320). To find the acceptor 
lysine in LKB1 we created arginine mutants of 
the four highest scoring consensus sites (K96, 
K97, K178, and K235) and performed the 
same pulldown as before (Figure.29F, lane 
5). The mutant K178R had the least amount of 
SUMO2 smear of all the mutants tested 
suggesting that K178 is the primary SUMO2 
acceptor. 

 

Table 11. Oncomine database search for the 
STRADα gene 

Table 11. Oncomine database search for 
the STRADα gene 

HCC vs. Normal Gene: STRADA 
Study or 

subgroup 
Fold 

change 
p n 

Chen Liver 1.333 3.33E-
6 197 

Roessler 
Liver 1.203 0.002 43 

Wurmbach 
Liver 1.186 0.004 75 

TCGA Liver 1.101 3.77E-
8 212 

Mas Liver 1.084 0.049 115 
Roessler 
Liver 2 1.059 0.002 445 

Guichard 
Liver 1.040 3.77E-

7 185 

Guichard 
Liver 2 1.035 0.003 52 

Mas Liver -1.108 0.005 115 
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Figure 29. LKB1 is modified by SUMO2 

Figure 29. LKB1 is modified by SUMO2. (A) Potential 
SUMO consensus sites on LKB1 as determined by 
SUMOplot. (B) Ni2+-NTA pulldown (PD) of LKB1 using 
His6-SUMO. Ubc9 was used to confirm a specific result. 
(C) PD using a kinase dead (KD) LKB1 mutant. (D) PD 
using PIAS. (E) PD using SENPs. (F) PD using the 
putative SUMO consensus site LKB1 mutants. Dotted 
lines represent cropped blots. 
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  Figure 30. SUMO2 increases LKB1 nuclear localization by disrupting its union with STRADα. (A) 
Immunofluorescence (IF) of LKB1 in Huh7 cells with or without SUMO2. (B) Immunoprecipitation of Stradα 
in Hub7 cells with or without SUMO2 and blot against LKB1. (C) FLAG IF of Huh7 cells expressing WT LKB1 
or LKB1 K178R mutant. Inserts are magnified 1.5 times. (D) IP of STRADα from Huh7 cell expressing either 
WT LKB1 or LKB1 K178R mutant. (E)  Western blot of FLAG and AMPK from Huh7 cells expressing WT 
LKB1 or LKB1 K178R mutant. Dotted lines represent cropped blots. 

Figure 30. SUMO2 increases LKB1 nuclear localization by disrupting its union with STRADα 
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Figure 31. LKB1 SUMOylation increases during hypoxia 

Figure 31. LKB1 SUMOylation increases during hypoxia. (A) Pulldown (PD) of LKB1 under different 
metabolic conditions in Huh7 cells. (B) Immunoprecipitation of Stradα in Huh7 cells under different metabolic 
conditions and blot against LKB1. (C) PD of WT LKB1 and LKB1 K178R mutant in Huh7 cells in hypoxia. (D) 
FLAG immunofluorescence during hypoxia or starvation of Huh7 cells expressing WT LKB1 or LKB1 K178R 
mutant and LacZ expressing control cells. S= starvation, H= hypoxia, X= Ex-527 treatment (30 μM, 24h). 
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To test whether SUMOylation could 
affect LKB1 localization we performed 
immunofluorescence staining of LKB1 in Huh7 
cells expressing SUMO2 (Figure.30A). Cells 
that expressed more SUMO2 had increased 
nuclear localization of LKB1. Cells expressing 
both SUMO2 and STRADα had less LKB1 co-
immunoprecipitate after an IP (Figure.30B) 
suggesting that SUMO2 can control LKB1 
localization by preventing the formation of the 
LKB1-STRADα-complex. We next repeated 
the same experiments with the SUMO2 
deficient mutant. Immunofluorescence of 
LKB1 in K178R mutant expressing cells 
showed an increased cytoplasmic localization 
(Figure.30C) and when immunoprecipitated, 
K178R had increased binding to STRADα 
(Figure.30D).  

The K178R mutant had the same 
stability as WT LKB1 (Figure.30E) suggesting 
that SUMO2 is not required for protein stability. 
The K178R mutant had reduced AMPK 
activation (T172) when compared to WT LKB1 
despite being primarily in the cytoplasm. 
These results are similar to what Ritho et al. 
discovered as they observed a reduced 
interaction of LKB1 K178R with AMPK (281). 
Taken together these results suggest that 
SUMOylation can control LKB1 activity by 
retaining it in the nucleus and reducing the 
formation of the LKB1-STRADα complex. 

5.3.5 LKB1 is SUMOylated during 
hypoxia 

SUMOylation is a dynamic process 
and usually occurs in response to cellular 
stress (294). Since LKB1 is mainly involved in 
the regulation of metabolism we next studied 
the SUMOylation of LKB1 during metabolic 
stress such as starvation and hypoxia. Under 
these conditions LKB1 SUMOylation is 
altered, during starvation LKB1 SUMOylation 
was barely detectable whereas in hypoxic 
conditions LKB1 SUMOylation was increased 
when compared to normoxia (Figure.31A). An 
IP of STRADα under the same conditions 
resulted in more co-immunoprecipitation of 
LKB1 during starvation (LKB1 is located in the 
cytoplasm during starvation) and less during 
hypoxia (Figure.31B). As expected, the 
K178R mutant had no change in SUMOylation 
during hypoxia (Figure.31C).  When we 
studied the subcellular localization of WT 
LKB1 during metabolic stress we saw a 
cytoplasmic staining during starvation and a 

stronger nuclear signal during hypoxia 
(Figure.31D), however, the SUMO mutant 
LKB1 was localized mainly in the cytoplasm 
regardless of the metabolic state 
(Figure.31D). This data suggests that 
SUMOylation is activated during hypoxia, 
inactivated during starvation and that it retains 
LKB1 in the nucleus. 

5.3.6 Acetylation is a prerequisite 
for SUMOylation 

Previous groups have demonstrated 
that the acetylation status of LKB1 is able to 
control its cellular localization (279) in a similar 
fashion to what we observed. Protein 
acetylation can also compete with SUMO for 
the same lysine residue resulting in a 
SUMO/acetylation switch (389,390). To study 
the role of acetylation on the SUMOylation 
status of LKB1 we co-transfected LKB1 and 
SIRT1, a NAD dependent sirtuin that 
deacetylates LKB1 (279), and performed a 
pulldown. Huh7 cells transfected with SIRT1 
had a reduced SUMO2 smear when compared 
to LKB1 only cells (Figure.32A). Interestingly, 
SIRT1 activity appears to be inactivated during 
hypoxia in our model (Figure.32B). To further 
test the effects of acetylation, we performed a 
pulldown with LKB1 K48R (an acetylation 
mutant, Figure.32C) (279). When compared 
to control, K48R had reduced SUMOIylation 
whereas WT-LKB1 treated with the SIRT-1 
inhibitor Ex-527 had an increased SUMO2 
smear. The K48R mutant was not 
SUMOylated under hypoxia or with Ex-527 
treatment (Figure.32D) and neither was the 
K178R mutant (Figure.32E). Ex-527 was also 
able to reduce the co-immunoprecipitation of 
LKB1 with Stradα (Figure.31B). 

GCN5 (KAT2A) is an 
acetyltransferase that has been implicated in 
controlling cellular metabolism along with 
SIRT1 (391–393). When cells were treated 
with butyrolactone 3, a specific GCN5 inhibitor, 
the resulting pulldown had a reduced SUMO2 
smear (Figure.32F) similar to SIRT1 
overexpression. Taken together, these results 
suggest that LKB1 requires a previous 
acetylation step to be modified by SUMO2 
during hypoxia. 

5.3.7 LKB1 in hypoxic liver 
To test the biological validity of LKB1 

SUMOylation, we looked at the localization of  
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Figure 32. Acetylation is a prerequisite for LKB1 SUMOylation 

Figure 32. Acetylation is a prerequisite for LKB1 SUMOylation. (A) Pulldown (PD) of LKB1 in Huh7 cells 
expressing SIRT1 in normoxia and in (B) hypoxia. (C) PD of WT LKB1 and LKB1 K48R mutant in Huh7 cells 
and Ex-527 culture. (D) PD of the LKB1 K48R mutant in different metabolic conditions. (E) PD of LKB1 K178R 
mutant with Ex-527 culture. (F) PD of WT LKB1 with Butyrolactone (MB-3, 100 μM, 24h) culture. H= hypoxia, 
X= Ex-527 treatment (30 μM, 24h). 
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Figure 33. Nuclear LKB1 increases hepatoma cell survival 

Figure 33. Nuclear LKB1 increases hepatoma cell survival. (A) Immunohistochemistry of hepatic LKB1 
and SUMO2/3 from mice under acute and chronic hypoxia. (B) Crystal violet and MTT assays in Huh7 cells 
expressing WT LKB1 or LKB1 K178R mutant in normoxia. Control cells express LacZ. (C) ATP levels in 
Huh7 cells expressing WT LKB1 and LKB1 K178R mutant in normoxia and hypoxia. Control cells express 
LacZ. (D) Oxygen consumption rate (OCR, left panel) and extracellular acidification rate (ECAR, right panel) 
in Huh7 cells expressing WT LKB1 and LKB1 K178R mutant and subjected to 24h of hypoxia. (E) mRNA 
levels of RasGRP3, GLUT1 (SLC2A1) and parts of the pentose phosphate pathway in Huh7 cells expressing 
WT LKB1, LKB1 K178R mutant or LacZ control after 24h of hypoxia. (F) Wound healing assay of Huh7 cells 
expressing WT LKB1, LKB1 K178R mutant or LacZ at T=0 (left panel) and T=48h (24h of hypoxia, right 
panel). 



  Results 

105 
 

LKB1 in mice exposed to hypoxia. Nuclear 
LKB1 increases with the duration of hypoxia as 
seen by immunohistochemistry and nuclear 
accumulation of SUMO 2/3 is also increased 
during hypoxia (Figure.33A). 

5.3.8 LKB1 SUMOylation increases 
cell survival 

We then used Huh7 hepatoma cells to 
study the effect of LKB1 SUMOylation on cell 
survival. Huh7 cells expressing WT LKB1 had 
increased survival and higher colony formation 
(Figure.33B).  Additionally, WT LKB1 cells 
had more ATP under basal conditions 
(Figure.33C) and these differences were 
maintained during hypoxia as WT cells had 
more ATP levels than K178R mutants 
(Figure.33C). These differences were also 
seen after the cells underwent a 24h period of 
hypoxia and were then cultured again in 
normoxia. WT LKB1 expressing cells had a 
higher oxygen consumption rate and an 
increased extracellular acidification rate when 
compared to K178R mutants (Figure.33D), as 
measured by a Seahorse analyzer, indicating 
that LKB1 increases energy levels and 
glycolysis and reflects a more tumoral 
metabolism. An increased nuclear localization 

of WT LKB1 also resulted in an increased 
expression of RasGRP3 when compared to 
the more cytoplasmic K178R mutant 
(Figure.33E). This was also accompanied by 
an increase in the mRNA levels of GLUT1 a 
glucose transporter that facilitates glucose 
transport across the membrane (Figure.33E). 
Additionally, nuclear LKB1 increased the 
mRNA levels of Glucose-6-phosphate 
dehydrogenase, Phosphogluconate 
dehydrogenase, and transketolase all 
enzymes involved in the pentose phosphate 
pathway (Figure.33E) a pathway that 
generates NADPH, is required for nucleotide 
synthesis and ROS removal and is found 
upregulated in many cancers (394). These 
results suggest that LKB1 helps the cell 
maintain a functional metabolism during 
metabolic stress. Along similar lines, WT LKB1 
Huh7 expressing cells were able to close the 
gap in a wound healing assay at a much faster 
rate than the mutant LKB1 cells after 24h of 
hypoxia (Figure.33F). Taken together, our 
results suggest that nuclear SUMOylated 
LKB1 is able to protect the cell during 
metabolic stress and improve proliferation and 
malignancy once normal conditions are 
obtained. 
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6. Supplemental  

Supplemental Figure 1. Fibrosis from different etiologies increases hepatic 
NEDDylation 

Supplemental Figure 1. Fibrosis from different etiologies increases hepatic NEDDylation. (A) Sirius 
red staining of livers from healthy and NAFLD patients (Table 9) used in Figure 17. Both peri-sinusoidal and 
peri-portal regions are shown. (B) Global protein NEDDylation and NAE1 levels in fibrotic human livers 
caused by Hepatitis B infection (B) and alcohol abuse (C) compared to healthy controls. 
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  Supplemental Figure 2. Inflammation and fibrosis is present at the start of MLN4924 treatment. H&E, 
Global protein NEDDylation, NAE1, F4/80, Sirius red and αSMA staining in BDL mice 3 days (left panel) and 
7 days (right panel) after surgery (A) and in mice treated for 2 weeks with CCl4 (B) at the time when MLN4924 
treatment begins. 

Supplemental Figure 2. Inflammation and fibrosis is present at the start of MLN4924 treatment 
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7. Discussion 

Steatosis is the accumulation of lipids 
in the liver due to dyslipidemia attributed to 
different factors. Excess lipid droplets in 
hepatocytes can be digested and mobilized by 
different means such as lipase activity or 
lipophagy (11). Lipophagy or autophagy has 
recently been shown to mobilize and hydrolyze 
large amounts of triglycerides in hepatocytes 
(10), this process allows for a fast mobilization 
of stored lipids by engulfing and sequestering 
large parts of the lipid droplet and then quickly 
digesting the contents using lysosomal 
enzymes. Defects in this process may lead to 
the development of fatty liver (10). Other 
studies have shown that reduced autophagy 
may be a consequence of steatosis itself by 
altering the membrane lipid composition and 
reducing autophagosome/lysosome fusion 
(35).  

Gnmt-KO mice have elevated serum 
levels of methionine and SAMe, which can 
lead to an inhibition of autophagy and 
contributing to the development of liver 
steatosis. We aimed to uncover the molecular 
mechanism that SAMe and methionine use to 
inhibit autophagy in situations of GNMT 
deficiency (72,86). We observed that the 
reasons that alter autophagy in situations of 
acute or chronic exposition to elevated levels 
of SAMe and methionine appear to be different 
in both cases. WT hepatocytes have a 
reduced upstream formation of the 
autophagosome after acute SAMe and 
methionine treatment as seen by the reduced 
accumulation of LC3-II after lysosomal 
blockage. On the other hand, Gnmt-KO 
hepatocytes, exposed to high levels of SAMe 
and methionine from birth, have an impaired 
lysosomal function resulting in 
autophagosome accumulation as seen by high 
basal LC3-II levels in untreated hepatocytes 
that do not increase after lysosomal blockage. 
There was already a hint of lysosomal 
dysfunction in WT hepatocytes after 40h of 
culture with SAMe and methionine, although 
culture for longer periods of time led to 
hepatocyte death while Gnmt-KO hepatocytes 
are not affected for the time period studied. 
These results suggest that high levels of 
SAMe and methionine may lead to an initial 
autophagy block by reducing autophagosome 
formation which would increase hepatocyte 
lipid content. This increase in lipids would lead 

to an alteration of lysosomal membranes (35) 
which would reduce lysosomal function. Gnmt-
KO mice also have other mechanisms that 
lead to lipid accumulation, as these mice have 
increased triglyceride synthesis due to 
increased PEMT activity producing more 
phosphatidylcholine and an increased VLDL 
clearance suggesting that these mechanisms 
can contribute along with autophagy in 
increasing hepatic lipid levels (76). 

Hypermethionemia leads to high 
levels of SAMe and an increase in aberrant 
methylation reactions. These reactions can 
cause aberrant methylation of different 
substrates such as DNA (73), lipids (77) and 
proteins. Here, we identified an increase in 
methyl-PP2A in Gnmt-KO hepatocytes and 
that this increase in activated PP2A was 
inhibiting autophagy. Whereas Sutter et al. 
highlight the possibility that methionine could 
modulate growth and MTORC1 signaling 
through the regulation of the methylation 
status of PP2A in yeast (370), we saw a direct 
interaction of PP2A with MTOR, and also 
observed that the use of demethylating agents 
was able to restore MTOR activity. This result 
explains why MTOR is surprisingly inactivated 
despite high levels of methionine, as amino 
acids are known activators of MTOR (250). 
MTOR is generally regarded as an inactivator 
of autophagy, as it phosphorylates and inhibits 
ULK1 (21). Here we saw an inhibition of both 
autophagy and MTOR pointing to possible 
MTOR independent pathways; although 
MTOR has been implicated in lysosome 
reformation (395) and this may be a 
contributing factor to inhibiting autophagy.  
Interestingly, PP2A is also known to inhibit the 
AMPK/LKB1 axis in liver regeneration if the 
levels of SAMe are increased (69). Since 
PP2A is able to inactivate AMPK this also 
points to AMPK not being the reason for the 
reduced MTOR activity. Both AMPK and 
MTOR phosphorylate ULK1 activating or 
deactivating it respectively (11). It is unclear 
whether PP2A regulates ULK1 directly and 
further studies detailing the state of ULK1 in 
Gnmt-KO mice are required. Previous studies 
have also suggested that impaired digestion of 
lysosomal products may be responsible for the 
lack of MTOR reactivation as fibroblasts 
lacking lysosomal α-galactosidase activity 
have impaired MTOR reactivation (395). This 
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scenario seems unlikely in our case as we can 
see a reduction of MTOR activity beginning as 
early as 9h after treatment with SAMe whereas 
the activity of the lysosomal enzymes began to 
drop after approximately 20h of treatment. 
Additionally, treatment with demethylating 
agents was also able to restore MTOR activity 
in Gnmt-KO hepatocytes.  

In this study,silencing PP2A was able 
to restore autophagy in Gnmt-KO hepatocytes 
and SAMe and methionine treated MLP29 
cells, however, we were unable to identify the 
direct mechanism by which PP2A is able to 
inhibit autophagy and further work is being 
done in this area. 

Removing the hypermethioninemia in 
Gnmt-KO mice with a methionine deficient diet 
can improve hepatic steatosis and reactivate 
autophagy (76,86). Importantly, NAFLD 
patients have increased serum levels of 
methionine (71,86) suggesting that treatments 
that can lower SAMe levels may be a 
therapeutic possibility. Our data suggests that 
removal of methionine groups can not only 
reduce SAMe levels but also reactivate 
autophagy increasing lipid digestion and as 
seen in previous work reducing triglyceride 
synthesis (76) and DNA hypermethylation 
(268). 

In our study published in 2016, we 
looked at the role of autophagy in removing 
excess lipids in the liver (86). However, 
autophagy is also used by cells to recycle 
other components of the cytoplasm. Among 
the other components from the cytoplasm that 
are recycled are old and damaged organelles 
(mitophagy and peroxiphagy) and proteins 
(11). These different forms of autophagy share 
the same basic principles and based on our 
results it is likely that these other forms are 
also inhibited possibly contributing to the 
accumulation of damaged mitochondria and 
protein aggregates which in the long run may 
lead to the overall damaged phenotype 
observed in Gnmt-KO mice livers. Further 
research is required in this area. 

Gnmt-KO mice spontaneously 
develop fibrosis (72), one of the main cell 
types involved in the fibrotic response is the 
hepatic stellate cell. Two different groups have 
found that autophagy plays an important role 
in activating HSCs (134,135). They found that 
lipophagy in HSCs was able to quickly digest 

the vitamin A droplets making them available 
for use as energy and activators. It is unclear 
whether Gnmt-KO HSCs have an impaired 
autophagy but if they do this mouse model 
shows that HSCs have a diverse and varied 
set of pathways for their activation. We 
discovered that Gnmt-KO natural killer cells 
(NK) are activated during fibrosis and their 
inhibition can improve liver phenotype (193). 
This presents an alternative mechanism by 
which HSCs can activate if autophagy is 
inhibited. Additionally, the increased levels of 
apoptosis could be activating Kupffer cells 
which might be initiating the fibrotic response. 
Further research is required in this area.  

Fibrosis is the result of chronic liver 
disease (102,118) and currently has no 
effective therapy that can halt its progression 
to cirrhosis (195). Traditionally fibrosis has 
received little pharmaceutical attention 
because it can generally be cured by removing 
the cause of chronic liver disease [alcohol, 
diet, etc. (195)], however, reversion of fibrosis 
does not always take place and in the case of 
NAFLD many patients are unable to achieve 
their dietary and exercise goals (92). 
Additionally, fibrosis can lead to cirrhosis and 
HCC which are both high causes of mortality. 
An effective treatment of fibrosis would be able 
to reverse fibrosis and thus avoid future 
complications such as cirrhosis and HCC. The 
fibrotic response is a complex cellular reaction 
that involves different cell types and 
understanding the underlying mechanisms 
that are activated is key for the development 
of effective anti-fibrotic treatments. 

Here we show that the NEDD8 
pathway is dysregulated in liver fibrosis in both 
human and mouse fibrosis from different 
etiologies. NEDD8 is a covalently attached 
post-translational modification from the 
ubiquitin-like family whose main substrates 
are the cullin-RING ligases (301,396) which 
are E3 ubiquitin ligases that ubiquitinate a 
variety of substrates involved in a multitude of 
cellular processes such as cell cycle control, 
cell growth, DNA replication, and signal 
transduction.  Research into the regulation of 
the NEDD8 cycle has been done mainly in 
cancer such as lung and liver cancer but also 
with other diseases such as Alzheimer’s 
(308,374). In the case of liver cancer, our lab 
has shown that NEDDylation is deregulated 
and that this correlates with malignancy (282). 
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Here we show that NEDDylation is 
deregulated before cirrhosis and HCC. 
Fibrosis is a disease characterized by 
inflammation and the secretion of pro-
inflammatory and pro-fibrotic cytokines. Some 
of these cytokines, like PDGF, lead to the 
proliferation of HSC and others attract and 
induce proliferation of Kupffer and other 
inflammatory cells. Additionally, hepatocytes 
suffer high levels of apoptosis and 
regeneration especially during cirrhosis where 
regenerative nodules are a common 
characteristic. This behavior may explain why 
the NEDD8 pathway is increased in this 
disease, as CRLs are involved in the cell cycle 
and DNA replication. An increase in the 
NEDD8 pathway may facilitate this increased 
activity in the liver to promote hepatic healing. 
However, since fibrosis is generally a chronic 
disease, the elevated NEDD8 cycle may be 
favoring in the long run the appearance of 
regenerative nodules and HCC. Additionally, 
NEDD8 also stabilizes oncogenic proteins 
such as Akt and LKB1 that can also lead to 
malignant transformation (282). In our models, 
NEDD8 and NAE1 mRNA are not elevated, 
however, other studies in cancer (282,308) 
have shown that they are elevated. These 
results show the differences in the regulation 
of NEDDylation between the different 
diseases. A direct comparison between 
fibrosis, cirrhosis, and HCC would be required 
to see the regulation of NEDD8 in liver 
disease.  

NEDD8 is only able to exert its activity 
when conjugated to its target proteins. In this 
project we saw an increase in total NEDD8 
levels during fibrosis both at the organ and 
cellular level which are both total and 
conjugated forms of NEDD8. When we 
inhibited NEDDylation (only the activity of 
NAE1 is affected) in both liver and cells we 
saw a decrease in NEDD8 levels suggesting 
that the increase seen previously was 
conjugated NEDD8. This was also seen by 
Western blot and when we silenced NAE1 in 
the different cell types where the levels of 
NEDD8 conjugated cullins decreased but 
NEDD8 mRNA did not change. There may still 
be a change in protein stability. NAE1 has 
increased protein levels despite having no 
changes in mRNA levels. NAE1 is 
ubiquitinated by TRIP12 (397), an E3-ubiquitin 
ligase that leads to NAE1 degradation. TRIP12 
appears to recognize only the regulatory 

subunit (APPBP1) when it is not bound to the 
catalytic subunit (UBE1C) and its activity might 
be reduced when NAE1 has an increased 
activity. Other post-translational modifications 
can´t be ruled out and further research is 
required in this area. 

One of the most interesting results are 
the different effects of the NAE1 inhibitor 
MLN4924 on the three main cell types involved 
in hepatic fibrosis. Hepatocytes are protected 
from apoptosis induced by bile acids and 
toxins, Kupffer cells are inhibited, and HSC are 
inactivated or enter apoptosis. This ability to 
have such a potent effect on such different cell 
types might be explained by the ubiquitous 
nature of NEDD8 and the vital role that the 
CRLs play on different activities in the cell. 
Nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) is a transcription 
factor involved in the transcription of pro-
inflammatory genes and is known to play a role 
in hepatocyte apoptosis (398) and Kupffer cell 
activation (399). The CRL SCFβTrCP, targets 
the NF-κB inhibitor IκBα for degradation 
promoting the nuclear accumulation of NF-κB 
and activation of its target genes. NEDDylation 
inhibition has already been implicated in a 
reduced macrophage response (382,400) 
through NF-κB inactivation. The drug 
MLN4924 may be protecting the liver from 
fibrosis by two different means. Its biggest role 
might be in the active inhibition of hepatocyte 
death, Kupffer cell activation, and HSC cell 
death and apoptosis. On the other hand, by 
directly protecting hepatocytes from cell death, 
MLN4924 might be blocking the initiation of 
fibrosis. Hepatocytes are generally regarded 
as the main targets of hepatotropic toxins and 
viruses and the ones that initiate the damage 
response. If hepatocytes can be kept alive, 
then the rest of the damage response (Kupffer 
and hepatic stellate cells) can’t be activated. 
To discard any possible off target drug effects, 
we silenced NAE1 in the different cell lines and 
still achieved similar results suggesting that, 
as expected, there were no side effects. This 
will be further investigated with the hepatic 
NAE1+/- mouse that our lab is currently 
developing. Repeating these same 
experiments with these mice will allow us to 
see if the results obtained are specific for 
NAE1 inhibition and not due to drug side 
effects. MLN4924 is currently being tested as 
an anti-tumoral drug for its ability to kill tumoral 
cells (309); however, healthy hepatocytes 



Post-translational Modifications in Liver Disease  
         Imanol Zubiete Franco 

116 
 

treated with MLN4924 appear to be protected 
and further work is required to investigate the 
mechanisms by which hepatocytes are 
protected from cell death. 

TGF-β is one of the most potent 
fibrogenic cytokines in the liver and its 
expression is upregulated during hepatic 
injury. In HSCs, TGF-β induces the expression 
of ECM proteins such as collagen and here we 
provide evidence that NEDDylation inhibition 
interferes with TGF-β signaling. Both an 
immortal HSC cell line and BDL activated 
primary HSC with inhibited NEDDylation have 
reduced mRNA levels of profibrogenic factors 
such as TGF-β and Col1a1. Additionally, BDL 
and CCl4 mice treated with MLN4924 have 
similar levels of fibrotic markers as control 
mice even when treatment was started after 
the appearance of fibrosis. This suggests a 
dependence of TGF-β signaling on NEDD8 for 
its correct transmission. Further evidence for 

this idea is also found in other studies. Zuo et 
al. reported that c-Cbl, an E3 ubiquitin ligase, 
has E3 NEDD8 activity towards TβRII and that 
when NEDDylated, TβRII is targeted to 
clathrin coated vesicles that favor receptor 
stability and bring it in contact with Smads to 
increases signal transmission. If TβRII is not 
NEDDylated it is instead ubiquitinated which 
internalizes the receptor in caveolin-1 positive 
lipid raft vesicles that leads to the receptors 
degradation and signal termination (182). 
Oddly enough, our results show an increased 
amount of activated Smad2 when treated with 
MLN4924 indicating the possibility of 
increased TGF-β signaling. This increase in 
pSmad2 may be due to Smurf-2, a HECT 
domain, E3 ubiquitin ligase that specifically 
targets pSmad2 for degradation (401) and, like 
the closely related Smurf-1, may require 
NEDDylation to increase its E3 ubiquitin ligase 
activity (402,403). An inhibited Smurf-2 may 
explain why there is an accumulation of 

Figure 34. NEDD8 influences the TGF-β pathway at different points 

Figure 34. NEDD8 influences the TGF-β pathway at different points. Simplified diagram showing the 
points in the TGF-β pathway affected by NEDD8 based on the results shown here and other studies. Green 
arrows indicate points that favor signaling and red arrows indicate points were signaling is disrupted. N8= 
NEDD8 peptide, Ub= Ubiquitin peptide, P= phosphorylation 
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pSmad2 even though TGF-β signaling through 
TβRII is reduced. In here we also found that 
total Smad2 levels were inversely affected by 
NEDD8 inhibition and the evidence points to 
Smad2 being a possible direct NEDD8 
substrate (Pulldown and NedP1 
overexpression) and when NEDDylated, 
Smad2 appears to be more stable. More work 
is required to fully establish if Smad2 is really 
a NEDD8 substrate. Taken together with work 
from other groups NEDD8 appears to affect 
multiple parts of TGF-β signaling (Figure.34). 
Increased NEDDylation activity increases 
TβRII signaling by increasing its stability, 
NEDD8 also maintains Smad2 stability further 
increasing signal transmission and finally 
increased NEDDylation leads to increased 
Smurf2 activity that degrades pSmad2 and 
TβRII, ending signal transmission and 
avoiding aberrant activation. Interestingly, 
researchers have found that activated tyrosine 
kinases (EGFR, PDGFR, etc.) are degraded 
after being NEDDylated suggesting that 
NEDD8 may affect tyrosine kinase receptors 
in a completely different way to 
serine/threonine kinase receptors (404,405).  

Activated myofibroblast-like HSC are 
extremely resistant to apoptosis and are a 
potential target for fibrosis therapies. Here we 
show that MLN4924 can lead to apoptosis of 
activated HSC and that this is part of the 
mechanism by which fibrosis is reduced. One 
possible mechanism by which HSC undergo 
increased apoptosis when treated with 
MLN4924 might be through c-Jun, a 
transcription factor that has been associated 
with HSC death via apoptosis (387). c-Jun is 
normally degraded by CRLs and an increase 
in its levels is seen in HSC when treated with 
MLN4924. Importantly, LX-2 cells have 
reduced caspase 3 activity when treated with 
MLN4924 and c-Jun is silenced. The increase 
in the levels of c-Jun might also be the reason 
that HSC have reduced mRNA levels of the 
profibrogenic markers TGF-β and Col1a1. c-
Jun has been known to bind and inhibit the 
transcriptional activity of activated Smads 
(184,185,406). Binding of c-Jun to activated 
Smads leads to the recruitment of 
transcriptional inhibitors, additionally, c-Jun is 
itself a product of TGF-β signaling and its 
increase allows for an efficient termination of 
TGF-β signaling through other means such as 
ubiquitin mediated degradation of transcription 
complexes. 

In summary, NEDDylation is 
increased in both human and mouse (both 
CCl4 and BDL) fibrosis. This dysregulation 
leads to hepatocyte death, increases Kupffer 
cell activation and activates the TGF-β 
pathway in hepatic stellate cells. Inhibition of 
the NEDDylation pathway, either through 
MLN4924 treatment or NAE1 silencing, leads 
to a reduction in hepatic fibrosis by blocking 
the signaling cascade that leads to excessive 
ECM production and deposition. These results 
could help design new therapies that can 
effectively treat fibrosis and disrupt its 
progression to cirrhosis and HCC.  

Increased NEDDylation has already 
been reported in different types of cancers 
such as lung and liver. In HCC, NEDDylation 
increases the stability of LKB1, a kinase 
increased in poor prognosis patients and 
linked with cell malignancy. 

LKB1 is a master kinase that 
phosphorylates and regulates the ARKS or 
AMPK related kinases, the most important 
being AMPK (240). The role that LKB1 plays 
in activating AMPK and the inhibitory role this 
has on cell growth and replication has led to 
LKB1 being described as a tumor suppressor. 
Loss of LKB1 has been associated with 
different types of cancer, specifically of the 
lung and prostate. However, recent work has 
uncovered new roles for this kinase especially 
in the liver. Our lab has shown that LKB1 is 
involved in liver regeneration after partial 
hepatectomy (69,79). Additionally, LKB1 may 
have a pro-oncogenic role in some cancers 
such as HCC, as our lab has repeatedly shown 
that increased levels of LKB1, both at the 
protein and mRNA level, in HCC correlates 
with poor prognosis (268,282). Here we show 
further evidence for a different role for LKB1 in 
the liver. We have shown a negative 
correlation between GNMT levels and LKB1 in 
human HCC. Furthermore in Gnmt-KO mice 
that spontaneously develop steatosis, fibrosis, 
and HCC, we found an increase in LKB1 
levels. For this reason we created a 
Gnmt/Stk11 double knockout mouse. Liver 
specific deletion of LKB1 in this mouse model 
reduces the appearance of steatosis, fibrosis 
and HCC and feeding Gnmt-KO mice a 
methionine deficient diet reduces SAMe and 
LKB1 levels suggesting that SAMe plays a role 
in LKB1 stability. These results also point to an 
important role for LKB1 in liver disease other 
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than HCC as removal of LKB1 in Gnmt-KO 
mice improves its phenotype without altering 
SAMe levels. Further research is required into 
the relationship between LKB1 and SAMe. 
Interestingly, Gnmt-KO mice had nodules that 
contained high levels of RasGRP3 mRNA and 
protein and increased Ras activity, a result that 
was similar to what we had previously seen 
when overexpressing LKB1 in FVB mice and 
in hepatoma cells derived from Gnmt-KO 
tumors (268). Although similar, only Gnmt-KO 
mice develop HCC spontaneously whereas 
FVB mice overexpressing LKB1 only develop 
pre-neoplastic nodules that did not form 
cancer for the time period studied. These 
results suggest that LKB1 may require time to 
induce malignant transformation, something 
that is seen in Peutz-Jeghers syndrome 
patients. PJS patients have increased cancer 
incidence during their lifetime when compared 
to average but are not guaranteed to develop 
a malignancy. These results suggest that 
LKB1 may slowly predispose the cell and 
affected tissue to malignant transformation. It 
is interesting to note that different organs can 
have a different outcome with the presence or 
absence of LKB1. In tissues where LKB1 is 
considered a tumor suppressor, lack of AMPK 
activation leads to increased MTORC1 activity 
and uncontrolled cell growth and tissues, 
however, where LKB1 has protumoral activity, 
AMPK is also inactivated. Most of the LKB1 
mutations lead to a truncated LKB1 (240) that 
is incapable of binding to STRADα and stays 
in the nucleus. In our work we see increased 
levels of LKB1 that remain in the nucleus 
despite having normal levels of STRADα. 
LKB1 in the nucleus (both mutant and WT) is 
generally regarded as an inactive form of the 
kinase. This is mainly seen in PJS, where 
mutations in LKB1 keep it in the nucleus 
resulting in increased MTORC1 signaling due 
to an inactive AMPK (228). However, recent 
work has shown that mutant LKB1 that 
remains in the nucleus can bind and activate 
the cyclin D1 promoter (388) suggesting that it 
may have more functions than previously 
thought. Here we show that LKB1 can also 
increase the expression of RasGRP3 in Huh7 
cells confirming the results we had previously 
seen in Bclc3 cells where LKB1 was seen 
bound to the promoter in a ChIP assay. LKB1 
overexpression in cells leads to its 
accumulation in the nucleus and this 
accumulation is lost when LKB1 is expressed 
in equal amounts to STRADα. In our models 

LKB1 also accumulates in the nucleus while 
overexpressed and under normal conditions 
suggesting that LKB1 does not require 
STRADα to favor nuclear transcription. 
Interestingly, patients that suffer PMSE 
(Polyhydramnios, Megalencephaly, 
Symptomatic Epilepsy syndrome) suffer 
abnormal brain development, cognitive 
disability, and intractable epilepsy (407) due to 
overactive MTORC1 signaling in neurons 
induced by a truncated STRADα that retains 
LKB1 in the nucleus. PMSE patients have a 
similar etiology to PJS patients (hyperactive 
MTORC1 due to inactive AMPK) yet suffer a 
completely different disease (it is unclear 
whether PMSE patients have intestinal polyps) 
(407). One difference is that PMSE patients 
have an intact LKB1 that due to a deficient 
STRADα always stays in the nucleus possibly 
leading to an aberrant gene transcription that 
complements the activated MTORC1 in 
neuronal cells. In PJS patients, with a mutated 
LKB1, the extra gene transcription might not 
be so pronounced due to the different 
mutations disrupting LKB1 activity. A similar 
event may occur with the K178R mutant. The 
K178R mutant is not modified by SUMO2, and 
this modification may be necessary for 
complete activity of LKB1 in the nucleus. 
SUMO2/3 can form chains that are recognized 
by other proteins that contain a SUMO 
identification motif (SIM) (294). These SUMO2 
chains on LKB1 may allow the formation of 
other complexes involving transcription factors 
that could be the ones responsible for the 
increased transcription seen when cells 
overexpress WT LKB1. In a situation where 
the K178R mutant could stay in the nucleus, 
e.g. lack of STRADα, it should not be able to 
induce the formation of the transcription 
complexes and should still have reduced gene 
expression. Further research is required in this 
area.  

LKB1 is described as a cytoplasmic 
kinase that requires the formation of a 
heterotrimeric complex with STRADα and 
MO25 to exit the nucleus leading to the 
activation of LKB1. The formation of the 
heterotrimeric complex blocks the nuclear 
localization sequence (NLS) located on the N-
terminal domain of LKB1 (242), allowing the 
complex to leave the nucleus and stay in the 
cytoplasm. A lot of research has been done 
into the mechanisms that take LKB1 out of the 
nucleus but little into the mechanisms that 
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keep LKB1 in the nucleus. Lan et al. 
discovered that LKB1 acetylation was able to 
maintain LKB1 in the nucleus (279); here we 
show that acetylation is a prerequisite for 
LKB1 SUMOylation by SUMO2 and that this 
keeps the protein in the nucleus by inhibiting 
its union with STRADα. While we were working 
on the LKB1 SUMOylation project, Ritho et al. 
published that LKB1 is SUMOylated by 
SUMO1 and that this modification increases 
the binding of LKB1 to AMPK due to a SIM 
found on AMPK, although they found no 
connection with LKB1 localization (281). The 
increased binding also led to increased 
activation of AMPK. Ritho et al. also saw that 
the K178R mutant has kinase activity. Their 
results may also explain why we see a 
reduced AMPK phosphorylation (T172) even 
though K178R has an increased cytosolic 
localization and despite having kinase activity. 
Unfortunately, we were unable to detect 
SUMO1 modification of LKB1 using our 
system. The SUMO1 results and our SUMO2 
data reflect an increased complexity in the 
control of LKB1 localization and activity. 
During starvation (when LKB1 is most needed 
in the cytoplasm), SIRT1 deacetylates LKB1 
(279), inhibiting SUMOylation by SUMO2 and 
promoting SUMO1 modification further 
increasing cytoplasmic localization and 
activation of AMPK. During hypoxia, SIRT1 is 
inhibited, leading to increased LKB1 
acetylation and further SUMO2 modification 
resulting in reduced AMPK activation. This 
would make acetylation a sort of molecular 
switch controlling the localization and activity 
of LKB1 connecting the metabolic state of the 
cell and the environment (starvation and 
hypoxia) by determining the SUMOylation 
status of LKB1 (Figure.35). Different 
researchers have already discovered different 
SUMO/acetyl switches in different proteins 
especially transcription factors that can 
regulate their activity (389,390,408). In most 
cases, the switches work on the same lysine 
that is either acetylated or SUMOylated while 
here we found that the acetylation of a distant 
lysine is able to control the SUMOylation of a 
different lysine. Acetylation of K48 may induce 
conformational changes and make the area 

around lysine 178 more favorable for its 
modification by SUMO2, or on the other hand 
may make it harder for a PIAS to modify it with 
SUMO1. Further control can be achieved with 
the activity or localization of the E3 ligases and 
deSUMOylases, which can control the level 
and time a target protein is SUMOylated 
suggesting another possible area of LKB1 
control. This may be one reason why when we 
over express LKB1 in hepatoma cells, we see 
increased nuclear LKB1 and AMPK 
phosphorylation (T172) is not increased when 
compared to control cells. The levels of the 
corresponding PIAS that modifies LKB1 with 
SUMO1 might be reduced or the 
corresponding SENP might be increased in 
hepatic hepatoma cells. Additionally, the 
stability of both PIAS and SENP enzymes may 
be altered by their own post-translational 
modifications (409). Both these mechanisms 
may contribute to further reduce AMPK 
activation and favor a decoupling of the LKB1-
AMPK axis. The decoupling of the 
LKB1/AMPK axis allows the tumor cells to 
maintain a proliferative phenotype as 
activation of AMPK in hepatoma cells 
increases cellular apoptosis. This decoupling 
of the LKB1/AMPK axis is something that we 
and other labs have previously seen 
(268,273).  

LKB1 can also control and regulate 
the AMPK related kinases resulting in an 
increased variety of functions. Some of the 
ARKs have been implicated in anti-cancer 
activity such as MARK which regulates cell 
polarity (410), a trait shared by many different 
tumors cells.  Recent work has uncovered 
possible pro-oncogenic roles for some of the 
ARKs such as NUAK1 and 2 (411). NUAK1 
has been related to tumor cell viability when 
Myc is hyper activated and c-Myc is one of the 
most activated signals in HCC (205,206). We 
did not look at the regulation of these ARKs in 
our project but part of the pro-oncogenic role 
LKB1 exerts in the liver may be due to the over 
activation of these kinases. It would be 
interesting to look at these proteins in future 
work and discover their contribution, if any, to 
hepatic carcinogenesis. 

 

In conclusion, we discovered that the dysregulation of post-translational modifications are 
found in all stages of chronic liver disease. The dysregulation of the post-translational modifications 
opens up new possible targets for therapy and highlights the importance of these modifications in 
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cellular health and growth. In NAFLD derived from low GNMT activity, high methylation of PP2A 
inhibits autophagy and promotes liver steatosis. In fibrosis we saw an increase in NEDDylation which 
stimulates hepatocyte death, Kupffer cell cytokine release and HSC activation. Importantly, this 
increase preceded the increase in NEDDylation that we had previously seen in HCC (282) and is also 
a potential therapeutic target not only for reducing fibrosis but also for preventing HCC in fibrotic 
patients. Finally, post-translational modifications of specific proteins can also increase disease 
progression such as SUMOylation of LKB1, a protein related to HCC. Retention of LKB1 in the 
nucleus helps the cell survive metabolic stress and promotes cell growth. 

Figure 35. A SUMO/acetyl switch might control LKB1 localization 

Figure 35. A SUMO/acetyl switch might control LKB1 localization. Deacetylation by SIRT1 may decide 
which SUMO modifies LKB1 and the resulting localization of LKB1. LKB1 acetylation may facilitate the 
binding of PIAS1 over another PIAS resulting in modification with SUMO2 and the inhibition of the 
heterotrimeric LKB1/STRADα/MO25 complex retaining LKB1 in the nucleus. Increased nuclear LKB1 may 
be able to increase transcription of certain genes like RasGRP3. Ac= Acetylation, S1= SUMO1, S2= SUMO2. 
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8. Conclusions 
8.1 Methionine and S-Adenosylmethionine levels are critical regulators of 

PP2A activity modulating lipophagy during steatosis 

• Acute treatment of hepatocytes with high levels of SAMe and methionine inhibits autophagy 

by reducing autophagosome formation. 

• Chronic high levels of SAMe and methionine inhibit autophagic flux by decreased lysosomal 

enzyme activity. 

• SAMe and methionine can inhibit autophagy by increased methylation of PP2A. 

• Methylated PP2A can interact directly with MTOR dephosphorylating and inactivating it. 

• SAMe and methionine inhibit autophagy through MTOR independent pathways. 
 

8.2 Deregulated NEDDylation in liver fibrosis  
 

• The NEDDylation pathway is altered in fibrotic human and mice livers regardless of etiology. 

• NEDDylation is increased in the three principle cell types involved in the fibrotic response: 

hepatocytes, Kupffer cells, and hepatic stellate cells. 

• NEDDylation inhibition reduces fibrosis by: 

o Protecting hepatocytes from apoptosis. 

o Reducing Kupffer cell activation. 

o Reducing hepatic stellate cell activation and inducing apoptosis of already activated 

hepatic stellate cells. 

• NEDDylation inhibition reduces TGF-β signaling in hepatic stellate cells by decreasing 

Smad2 stability and increasing the levels of c-Jun. 

• c-Jun accumulation induces activated hepatic stellate cell death via apoptosis.  
 

8.3 SUMO2 retains LKB1 in the nucleus and increases hepatoma cell survival 
 

• LKB1 loss can improve liver phenotype and reduce the appearance of fibrosis and tumors in 

Gnmt-KO mice. 

• LKB1 in hepatoma cells and liver tumors is located mainly in the nucleus despite normal 

STRADα levels. 

• LKB1 contains a SUMO consensus motif and is modified by SUMO2 at lysine 178 and 

requires previous acetylation of lysine 48.  

• SUMOylation is increased in liver tumors in hypoxic conditions and reduced during starvation. 

• SUMOylation retains LKB1 in the nucleus by preventing its association with STRADα. 

• WT LKB1 protects hepatoma cells during hypoxia and increases cell proliferation and energy 

usage when conditions are favorable again. 
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