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Abstract 

Rewiring lipid metabolism by targeting PCSK9 as a new therapeutic approach in liver 
cancers 

 

Deregulation of energetic metabolism, and specifically enhanced lipid biosynthesis, is an 

emerging hallmark of many cancers including the adult and pediatric forms of liver cancer, 

hepatocellular carcinoma (HCC) and hepatoblastoma (HBL), respectively. HCC is a primary 

malignant liver disease that ranks third in cancer-related deaths worldwide. HBL, on the other 

hand, is a rare malignant embryonic tumor whose incidence has been increasing drastically 

over the past decade. The analysis of our transcriptomic data as well as other available ones 

revealed deregulation of the expression of genes involved in the lipid uptake and metabolism 

in both forms of liver cancers. For instance, we found that PCSK9, a pro-protein convertase 

that negatively regulates LDLR, was overexpressed in both tumors. Moreover, the enzymes 

that catalyze the de novo synthesis of cholesterol, such as HMGCR, were also upregulated. The 

role of PCSK9 in liver cancer, especially HBL, is not very well understood. Therefore, the aim 

of my project is to rewire this lipid metabolic hub controlled by PCSK9 using available drugs 

and by overexpressing a PCSK9 maturation enzyme e.g., meprin alpha (Mep1a), which is 

overexpressed in liver cancers. My results show that targeting PCSK9, whether 

pharmacologically or genetically, in hepatic cancer cells significantly decreased cellular growth 

and migration, whilst the mitochondrial oxygen consumption rate (OCR) increases. Moreover, 

combination of these treatments with statins, famous HMGCR inhibitors, showed synergetic 

anti-proliferative effects. Silencing of PCSK9 using small interfering RNA led to a strong 

increase in the intracellular levels of neutral and phospho-lipids, as well as a massive 

accumulation of lipid droplets. Molecular signaling of cell death involved the disruption of the 

p62/KEAP1/Nrf2 anti-oxidative axis leading to ferroptosis. The anti-tumoral effects of PCSK9 

deficiency were validated using two in vivo xenograft models, zebrafish and CAM models. As 

for Mep1a, I created cell lines with higher expression to mimic the profile observed in liver 

tumors. Proteomic analysis of the secretome derived from meprin-overexpressing HepG2 cells 

revealed upregulation in the expression of many PCSK9 interacting proteins. Interestingly, my 

in vitro and in vivo analyses revealed many changes in lipid metabolism depending on Mep1a, 

probably in connection to PCSK9 and its lipid-related activities.  



 
 

Collectively, my data reveal a critical role of PCSK9 in lipid metabolism and novel functional 

involvement of this enzyme in maintaining cell redox homeostasis and as a new player of 

ferroptosis. They also provide strong evidence supporting the potential therapeutic benefit 

and drug repositioning of anti-PCSK9 approaches to treat liver cancers. And for the first time, 

we revealed a novel role for meprin α in lipid metabolism which needs further investigations. 

 

Keywords: PCSK9, ferroptosis, meprin, hepatocellular carcinoma, hepatoblastoma, lipid 

metabolism 

 



 
 

Résumé 

Remodelage du métabolisme lipidique en ciblant PCSK9 comme nouvelle approche 
thérapeutique dans les cancers du foie 

 

La dérégulation du métabolisme énergétique, et plus particulièrement l'augmentation de la 

biosynthèse des lipides, est une caractéristique émergente de nombreux cancers, y compris 

les formes adultes et pédiatriques du cancer du foie, le carcinome hépatocellulaire (CHC) et 

l'hépatoblastome (HBL), respectivement. Le CHC est une tumeur maligne primaire du foie qui 

se classe au troisième rang mondial des décès liés au cancer. L'hépatoblastome, quant à lui, 

est une tumeur maligne embryonnaire rare dont l'incidence a considérablement augmenté au 

cours de la dernière décennie. L'analyse de nos données transcriptomiques ainsi que d'autres 

données disponibles a révélé une dérégulation de l'expression des gènes impliqués dans 

l'absorption et le métabolisme des lipides dans les deux formes de cancer du foie. Ainsi, nous 

avons constaté que PCSK9, une pro-protéine convertase qui régule négativement le LDLR, 

était surexprimée dans les deux tumeurs. De plus, les enzymes qui catalysent la synthèse de 

novo du cholestérol, telle que HMGCR, étaient également régulées à la hausse. Le rôle de 

PCSK9 dans le cancer du foie, en particulier le HBL, n'est pas très bien compris. Par conséquent, 

l'objectif de mon projet est de remodeler cette plaque tournante du métabolisme des lipides 

autour de PCSK9 en utilisant des médicaments disponibles et en surexprimant une enzyme 

impliquée dans la maturation de PCSK9, la méprine alpha (Mep1a) dont l’expression 

augmente fortement dans les cancers du foie. Mes résultats montrent que le ciblage de PCSK9, 

que ce soit pharmacologiquement ou génétiquement, dans les cellules cancéreuses 

hépatiques diminue significativement la croissance et la migration cellulaires, tandis que le 

taux de consommation mitochondriale d'oxygène augmente. De plus, la combinaison de ces 

traitements avec des statines, des inhibiteurs connus de HMGCR, a induit des effets 

antiprolifératifs synergiques. L'inhibition de PCSK9 à l'aide de petits ARN interférents entraîne 

une forte augmentation des niveaux intracellulaires de lipides neutres et de phospholipides, 

ainsi qu'une accumulation massive de gouttelettes lipidiques. La signalisation moléculaire de 

la mort cellulaire implique la perturbation de l'axe antioxydant p62/KEAP1/Nrf2 qui conduit à 

la ferroptose. Les effets anti-tumoraux de la déficience en PCSK9 ont été validés à l'aide de 

deux modèles de xénogreffe in vivo, le poisson zèbre et le modèle CAM. Concernant la 



 
 

méprine, j’ai créé des lignées cellulaires qui surexpriment cette enzyme afin de mimer le profil 

des tumeurs. L’analyse protéomique du surnageant des cellules HepG2 surexprimant la 

méprine montre une augmentation significative de nombreuses protéines connues pour 

interagir avec PCSK9. Les analyses fonctionnelles et lipidomiques montrent un changement au 

niveau du métabolisme lipidique in vitro et in vivo, probablement en relation avec PCSK9 et 

son rôle dans le métabolisme lipidique.  

L’ensemble de mes données met en évidence un rôle essentiel de PCSK9 dans le métabolisme 

lipidique ainsi qu’une nouvelle implication fonctionnelle de cette enzyme dans le maintien de 

l'homéostasie redox cellulaire et en tant que nouvel acteur de la ferroptose. Il apporte 

également de solides arguments en faveur du repositionnement de médicaments anti-PCSK9 

pour traiter les cancers du foie avec un bénéfice thérapeutique réel. Et pour la première fois, 

nous avons identifié une nouvelle implication de la méprine  dans le métabolisme lipidique 

qu’il nous faudra mieux comprendre par la suite. 

 

Mots-clés : PCSK9, ferroptose, méprine, carcinome hépatocellulaire, hépatoblastome, 

métabolisme lipidique 
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HDR: homology-directed repair 
HEK293: human embryonic kidney cells 
HER2: human epidermal growth factor 
receptor 2 
HFD: high fat diet 
HGF: hepatocyte growth factor 
HMGCR: 3-hydroxy 3-methylglutaryl 
Coenzyme A reductase 

HNF: hepatocyte nuclear factor 
HSD17B6: hydroxysteroid 17-beta 
dehydrogenase 6 
HSPB1: heat shock protein beta 1 
HSP70: heat shock protein 70 
HuR: Hu antigen R 
 
I 
 
IBD: inflammatory bowl disease 
IC50: half-maximal inhibitory concentration 
IFNα: interferon-α 
IGF: insulin-like growth factor 
IHC: immunohistochemistry 
IL: interleukin 
IR: insulin resistance 
ITGA6: integrin alpha 6 
 
J 
 
JAK: Janus kinase 
JNK: c-Jun N-terminal kinase 
JPLT: Japanese Pediatric Liver Tumours 
study group 
 
K 
 
Keap1: kelch-like ECH-associated protein 1 
KLK: kallikrein-related peptidase 
KO: Knock-out 
 
L 
 
LDL-C: low density lipoprotein cholesterol 
LDLR: low density lipoprotein receptor 
LEF: lymphoid enhancer factor 
L-IFPTA+: Liposomal Immunogenic Fused 
PCSK9-Tetanus plus Alum adjuvant 
LOF: loss-of-function 
LOX-1: lectin-like oxidized LDL receptor 1 
LPS: lipopolysaccharide 
LRP1/5/6: LDLR related protein 1/5/6 
LXR: liver X-activated receptor 
 
M 
 
mAbs: monoclonal antibodies 
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MAPK1: mitogen activated protein kinase 1 
Mcl-1: myeloid cell leukemia 1 
MCP: monocyte chemotactic protein 1 
MDCT: multidetector computed 
tomography 
MEK: Mitogen-activated protein kinase 
Mep1a: meprin 1 alpha 
Mep1b: meprin 1 beta 
MHC1: major histocompatibility complex 1 
miRNA: mirco ribonucleic acid 
MMP: matrix metalloproteinases 
MRI: magnetic resonance imaging 
mRNA: messenger ribonucleic acid  
mTOR: mammalian target of rapamycin 
MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt 
MS: metabolic syndrome 
MVA: mevalonate pathway 
MYC: Myelocytomatosis 

 
 
N 
 
NAD(P)H: nicotinamide adenine 
dinucleotide (phosphate) + hydrogen 
NAFL(D): non-alcoholic fatty liver (disease) 
NARC-1: neural apoptosis-regulated 
convertase 1 
NASH: non-alcoholic steatohepatitis 
NCOA4: nuclear receptor coactivator 4 
NFƘB: nuclear factor kappa-light chain-
enhancer of activated B cells 
NHEJ: non-homologous end-joining 
NK: natural killer 
NNGH: N-isobutylN-(4-
methoxyphenylsulphonyl)glycyl 
hydroxamic acid 
NPC1L1: Niemann-Pick C1-like 1 
Nrf2: nuclear factor erythroid 2-related 
factor 2 
NT: non-tumoral 
 
O 
 
OCR: oxygen consumption rate 
OS: overall survival 

oxLDL: oxidized LDL 

 
P 
 
PC : proprotein convertase 
PCSK9: proprotein convertase 
subtilisin/kexin type 9 
PD-1: programmed cell death protein 1 
PDGF(R)β: platelet-derived-growth-factor 
(receptor) β 
PD-L1/2: programmed cell death protein-
ligand 1/2 
PE: phosphatidylethanolamine 
PERK: protein kinase R-like ER kinase 
PG: proteoglycans 
PI3K: phosphatidylinositol 3-kinase 
PKC: protein kinase C 
PMA: propidium monoazide 
POP: prolyl oligopeptidase 
PPAR: peroxisome proliferator-activated 
receptor  
PRETXT: PRETreatment EXTent of tumor 
PS: Pseurotin A 
PUFA: polyunsaturated fatty acid 
P53: tumor protein p53 
P62: also called sequestosome 1 
 
Q 
 
q-RT PCR: quantitative real time 
polymerase chain reaction 
 
R 
 
RAF-1: Rapidly Accelerated Fibrosarcoma 
RAS: Rat sarcoma 
RBP: RNA-binding protein 
R-IMPP: (R)-N-(isoquinolin-1-yl)-3-(4-
methoxyphenyl)-N-(piperidin-3-yl) 
propanamide 
ROS: reactive oxygen species 
 
S 
 
SAT1: spermidine/spermine N1-
acetyltransferase 1 
SCAP: SREBP cleavage-activating protein 
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sgRNA: single guide RNA 
SHARP: Sorafenib HCC Assessment 
Randomized Protocol 
shRNA: short hairpin ribonucleic acid 
SH3BD: Src homology 3 binding domain 
SIL: silibinin A 
SIOPEL: European Société Internationale 
d’Oncologie Pédiatrique  
siRNA: small interfering ribonucleic acid 
SIRT: sirtuins 
SLC7A11: solute carrier family 7 member 
11 
SOCS3: suppressor of cytokine signaling 3 
SRE: sterol regulatory element 
SREBP: sterol regulatory element binding 
protein 
STAT: signal transducer and activator of 
transcription 
STS: sodium thiosulphate 
 
T 
 
TACE: Transcatheter arterial 
chemoembolization  
TAM: tumor associated macrophages 
Tβ4: thymosin-β4 
TCF: T-cell factor 
TCGA: The Cancer Genome Atlas 
TERC: telomerase RNA component 
TERT: tolemrase reverse transcriptase 
TF: transcription factor 
TFR1: transferrin receptor 1 
TGFα: transforming growth factor α  
TGF-β: transforming growth factor-β  
TLE: transducing-like enhancer protein 
TLR4: toll-like receptor 4 
TNFα: tumor-necrosis factor α 
TOP2A: topoisomerase 2-alpha 
TTP: tristetraprolin 

 
U 
UK: United Kingdom 
UKCCS: United Kingdom Childhood Cancer 
Study 
UTR: untranslated region 
 
V 
 
VEGFA: vascular endothelial growth factor 
A 
VEGFR: vascular endothelial growth factor 
receptor  
VIM: vimentin 
VLDLR: very low density lipoprotein 
receptor 
 
W 
 
WHO: World Health Organization 
WNT: wingless-type MMTV integration site 
family member 
WT: wild type  
 
X 
 
Xc-: System Xc- cysteine/glutamate 
antiporter 
xCT: alternative name of SLC7A1 

XIAP: X-linked inhibitor of apoptosis 

protein 

Z 

ZEB1: zinc-finger E-box binding homeobox 

1 
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I- Cancer 

Cancer cannot be considered a new disease as in fact it goes back thousands of years, when 

the very first cancer was found in an ancient Egyptian mummy who was suffering from bone 

cancer. This word originates from the time of Hippocrates, the Father of Medicine, who came 

up with a Greek word “karkinos” to describe carcinoma tumors. Today, cancer comes in the 

second rank for lethal diseases. Unfortunately, no treatments have been registered along the 

history for this disease, but luckily for us, with all the technological and research advances, 

nowadays millions of people suffering from cancer have had their life line extended due to 

early detection and available treatments [1]. 

The way by which normal cells grow out of control leading to cancer development is nowadays 

less mysterious and in general can be caused by several factors, whether environmental (i.e. 

tobacco, diet, radiation & infectious organisms) or internal (e.g., inherited mutations, 

hormones & immune conditions) [2]. Thus, the interaction between the human body itself (as 

referred to the genes) and the acquired environmental factors can be considered as drivers 

for cancer pathogenesis. Craig Venter, a pioneer genomic researcher who sequenced his own 

genome, talked about the complexity of human biology that doesn’t rely entirely and 

exclusively on the genes we receive from our parents. He mentioned that genes can give us 

information about the increased risk of a disease, but they will not determine the actual cause 

of it, thus I quote “Genes are absolutely not our fate”. Because of that, he came up with a 

conclusion, which says that biology is the result of the complex interaction of proteins and 

cells that work under environmental factors rather than genetic code [2]. His conclusion is 

quite significant to dig more into the multiple gene-environment interactions that would 

increase the risk of driving tumor development.  

Generally, cancer can be divided into 5 types depending of the cell type it comes from [3]: 

 Carcinoma: it is the most common type of cancer and 80% of UK cancer cases are 

related to this type. It begins in the epithelial tissues, such as liver, lung, prostate, etc. 

 Sarcoma: it is much less common than the carcinoma (1%) and appears in the 

connective tissues like the bone, cartilage, fat, muscle or blood vessels. 

 Leukemia: it accounts for 3% of cancers and originates from the blood forming tissues, 

like the bone marrow, leading to the production of abnormal white blood cells that 
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circulate in the blood (e.g., acute myeloid leukemia (AML), acute lymphoblastic 

leukemia (ALL), chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia 

(CML)). 

 Lymphoma and myeloma: they make about 5% and 1% of cancers, respectively. They 

develop in the cells of the immune system like lymphocytes, which tend to stay in the 

lymph nodes, causing for example Hodgkin lymphoma (known by the presence of B 

Reed-Sternberg cells) and non-Hodgkin lymphoma derived from B cells, NK cells and T 

cells.  

 Brain and spinal cord cancers: 3% of cancer cases are registered as being of this type. 

It starts in cells of the brain or spine, the most famous example being glioma.  

Some cancers can be metastatic by gaining certain properties that allow them to travel from 

one part of the body to the other, and thus start to grow there. In addition, most of the 

identified cancers form solid tumors except for leukemia, which involves blood and blood 

forming organs. Generally, tumors can be either malignant- and hence called cancerous- or 

they could be benign, and thus called non-cancerous. The difference between both is the fact 

that the latter tumors do not threaten the life of patients [1]. 

It took centuries for scientists to solve the mysterious way by which cancer develops. It was 

believed that cancer was contagious and could spread through infections. It was not until the 

20th century that the real problem began to be solved. In year 2000, the six hallmarks of cancer 

were introduced by Hanahan and Weinberg [4], which included the ability of tumor cells to be 

self-sufficient from the surrounding growth signals along with being resistant to any anti-

growth ones, having uncontrolled proliferation going on and on, escaping apoptosis, inducing 

angiogenesis as well as being capable of invasion and metastasis. These hallmarks were then 

defined as acquired novel capabilities necessary for the tumor growth and proliferation.  

Eleven years later, Hanahan and Weinberg published a new update to these hallmarks of 

cancer, which they termed “the next generation”, and among which two were emerging: 

energetic metabolism reprogramming and escaping immune destruction (Figure 1) [5]. A 

growing body of research suggests that these two hallmarks are implicated in the 

pathogenesis of most, if not all, cancers. Two consequential characteristics of neoplasia, 

genome instability and mutation, in addition to tumor-promoting inflammation facilitate the 

acquisition of all the hallmarks of cancer [5]. 
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Figure 1: The Next Generation Hallmarks of Cancer [5] 
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II- Liver Cancers 

Liver is the largest solid organ of all, located on the right side of our body consisting mainly of 

cells called the hepatocytes. Liver has numerous vital functions essential for human survival, 

notably its role in toxins’ removal by blood filtering, drug metabolizing, bile synthesis and 

excretion into the duodenum, and blood sugar level regulation. Due to the high vascular 

nature of this organ, it is a very common site for cancer development, especially metastatic 

ones.  

 

Figure 2: Liver anatomy and function 

According to the GLOBOCAN 2020 estimates of cancer incidence and mortality, liver cancer 

ranks the sixth among the most commonly diagnosed cancers and the third leading cause of 

cancer-related deaths worldwide. Every year about 906,000 new cases are diagnosed and 

830,000 deaths are recorded [6]. In 2019, the American Society of Cancer has made an 

estimation of the number of new liver cancer cases and deaths in males and females in the 

United States, which are summarized in Table 1 [7].  
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Table 1: Estimated New cancer Cases and Deaths by Sex in the United States in 2019 

 Estimated New Cases Estimated Deaths 

Cancer Type Both 

sexes 

Males Females Both 

sexes 

Males Females 

Liver & intrahepatic 

bile duct 

42,030 29,480 12,550 31,780 21,600 10,180 

 

The cancer that starts in the liver is called primary liver cancer and can be distinguished into 

four kinds according to the American Cancer Society [8].  

1- Hepatocellular Carcinoma (HCC): most common form of adult liver cancer. 

2- Intrahepatic cholangiocarcinoma: bile duct cancer.  

3- Angiosarcoma and hemangiosarcoma: rare cancer that starts in the cells lining the 

blood vessels of the liver.  

4- Hepatoblastoma (HBL): pediatric form of liver cancer affecting children usually 

younger than 4 to 5 years old. 

In this manuscript, I will be talking in details about two primary liver cancers, the 

hepatocellular carcinoma and the hepatoblastoma affecting adults and children, respectively.  
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III- Hepatocellular Carcinoma (HCC) 

1. Generalities: 

The majority of primary liver cancers are hepatocellular carcinoma (HCC). HCC is associated 

with poor prognosis with an overall survival rate of 3-5% [9]. HCC is the fifth most common 

cancer in males and the ninth in females [6], [10], [11]. In females, the incidence rate and the 

mortality of this disease are significantly lower than in males. Interestingly, it has been shown 

that women are at higher risk of developing HCC after menopause, highlighting the protective 

role of estrogen on HCC progression [12], [13]. Therefore, the gender difference seems to have 

a great role on the development of HCC.  

It is of no surprise that the incidence rate of HCC is increasing worldwide (Figure 3) as it is 

accompanied with many different risk factors. According to GLOBOCAN 2020, for men, the 

high incidence regions are Eastern and South-Eastern Asia, intermediate ones are Southern 

Europe and Northern America whilst the lowest regions are in Northern Europe and South-

Central Asia. On the contrary, the women’s rates are basically much lower where they record 

the highest rates in Eastern Asia and Northern Africa. The same goes for the mortality rate, 

which is also 2 to 3 times higher in males, making it the second most common cancer-related 

death worldwide [6], [10], [11]. 
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Figure 3: The incidence rate of HCC associated with the risk factors in different countries worldwide [14]. 

 

The European Association for the Study of Liver (EASL) was the first to publish clinical 

management guidelines for HCC in 2001 [15]. Ten years later, it was followed by several 

updated guidelines of which 8 current guidelines for HCC around the world are summarized 

in Table 2. 
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Table 2: Current Guidelines for HCC management over the world (Adapted from [16]) 

Publishing Year Guidelines Abbreviations Region 

2010 

 

 

2014 

 

 

2015 

Asian Pacific Association for the Study 

of the Liver  

 

Korean Liver Cancer Study Group & the 

National Cancer Center  

 

Japan Society of Hepatology 

 

 

APASL 

 

 

KLCSG-NCC 

 

 

JSH 

 

 

 

 

 

Asia 

2012 

 

 

 

2012 

European Association for the Study of 

the Liver & the European Organization 

for Research and Treatment of Cancer  

 

European Society for Medical 

Oncology-European Society of 

Digestive Oncology 

EASL-EORTC 

 

 

 

ESMO-ESDO 

 

 

 

Europe 

2011 

 

 

2014 

 

2016 

American Association for the Study of 

Liver Disease  

 

American College of Gastroenterology 

 

National Comprehensive Cancer 

Network 

AASLD 

 

 

ACG 

 

NCCN 

 

 

 

USA 

 

Guidelines were then defined as “systematically developed statements to help medical 

practitioners and patient decisions about the suitable healthcare for certain medical 

conditions”. The use of these guidelines makes it possible to achieve these goals: (a) serving 

as a guide for proper medical decision-making by doctors, (b) improving the quality of 

healthcare and patients’ outcomes and (c) supporting and influencing local as well as national 
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experts who allocate resources [17]. It is important to note that HCC is very heterogeneous 

among patients of different geographic origins, making it unfeasible to have general 

universally accepted guidelines, as compared to other malignancies [16].  

 

2. Risk factors: 

HCC can affect population all over the world despite the significant difference in its incidence, 

which is related to many etiological factors. The most common of these factors are chronic 

hepatitis B and C viral (HBV/HCV) infection, alcohol abuse, exposure to aflatoxin B1 and all 

cirrhosis-causing conditions such as non-alcoholic fatty liver diseases (NAFLD) [18] (Figure 4).  

 

Figure 4: Mechanisms of hepatocarcinogenesis associated with multiple risk factors [18]  
HBV: Hepatitis B virus; HCV: Hepatitis C virus; p53: tumor suppressor protein 53 

 

The exposure of the liver to such risk factors enrolls it into vicious cycles of continuous necrosis 

and regeneration. If left untreated, this will cause a severe irreversible hepatic damage that 

eventually results in cirrhosis, the very first step to develop HCC. Cirrhosis is simply defined as 

abnormal nodules all over the liver tissue surrounded by collagen and scarring. Cirrhotic livers 

unveil abnormal, immature hepatocytes called dysplastic foci (<1 mm) or dysplastic nodules 

(DN) (≥1 mm), which can be considered as precancerous lesions [19]. We can distinguish two 
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types of nodules: low-grade DNs (LGDNs) and high-grade DNs (HGDNs), both of which can 

potentially develop HCC, the latter being at greater risk.  

 HBV: 

This virus infects around 2 billion people per year and around 50% of HBV-related deaths are 

due to HCC [20]. HBV belongs to the family of Hepadnaviridae, and is a non-cytopathic, 

partially double-stranded hepatotropic DNA virus. Just like many other viruses, HBV genome 

encodes different viral proteins that are necessary for its life cycle, such as a DNA polymerase 

with reverse transcriptase activity (pol), the capsid protein named hepatitis B core antigen 

(HBcAg), and the L, M & S envelope proteins necessary for the association with endoplasmic 

reticulum (ER) membrane during the replication process and finally the protein x (HBx) whose 

function needs to be further studied [21]. The mechanism by which HBV infection would lead 

to HCC development is related to the genome integration of this virus into the host DNA, 

resulting in DNA microdeletions of cancer-related genes like the telomerase reverse 

transcriptase (TERT), platelet-derived-growth-factor receptor β (PDGFRβ) and its ligand 

(PDGFβ) and mitogen activated protein kinase 1 (MAPK1) [22], [23].  

 HCV: 

The rate of infection of HCV is less compared to HBV, as more than 170 million persons are 

currently infected and 2.5% of these people are capable of developing HCC [18]. HCV belongs 

to the Flaviviridae family of non-cytopathic viruses. It consists of a positive-stranded RNA 

genome that encodes structural (core, E1, E2 & p7) and non-structural (NS2, NS3, NS4A, NS4B, 

NS5A & NS5B) proteins [24]. Unlike HBV, HCV’s RNA genome lacks the ability to integrate into 

the host genome, thus cannot form DNA intermediates [25].  For instance, the core protein 

gives rise to the viral nucleocapsid, which surrounds and protects the genomic RNA, while E1 

& E2 envelope glycoproteins make up the structural components of the virion. Moreover, HCV 

is capable of evading the immune system and immune-killing machinery thanks to its core 

protein and NS5A non-structural protein, which, for example, can interact with tumor-necrosis 

factor-α (TNFα) receptor, interferon-α (IFNα) and others [26]–[28]. 
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 Excessive Alcohol Consumption: 

As defined by Ramadori et al. [29], alcohol is a small polar organic molecule that can diffuse 

through cell membranes and via bloodstreams to be distributed into all tissues. It is mainly 

oxidized in the liver by the action of an enzyme called alcohol dehydrogenase (ADH) in order 

to produce acetaldehyde. The latter can then diffuse into the bloodstream and exerts its 

mutagenic effect directly by causing DNA damage, thus “adding fuel to the flame” to quote 

Ramadori. Alcohol abuse is the third leading risk factor for disease and mortality in Europe. It 

is associated with liver cirrhosis and cancer, where in both genders, it is responsible for 18-

33% of liver cancer cases [30]. 

 Aflatoxin-B1 (AFB1): 

AFB1 is a mycotoxin produced by the commonly widespread fungal species; Aspergillus flavus 

and Aspergillus parasiticus. It can be found in certain foods like corn, rice, oil seeds, peanuts 

and dried fruits, which have been stored in inappropriate conditions of humidity and 

unsanitary conditions [31]. AFB1 is considered to be the most potent hepatotoxic and 

hepatocarcinogenic agent. AFB1 is a genotoxic mutagen that causes DNA damage in cells. For 

example, it can cause a mutation in TP53 gene of codon 249 (R249S substitution) resulting in 

inhibition of apoptosis, p53 mediated transcription as well as stimulation of liver cell growth 

in vitro [32]. It is noteworthy to mention that there is a synergistic effect between HBV 

infection and AFB1 exposure, where HBx protein produced by the virus is correlated with 2-

fold increase in the incidence of R249S mutation in TP53 gene in the presence of AFB1 [33].  

 NAFLD: 

NAFLD is a benign form of liver disease where fat starts to accumulate in hepatocytes. It is 

expected to become a dominant cause of HCC in the upcoming 10 years. NAFLD mainly occurs 

in patients with the following underlying risk factors: metabolic syndrome (MS), insulin 

resistance (IR), persistent inflammation and altered gut flora. However, the exact molecular 

mechanism by which NAFLD progresses from simple steatosis, to steatohepatitis and finally to 

HCC is not very well understood [34], [35]. Two subgroups can be distinguished: NAFL (non-

alcoholic fatty liver) and NASH (non-alcoholic steatohepatitis). The first is known to have low 

risk of progression into advanced fibrosis, while the latter is considered as the active form of 

NAFLD [36] and is characterized by inflammation, hepatocyte ballooning and faster fibrosis 
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progression [37]. The mechanism by which NAFLD becomes HCC is diverse. For instance, IR 

leads to fat accumulation in hepatocytes and genetic mutations resulting from oxidative stress 

and reactive oxygen species (ROS) induce liver cancer [34].  

 

3. Genetic & Epigenetic Alterations in HCC: 

Significant progress has recently been made to reveal the genetic and epigenetic alterations 

occurring in HCC, including potentially targetable aberrations. These alterations make HCC 

heterogeneous at the phenotypic as well as genomic levels, where they result in the 

deregulation of key oncogenes and tumor-suppressor genes that will be discussed hereafter. 

 Mutation in TP53:  

TP53 gene encodes for p53 transcription factor which functions as a key tumor suppressor 

and main regulator of many important signaling pathways like cell cycle arrest, DNA repair and 

apoptosis. Mutations in TP53 occur in almost every type of cancer, and result in the loss of the 

ability of p53 to bind to the DNA and activate the transcription of p53 target genes [38]. The 

contribution of p53 mutations to cancer initiation and progression is not very well understood, 

but it is known to participate in the development of HCC. It was shown in HBx transgenic mice 

that the sequestration of p53 by HBx in the cytoplasm, and thus its inactivation, was observed 

in HCCs implicating a potential role of p53 mutation in HCC progression [18]. As mentioned 

earlier, TP53 mutation drives the initiation of HCC in the case of aflatoxin B1 poisoning.  

 Mutation in β-catenin: 

β-catenin is the famous most important downstream component of the Wnt signaling 

pathway. The absence of Wnt ligand renders the Wnt signaling inactive (Figure 5, left), and 

this results in the phosphorylation of β-catenin by the action of the “destruction complex”. 

This complex is composed of the scaffold protein Axin, the adenomatous polyposis coli (APC) 

and two kinases: casein kinase 1 α (CK1α), and glycogen synthase kinase 3-β (GSK3-β). The 

phosphorylation of β-catenin by GSK3-β and CK1α will lead to its ubiquitination by β‑TrCP E3 

linker (β-transducin repeat-containing protein, an E3 ubiquitin ligase) and further proteasomal 

degradation. Therefore, in the absence of nuclear β-catenin, a repressive complex containing 
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TCF/LEF (T-cell factor/lymphoid enhancer factor) and transducing-like enhancer protein 

(TLE/Groucho) recruits HDACs to repress target genes [39]. 

The activation of the Wnt signaling pathway is made possible by Wnt ligands (e.g., Wnt3a & 

Wnt1), which will bind to the frizzled (Fzd) receptor and its co-receptors, the low-density 

lipoprotein receptor related protein 5/6 (LRP5/6) (Figure 5, right). LRPs are then 

phosphorylated by GSK3-β and CK1α, which recruits Dishevelled (Dvl) proteins to the plasma 

membrane where they will undergo polymerization and become activated. In turn, the latter 

will inactivate and destroy the destruction complex resulting in the stabilization and 

accumulation of β-catenin, which is now capable of translocating into the nucleus. Once 

inside, β-catenin will associate with TCF/LEF proteins by displacing TLE/Groucho, thus forming 

an active complex that will recruit histone modifying co-activators in order to switch on the 

transcription of several genes involved in proliferation and growth [39]. 
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Figure 5: The canonical Wnt/β-catenin signaling pathway (Adapted from [39]) 

(Left) Wnt signaling inactive: degradation of β-catenin by destruction complex and inhibition of gene transcription. (Right) 

Wnt signaling active: degradation of destruction complex, stabilization and translocation of β-catenin into nucleus where it 

leads to activation of gene transcription 

 

In HCC, mutations in β-catenin and other Wnt signaling pathway partners have been detected. 

For instance, in 11-37% of HCC cases, Wnt/β-catenin pathway is frequently activated due to a 

mutation in CTNNB1 that activates β-catenin. Moreover, it has also been reported to have 

inactivating mutations or deletions in Axin 1 (AXIN1 in 10% of HCC cases) or more rarely in 

APC (APC in 1-2% of HCC cases) [14]. All of these mentioned mutations lead to the constitutive 

activation of Wnt/β-catenin pathway.  

 The family of ErbB receptors: 

This family of tyrosine kinase receptors consists of four members, ERBB1 to 4, which showed 

a role in the development of many types of tumors. ERBB1 is better known as the EGFR 
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(epidermal growth factor receptor) whose expression was detected to be higher in 68% of 

HCC cases. This overexpression correlates with more aggressiveness of the tumors, i.e. higher 

proliferation, advanced disease stage, de-differentiation and intrahepatic metastasis [40]. 

ERBB2, also known as HER2 (human epidermal growth factor receptor) was reported to be 

overexpressed in 21% of HCC cases unrelated to the clinicopathological parameters [40]. 

Moreover, ERBB3 was the highest among its family members in terms of overexpression in 

HCC (84% of cases). It is correlated with more aggressiveness, differentiation and staging. 

Finally, ERBB4 is upregulated in 61% of cases with no significant correlation with the 

clinicopathological features of HCC. However, it was later discovered to act as a suppressor 

gene in the development of HCC [41]. It was also shown that ErbB4 acts as a suppressor in 

colitis-associated cancer by negatively regulating cholesterol metabolism [42]. 

 Telomeres and telomerase: 

Telomeres are ribonucleoprotein complexes located at the end of each chromosome arm in 

order to maintain genome stability. They are highly conserved in mammals and consist of 

hexameric (TTAGG) tandem repeat DNA sequence. Telomerase is made up of telomerase 

reverse transcriptase (TERT) and telomerase RNA component (TERC) [43]. In HCC, there is a 

robust activation of telomerase in around 90% of cases [44]. The shortening of telomeres is a 

characteristic feature of chronic liver diseases where it triggers DNA damage thus engaging 

the cells into irreversible cellular senescence or even apoptosis. This will eventually result in 

cirrhosis. Nonetheless, telomerase activity is absent in normal hepatocytes, so in order to 

promote liver carcinogenesis and uncontrolled hepatic cell proliferation, it needs to be 

reactivated. Therefore, during the early stages of hepatocarcinogenesis, telomerase is re-

activated to promote the disease progression  by the occurrence of point mutations at two 

hotspots in the TERT promoter in 60% of HCC cases [14]. These mutations create a new binding 

site for the transcription factor responsible for inducing the expression of TERT mRNA. 

 Genomic alterations in HCC: 

Genomic alterations, such as copy number variation and allelic imbalances that lead to 

genomic gain or loss, are responsible for the instability of HCC genome. Chromosomal 

comparative genome hybridization (CGH) has identified recurrent regions of copy number 

changes and imbalances in terms of genomic gains and losses. These include gains in 1q 
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(57.1%), 8q (46.6%), 6p (23.3%), and 17q (22.2%); and losses of 8p (38%), 16q (35.9%), 4q 

(34.3%), 17p (32.1%) and 13q (26.2%) [18], [45]. For some loci, the resident cancer gene has 

been detected and confirmed: retinoblastoma (RB, 13q), TP53 (17p), hepatoma-derived 

growth factor (HDGF, 1q) and cadherin type 1 (CDH1, 8q) [18]. 

It is noteworthy to mention that many evidences have revealed the important roles played by 

the genetic and genomic alterations in the development and progression of HCC. However, 

more effort and research are needed to better understand the role of these alterations in the 

pathogenesis of HCC.   

 

4. Molecular classes of HCC: 

The classification of HCC is important for categorizing patients according to their biological 

backgrounds into homogeneous groups in order to help better target the disease with the 

best proposed treatments. Genomic studies have identified two main molecular subclasses of 

HCC: proliferative and non-proliferative HCC [46] (Figure 6). The proliferative class is 

characterized by the activation of signaling pathways involved in cell proliferation and survival, 

such as, PI3K-AKT-mTOR (class 1 phosphatidylinositol 3-kinase; serine/threonine kinases; 

mammalian target of rapamycin) pathway, RAS (Rat sarcoma)-MAPK and IGF (insulin-like 

growth factor) signaling pathways. It is also related to chromosomal instability (TP53 

inactivation) and HBV-infections, resulting overall in higher aggressiveness and poor clinical 

outcomes. On the other hand, the non-proliferative class is more heterogeneous and involves 

the constitutive activation of Wnt signaling pathway due to CTNNB1 mutations, and is also 

related to higher TERT promoter mutations. This subclass is associated with alcohol- and HCV-

related etiologies and proposed to have better outcomes [14], [46].  
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Figure 6: Molecular classification of HCC (Adapted from [47]) 

This figure shows the different molecular subclasses of HCC as depicted by different research teams, as well as their 
molecular and clinical features. CTNNB1: β-catenin; TGFβ: transforming growth factor-β; TP53: p53 transcription factor; 

Chr: chromosome; mut: mutataion; amp: amplification; AXIN1: axin 1; RPS6KA3: ribosomal protein S6 kinase A3; TSC1/2: 
TSC complex subunit 1/2 also known as hamartin; PI3K-AKT-mTOR: class 1 phosphatidylinositol 3-kinase- serine/threonine 

kinases- mammalian target of rapamycin; RAS-MAPK: rat sarcoma-mitogen activated protein kinase; MET:MET proto-
Oncogene, receptor tyrosine kinase; E2F1: E2F transcription factor 1; KRT19 and CK19: keratin 19; ERK: extracellular signal-

regulated kinase; IGF2: insulin-like growth factor 2; AFP: alpha-fetoprotein; EPCAM: epithelial cell adhesion molecule; 
HBV/HCV: hepatitis B/C virus 

 

In 2007, HCC was classified based on unsupervised transcriptomic analyses of 120 tumors into 

six subgroups named G1 to G6 [48]. High level of association with genetic alterations and 

clinical factors were observed, where G1-G3 groups were characterized by high chromosomal 

instability as compared to the G4-G6 groups. Furthermore, G1-subgroup had low viral DNA 

copies of HBV while G2-subgroup showed higher viral DNA copies along with TP53 and PIK3CA 

(PI3-Kinase Subunit Alpha) mutations. However, only the G3-subgroup had TP53 mutation. 

G4-subgroup was associated with rare mutations in TCF1 and HNF1A (hepatocyte nuclear 

factor-1A). Finally, the G5- and G6-subgroups were highly related to CTNNB1 mutation that 

results in Wnt pathway activation, and hypermethylation of E-cadherin 1 (CDH1) resulting in 

its downregulation [48]. 

Two years later, Hoshida et al. analyzed samples from 603 patients representing HBV- and 

HCV-etiologies of HCC [49]. In their integrative transcriptomic analyses, they showed that HCC 
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could be divided into 3 subclasses, which they termed: S1, S2 & S3 (Figure 6). S1 is 

characterized by the activation of Wnt signaling pathway, not because of CTNNB1 mutation, 

but rather because of the activation of transforming growth factor-β (TGF-β). S2 was 

characterized by higher proliferation, α-fetoprotein (AFP) levels, as well as MYC and AKT 

activation. Finally, the S3 subclass showed very well differentiated hepatocytes with smaller 

tumors. It is important to note that S1 & S2 subclasses are associated with poor survival, whilst 

S3 is associated with good survival [49]. 

All of these proposed classes have been confirmed and further characterized by The Cancer 

Genome Atlas (TCGA) Research Network, harboring the largest cohort of HCC data, based on 

different platforms: DNA copy number changes, DNA methylation profiling, expression of 

mRNA and microRNA (miRNA), and reverse phase protein array (RPPA) assays [50]. They 

analyzed 196 tumors, which yielded 3 subtypes (Figure 6). The iClust1 subtype associated with 

poor prognosis and similar gene expression profile to the progenitor cell subclass tumors. 

iClust2, a lower grade subtype, was also identified with CTNNB1 mutations similar to the non-

proliferative class. And finally, iClust3 that has TP53 mutations resulted in chromosomal 

instability and poor prognosis.  

 

5. Management of HCC 

Over the last decade, the incidence rate of HCC is rising in many countries, but the overall 

survival of patients can be prolonged if earlier screening and diagnosis are made. HCC is one 

of the cancers whose prevention is made easy and possible simply by using vaccination against 

HBV infection. In 2009, the World Health Organization (WHO) recommended that all 

newborns and high-risk-groups be vaccinated against hepatitis B [51]. For instance, HBV 

vaccination reduces the incidence of HCC in high prevalence regions like Taiwan [52]. Multiple 

lines of evidence indicate that the prevention strategies reduce HCC development.  

The management of HCC not only includes its early diagnosis, but also the staging of the 

disease and the suitable treatments of patients and those who are at risk of developing the 

disease. That’s why the surveillance of HCC is very important, where subjects at risk are 

periodically diagnosed for HCC development. Cancer surveillance allows the early detection 

of tumors in patients at high risk, thus increasing the opportunity for curative treatments and 
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improving survival by decreasing the disease-related mortality (European Association for the 

Study of the Liver and European Organization for Research and Treatment of Cancer, 2012). 

The AASLD and EASL guidelines suggest surveillance programs of high-risk patients, including 

all cirrhotic patients (HBV/HCV infection, AFLD, NAFLD/NASH), HBV carriers from regions of 

high HBV incidence like Asia and Africa, as well as HCV patients for whom infection is not 

associated with cirrhosis [14], [53].  

 Diagnosis of HCC: 

The diagnosis of HCC can be done using these steps: serologic testing, diagnostic imaging and 

histology. AFP is the most famous serological marker for early HCC detection. This protein is 

produced during the fetal development by the liver and the yolk sac. After birth, its levels drop 

off remarkably and only traces of it can be detected in the serum. The diagnosis of HCC 

requires AFP serum levels to be higher than 500 ng/mL, but negative values usually do not 

exclude HCC. Elevated AFP levels have been found not only in HCC but also in many other 

diseases including chronic liver disease with no cancer, pregnancy and  gastrointestinal tumor 

[54]. Due to limited AFP sensitivity and specificity, three different variants (AFP-L1, AFP-L2, 

AFP-L3) have been studied in order to improve the diagnostic performance. Among these 

variants, AFP-L3 was more specific for HCC diagnosis than AFP [55]. Moreover, another 

biomarker for HCC has been studied called Des-gamma-carboxy-prothrombin (DCP), but it was 

not accepted for clinical use by itself in the United States, although it’s being routinely used in 

Asia as part of both the screening and surveillance after curative therapy [56]. 

Diagnostic imaging can be done using ultrasound in case the hepatic nodules are <1 cm in a 

cirrhotic liver. Once the nodule becomes >1 cm in a cirrhotic liver, the imaging should switch 

to either multidetector computed tomography (MDCT) or magnetic resonance imaging (MRI). 

If the lesion is found to be intermediate in cirrhotic and non-cirrhotic patients, a biopsy should 

be taken from the lesion [53], [54]. It is important to agree on the fact that biopsies should 

only be reviewed and examined by an expert “hepatopathologist” since the distinction 

between a dysplastic nodule and HCC can be tricky. The sensitivity and specificity of biopsies 

have been increased by the use of immunostaining for glypican-3 (GPC3), heat shock protein 

70 (HSP70), and glutamine synthetase (GS) [57]. If at least two of these markers were 

positively stained, the patient is diagnosed with HCC. 
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 Staging of HCC: 

In 1999, the Barcelona Clinic Liver Cancer (BCLC) group proposed for the first time the what 

so called BCLC staging [58]. So far, BCLC is the best staging system proposed, as it is the most 

commonly used one for HCC. The algorithm used by this system links the tumor stages to their 

corresponding treatments [59]. Treatments are the fundamental therapies that aim to either 

cure HCC using radical therapies or find palliative ones that help to improve overall survival. 

Radical therapies include ablation, resection and transplantation, whilst palliative therapies 

involve chemoembolization and systemic therapies [59] (Figure 7).  

The choice of therapy depends on the tumor stage (BCLC 0, A, B, C & D) and this will be 

discussed in the next section. BCLC system relies on the number and size of the tumors as well 

as the liver function and health status of the patient (Eastern Cooperative Oncology Group 

[ECOG] Performance Status [PS]) [14]. 

 

Figure 7: The clinical algorithm for the management of HCC: BCLC staging system [60] 
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 Early stage disease:  

Very early HCC (BCLC 0) is defined by the presence of a single tumor ≤2 cm in diameter 

while early HCC (BCLC A) is characterized by a solitary tumor ≤3 cm or by the presence 

of three nodules of diameter ≤3 cm. In both cases, the liver has a well-preserved 

function without macrovascular invasion or extrahepatic spread, and the patient feels 

well (ECOG PS 0). These patients can eventually benefit from radical therapies like 

ablation, resection, or liver transplantation. 

 Intermediate stage disease: 

BCLC B or intermediate stage HCC patients are asymptomatic with preserved liver 

function. They have large, multifocal tumors without vascular invasion and 

extrahepatic spread (ECOG PS 0). Transcatheter arterial chemoembolization (TACE) is 

an effective measure at this stage, in which this minimally invasive technique is based 

on combining intra-arterial injection of chemotherapy followed by the embolization of 

the blood vessels using beads in order to restrict blood supply to the tumor.  

 Advanced stage disease: 

Patients with BCLC C have at least one or more of the following symptoms: 

extrahepatic spread, vascular invasion and mild-cancer related symptoms (ECOG PS 1-

2). Systematic therapies are available for these patients. The Sorafenib HCC 

Assessment Randomized Protocol (SHARP) trial showed that the oral administration of 

the multikinase tyrosine inhibitor sorafenib, is capable of increasing the overall survival 

of BCLC C patients [61]. If patients showed any HCC progression after sorafenib 

treatment, they are then subjected to the second-line treatment, regorafenib, which 

is a systematic multikinase inhibitor, shown to prolong patients’ survival [62].  

 Terminal stage disease: 

Patients with end stage disease (BCLC D) have poor liver function, marked cancer-

related symptoms (ECOG PS >2). Such patients require the best supportive care from 

nutritionists and psychologists but unfortunately are not candidates for clinical trials.  
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6. Treatment of HCC  

The BCLC staging classification is the major determinant used to arrange patients and propose 

suitable treatment for each. Early stages HCC patients (BCLC 0-A) can benefit from resection, 

liver transplantation or even local ablation. Such treatments usually lead to a median overall 

survival duration for up to 5 years. BCLC 0 patients with normal liver function, normal bilirubin 

and without portal hypertension are usually selected for tumor resection [63]. If this is not 

possible, they can benefit from liver transplantation or percutaneous ablative therapies (BCLC 

0 and A) by thermal ablations (e.g., cryotherapy, microwave or radiofrequency ablations) or 

by using chemicals such as ethanol.  

BCLC B patients with intact liver function are selected for TACE. As mentioned earlier, TACE 

involves the use of embolizing agents, like gelatin sponge particles, known to block or slow 

down the blood supply to tissues, followed by the injection of chemotherapeutic agents. 

Sometimes, antineoplastic agents can also be used, such as mitomycin, cisplatin and 

doxorubicin alone or in combination to lipiodol emulsion [64]. By this method, the embolic 

agents trigger ischemia and local hypoxia while the lipiodol prolongs the lifespan of the drug 

in the tumoral tissues. It is noteworthy to mention that the portal vein supplies blood to three 

quarters of the liver parenchyma while the rest comes from the hepatic artery. And tumor 

cells are known to have their supply from the latter, hence making TACE the best treatment 

strategy in this case because it will only block the hepatic artery without affecting the rest of 

the liver [63]. The median overall survival is 2-2.5 years [46]. Unluckily, patients who still suffer 

from disease progression after TACE will eventually receive systemic therapy. 

On the contrary, BCLC C patients are usually registered for systemic therapies. In 2007, a 

breakthrough in the management of advanced HCC was done where sorafenib demonstrated 

survival benefits versus the placebo [61]. Sorafenib (Nexavar, BAY 43-9006) is an oral bi-aryl 

urea drug approved by the Food and Drug Administration (FDA). Its chemical name is N-(3-

trifluoromethyl-4-chlorophenyl)-N'-(4-(2-methylcarbamoyl pyridin-4-yl) oxyphenyl) urea. The 

first discovery of this drug by Bayer HealthCare and Onyx Pharmaceuticals goes back to 1995. 

Only in 2001 was it confirmed to be a RAF1 (serine/threonine kinase) inhibitor, whose role is 

to stimulate the transcription of genes that promote tumor growth [65]. Nowadays, sorafenib 

is identified as a multikinase inhibitor where it can target around 40 kinases such as vascular 

endothelial growth factor receptor (VEGFR)-1/2/3, platelet-derived growth factor receptor-β 
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(PDGFR-β), fibroblast growth factor receptor 1 (FGFR1), B-RAF, and Fms-like tyrosine kinase 3 

(Flt-3) [66], [67].  

Sorafenib treatment is usually accompanied with some adverse events, yet uncomplicated 

ones, like hypertension, fatigue, hand-foot skin reaction and diarrhea. In spite of these events, 

sorafenib succeeded in increasing the median overall survival of advanced-stage HCC patients 

from 8 to 11 months [46].  

 Mode of action of sorafenib: 

 

Figure 8: Mode of action of sorafenib [68] 

 

As shown in figure 8, sorafenib exerts its action by directly inhibiting RAF and its isoforms in 

the liver tumors. When RAF is inhibited, the phosphorylation of MEK/ERK (Mitogen-activated 

protein kinase/ extracellular signal-regulated kinase) is suppressed leading eventually to a 

decrease in the cellular proliferation. Moreover, it will induce apoptosis by inhibiting the 

translation of anti-apoptotic proteins such as, myeloid cell leukemia 1 (Mcl-1) and B-cell 

lymphoma 2 (Bcl-2). As a result, a pro-apoptotic protein called BAK (Bcl-2 antagonist killer) will 

be released and thus inducing apoptosis. In parallel, sorafenib can inhibit angiogenesis by 

targeting important receptors expressed on endothelial cells like VEGFRs and PDGFR-β. These 

receptors are known for activating RAS/MAPK pathway and finally the transcription of genes 

promoting angiogenesis [67], [69].  
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 Resistance to sorafenib: 

Despite the promising effects of sorafenib in extending the survival of patients, in the end, it’s 

still a chemotherapeutic agent against which some patients will develop resistance. It has 

been shown that resistance could be due to increased expression of EGFR. That’s why, a 

combination treatment of sorafenib with EGFR inhibitors (erlotinib or gefitinib) enhanced the 

efficacy of sorafenib by ensuring a significant blockade of RAF kinases, hence illustrating the 

important role played by these kinases in HCC [70]. Another possible resistance mechanism 

can be through the activation of PI3K/AKT pathway as a compensation for the inhibition of 

RAF/RAS/MAPK signaling. This will induce the cellular proliferation and decrease apoptosis 

[71].  

In order to overcome sorafenib resistance, other drugs have been tested. For instance, 

regorafenib, a second-line treatment, has been developed in 2017 [62]. It is FDA-approved 

and very similar to sorafenib in terms of chemical structure and mode of action. However, 

regorafenib showed more tendencies towards the inhibition of VEGFR kinase. The RESORCE 

trial showed that treatment with regorafenib improved the overall survival of patients with 

sorafenib resistance from 7.8 to 10.6 months when compared to placebo. Also, the adverse 

events were similar to that observed with sorafenib [62]. Further work is needed to further 

explore and understand the exact mechanism of action of regorafenib.  

 Immunotherapy: 

The failure of many chemical drugs tested for HCC treatment urges the development of novel 

approaches as therapeutic strategies. Immunotherapy has opened a new door in the axis of 

therapy with many promising results. At the beginning, immune therapies have focused on 

vaccination strategies, cytokines or even non-specific T-cell activation in HCC, all of which were 

unfortunately not fruitful. Later on, other strategies have emerged like the inhibition of 

immune checkpoints, which are defined as membrane bound proteins regulating the immune 

response. These checkpoints are expressed on immune cells like B- and T-lymphocytes, tumor 

associated macrophages (TAM) and natural killer (NK) cells. They display an 

immunosuppressive activity to block the uncontrolled long term T-cell activation in order to 

avoid tissue damage [72]. For instance, programmed cell death protein 1 (PD-1) is one of the 

most studied checkpoints in human cancer. It is expressed by activated CD8+ and CD4+ T-cells. 
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During cancer pathogenesis, PD-1 can recognize its ligands PD-L1 and PD-L2, which are 

expressed by tumor cells, and thereby blocks T-cell and immune response activation [46]. 

Monoclonal antibodies have been developed against PD-1 (nivolumab and pembrolizumab) 

and PD-L1 (atezolizumab, avelumab and durvalumab) and are approved for treatment in many 

diseases [73]. Nivolumab is now considered a second-line treatment for patients with 

advanced HCC. Results obtained using this treatment showed a good response, enhanced 

overall survival of patients and reduced toxicity [74].  
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IV- Hepatoblastoma (HBL) 

1. Generalities: 

Hepatoblastoma (HBL) is a rare malignant embryonic tumor accounting for only 1% of all 

pediatric neoplasms, yet it is the most common primary hepatic tumor in babies [75]. 

Approximately one in million children are affected by HBL, which usually develops between 

six months and three years after birth in around 95% of cases, with a median age of 18 months 

[76]. The remaining 5% are diagnosed in children above 4 years old and exceptionally in some 

adult cases [76], [77]. HBL is often detected by palpation of an asymptomatic hepatomegaly, 

in which the liver is enlarged beyond its normal size due to pathological conditions, and the 

physician can detect this enlargement using medical examination by touch. Other clinical 

features can be helpful such as jaundice, weight loss and sometimes pain and fatigue 

depending on the tumor progress [75]. This disease is also characterized by elevated level of 

AFP, which is not only helpful for diagnosis, but also in assessing the efficacy of a given 

treatment [78]. The overall survival rate of HBL recorded so far is around 80%, thanks to the 

modern imaging techniques used to detect it [79] as well as the adapted chemotherapeutic 

regimes being used [80].  

Despite the relatively low number of HBL cases, the Children’s Hepatic tumors International 

Cooperation (CHIC) group developed an international clinical database by collecting 1,605 HB 

cases that have been treated in prospective multicenter trial, including: the Société 

Internationale d’Oncologie Pédiatrique — Epithelial Liver Tumor Study Group (SIOPEL) located 

in Europe; the Children's Oncology Group (COG) located in North America; the German Society 

for Pediatric Oncology and Hematology (GPOH); and the Japanese Study Group for Pediatric 

Liver Tumors (JPLT) [81]. 

The etiology of HBL is still not fully understood; however, tumorigenesis is believed to arise 

from immature hepatocytes that go off track and differentiate into other cell types, such as 

hepatocytes, epithelial, biliary and mesenchymal cells. Therefore, this explains the 

heterogeneity observed at the cellular and histological levels among patients: 56% epithelial 

or 44% mixed forms (epithelial and mesenchymal). The epithelial form in further divided into 

subgroups: 31% pure fetal, 19% embryonic, 3% macrotrabecular and 3% undifferentiated 

small-cells, which are associated with poor prognosis [75].  
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2. Risk Factors 

Most of the HBL tumors develop sporadically. It has been assumed that HBL starts in utero 

due to many lines of evidence. Since the incidence of HBL development is the highest at birth, 

it is most likely to start during the gestation period, where tumor cells resemble the embryonic 

liver cells. Therefore, many researches done on HBL focus on events happening around 

gestation [82]. 

 Inherited Syndromes: 

The incidence of HBL in patients with Familial Adenomatous Polyposis (FAP) and Beckwith-

Wiedemann syndrome (BWS) is increased. FAP is associated with inactivating mutations in the 

tumor suppressor gene APC resulting in the constitutive activation of Wnt/β-catenin signaling 

pathway, a major player in many cancers including HBL and HCC. The risk of developing HBL is 

around 750 times higher in patients with FAP than in the general population [83]. BWS is 

characterized by excessive growth and congenital malformations such as gigantism, 

macroglossia and neonatal hypoglycemia. It is attributed to anomalies that deregulate the 

expression of IGF2 (Insulin-like growth factor), H19 (Tumor suppressor gene) and CDKN1C 

(Cyclin dependent kinase inhibitor 1C) located on chromosome 11p15 and are known to be 

involved in cell cycle [82], [84]. The result of such anomaly is increased expression of IGF2, and 

decreased expression of H19 and CDKN1C. The rate of incidence of HBL is 2,280 times higher 

in patients with BWS (0-4 years old) [82].  

Occasionally, some HBL cases are associated with trisomy 18, also known as Edwards 

Syndrome. It is characterized by multiple congenital anomalies like heart defects, skeletal 

anomalies, short stature and mental retardation and the survival beyond 1 year is rare in such 

a case. Because of the high mortality during infancy, it is very difficult to estimate and know 

the incidence of HBL among these children [82]. 

Some connection of HBL with other inherited syndromes such as Simpson-Golabi-Behmel 

syndrome, Prader-Willi syndrome, Sotos syndrome, Kabuki syndrome, Neurofibromatosis 

type 1, Fanconi Anemia, Tyrosinemia type 1, Noonan syndrome, DiGeorge syndrome and 

FGFR3 (Fibroblast growth factor receptor 3) mutation were also described. However, such 

syndromes have been reported in one or two cases of HBL, only indicating their insignificance 

as to be the causes of HBL [82]. 
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 Gestational risk factors: 

HBL is also strongly associated with pre-mature birth and very low birth weight (VLBW; < 

1.5 kg) in diverse countries like Japan, United Kingdom, US, and China. Different explanations 

were proposed. First, HBL may be launched by iatrogenic hazards encountered in Neonatal 

Intensive Care Units (NICUs) in combination to the declined xenobiotic and antioxidant 

defense system of these premature infants [85]. HBL could also be the consequence of pre-

eclampsia, high maternal pre-pregnancy weight and the treatment for infertility [82].  

 Environmental risk factors: 

Tobacco smoking by both parents, pre- or post-conception, has been identified as a potential 

risk factor for HBL. This strong and significant association between tobacco use and HBL was 

first noted by the United Kingdom Childhood Cancer Study (UKCCS) based on a study done in 

28 cases [86].  

HBL was confirmed not to be associated with maternal exposure to alcohol or estrogen use, 

but it was significantly related to maternal and paternal exposure to metals [87].  

 

3. PRETEXT Staging System  

The PRETEXT (PRETreatment EXTent of tumor) system has been first introduced in 1992 by 

the SIOPEL as an approach to regularize the imaging evaluation and stratify patients of 

pediatric liver tumors prior to the administration of neoadjuvent chemotherapy [88]. This 

system is made of two components: the PRETEXT group and the annotation factors. The first 

describes the extent of the tumor in the liver whilst the annotation factors describe the 

associated features [89].  

Based on the medical imaging examinations, the liver can be divided into four sections: I, II, III 

and IV in order to perform the PRETEXT classification. The latter is defined as the number of 

hepatic sections that have been affected by the tumor at the time of diagnosis (Figure 9) [90]:  

 I: tumor is present in one section of the liver; it is typically small; the other three ones 

are tumor free 

 II: tumor is found in one or two sections; two adjacent sections are tumor free 
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 III: three sections of the liver are infected by the tumor; one section is tumor free 

 IV: tumor is present in all four sections of the liver  

Then, in order to refine the classification, PRETEXT annotation factors were introduced: 

 V: Hepatic venous/inferior vena cava involvement  

 P: Portal venous involvement; participation of the main portal vein and its 2 branches 

 E: Extrahepatic disease contiguous with the main liver tumor 

 F: Multifocality  

 R: Tumor rupture or intraperitoneal hemorrhage  

 C: Caudate lobe involvement 

 N: Lymph node metastasis  

 M: Distant metastasis 

 

 

Figure 9: The PRETEXT and POSTTEXT classification systems [91] 
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The importance of PRETEXT classification resides in facilitating the determination of 

therapeutic approaches in HBL patients. It is used to predict whether tumors can be resectable 

or not, and to reclassify patients after being subjected to chemotherapy, and in this case, it is 

called POSTTEXT.   

 

4. Molecular Classification of HBL 

In 2008, a microarray analysis was done in order to identify the molecular signatures 

characteristic of the tumor subclasses of HBL [92]. 76% of the examined cases had a mutation 

in β-catenin gene (CTNNB1), and this was further confirmed in many other studies [93]–[95]. 

Mutations in APC and AXIN1 genes have been also detected. Therefore, the total of 82% of 

analyzed tumors carried mutations in genes linked to Wnt/β-catenin signaling pathway. This 

shows the importance of Wnt signaling pathway in the tumorigenesis of HBL. 

Using transcriptional profiling, Cairo et al. [92] were able to classify HBL tumors into two 

distinct subgroups termed C1 and C2 according to the differential expression of 16 gene 

signatures. Both groups were characterized by similar, high mutation rates of CTNNB1 as well 

as strong expression of β-catenin in the cytosol and nucleus of tumor cells. However, C1 

tumors show predominant localization of β-catenin on the membrane and cytoplasm, whilst 

C2 tumors show strong accumulation of β-catenin in the nucleus. Histologically speaking, C1 

tumors are of fetal type for the most part whereas C2 tumors are more immature, mostly 

embryonic, macrotrabecular, or fetal type that is associated with high proliferation. Generally, 

C2 HBL tumors are mainly associated with a more advanced stage and the presence of vascular 

invasion and extrahepatic metastasis. This renders the tumors of this group more aggressive 

with usually poor prognosis and an estimated survival at 2 years of age of 44% of patients, 

unlike 92% of patients with the C1 tumors.  

In 2018, another group of researchers came to better refine this classification of HBL tumors 

using RNA-seq data collected from HBL tumor samples matched with the respective normal 

liver (NT). Hooks et al. [96] distinguished three groups of HBL named C1, C2A and C2B using 

the following four-gene signature: hydroxysteroid 17-beta dehydrogenase 6 (HSD17B6), 

integrin alpha 6 (ITGA6), topoisomerase 2-alpha (TOP2A) and vimentin (VIM). Each gene was 

a signature for a certain group; HSD17B6, ITGA6, TOP2A and VIM are signatures of NT liver, 
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C1 group, C2A group and C2B group, respectively. This newly identified classification brought 

into light new prognostic markers that help in bringing molecular precisions with respect to 

histological classification and PRETEXT, and propose the use to bortezomib (FDA-approved 

proteasome inhibitor) as a possible treatment for patients presenting a C2A tumor phenotype 

characterized by the highest proliferation among other groups and the activation of Fanconi-

Anemia (FA) pathway. 

 

5. HBL Treatment 

According to the CHIC consortium, a standardization of risk criteria and patient stratification 

has been put in place, evolving continuously with the results from various studies. To date, 

CHIC recommends using the PRETEXT classification. Only patients classified as PRETEXT I and 

II, with well-differentiated tumors and without major involvement of the blood system, are 

operated without any preoperative chemotherapy. Other standard risk patients (PRETEXT I, II 

and III) benefit from surgery associated with pre- and post-operative chemotherapy. PRETEXT 

IV, or high-risk patients, are recommended to get pre-operative chemotherapy combining 

intense doses of several compounds, followed by resection of the tumor or liver 

transplantation, and finally followed by post-operative chemotherapy [80], [97]. 

 Chemotherapy: 

Cisplatin, or cis-diamminedichloroplatinum (II) (CDDP), is a well-known chemotherapeutic 

drug, the use of which has been adapted by all protocols and proven to be the most effective 

chemotherapeutic treatment for HBL [98]. Cisplatin is a platinum based molecule that disrupts 

DNA replication and transcription, and interferes with its repair machinery, causing DNA 

damage and hence activation of apoptosis [99]. In order to reduce drugs’ cytotoxicity, cisplatin 

can be used in neo-adjuvant chemotherapies in combination with doxorubicin, carboplatin, 

etoposide or even ifosfamide, as part of the treatment protocols [100]. 

As previously mentionned, the main disadvantage of cisplatin, like many other 

chemotherapeutic agents, is its ototoxicity. In fact, it induces more or less severe irreversible 

hearing loss in around 50% of HBL cases [101]. Recently, randomized phase 3 clinical trial, 

SIOPEL 6, was done to investigate the effect of delayed administration of sodium thiosulphate 

(STS) with cisplatin on the hearing loss caused by the latter [102]. The addition of STS to 
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cisplatin led to 48% lower risk of hearing loss. The ACCL0431 trial also showed similar 

protective effects of delayed STS administration by reducing the incidence and severity of 

cisplatin-induced ototoxicity [103].  

 Liver Transplantation: 

Not all HBL patients are candidates for liver transplantation. Usually, for high-risk HBL patients, 

complete surgical resection is required and accompanied with chemotherapy prior and post 

resection. In most severe cases, such as multifocal PRETEXT IV, PRETEXT III + V, PRETEXT III + 

P and intrahepatic relapse patients, tumor resection is not possible and the relapse rate of 

such patients is high, leaving them with only one more possible approach, which is undergoing 

liver transplantation [104]. The cure rate of high-risk patients has been increased using liver 

transplantation and they showed a long-term survival of 80% compared to 30% after 

incomplete resection [105]. 
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Liver cancer and PCSK9 

 

As it was mentioned earlier, liver cancer ranks the sixth among the most commonly diagnosed 

cancers and the fourth leading cause of cancer-related deaths worldwide. An emerging 

characteristic that promotes the tumor aggressiveness and progression is the altered 

energetic metabolism, especially lipid metabolism. Whenever we speak about lipid 

metabolism, we directly think of many closely connected pathways that lead to the anabolism 

and catabolism of lipid molecules. But to make the picture simpler, I will focus on two inversely 

related pathways, the lipoprotein uptake mediated by lipoprotein receptors expressed on the 

surface of hepatocytes and the de novo synthesis of cholesterol catalyzed by many rate-

limiting enzymes.  

The uptake of lipoprotein molecules that circulate in the blood stream, such as low-density 

lipoprotein cholesterol (LDL-C), is an essential process to maintain blood homeostasis and to 

avoid their accumulation in blood and hence, to prevent cardiovascular diseases. This uptake 

is made possible by the action of recyclable low-density lipoprotein receptors (e.g., LDLR) that 

are expressed on the cell surface. Once the level of cholesterol is back to normal in the blood, 

this will trigger a negative feedback regulation of LDLRs to prevent them from taking more 

cholesterol. This negative regulation is mediated by a very important convertase named 

proprotein convertase subtilisin/kexin type 9 (PCSK9), which we are interested in. In simple 

words, PCSK9 binds to LDLR and guides it toward lysosomal degradation instead of recycling, 

thereby decreasing the level of receptors on cell surface. Interestingly, many available 

transcriptomic databases that were done on HCC and HBL show an increase in the level of 

PCSK9 in the tumors when compared to the non-tumoral tissues, indicating the presence of 

the negative regulation of LDLR, and thus a decrease in the uptake of LDL-C in such tumors.  

Inversely, the alternative pathway by which the cells can have a supply of cholesterol is 

through the mevalonate pathway, also known as de novo cholesterol biosynthesis pathway. 

During this process, the cells are capable of producing their own cholesterol, along with non-

sterol molecules. This pathway is catalyzed by a rate-limiting enzyme named HMGCR, whose 

expression is significantly increased in the tumors compared to normal tissues in the different 

available databases of HCC and HBL.  
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All these observations led us to hypothesize that the tumor cells have a preference towards 

the de novo cholesterol synthesis rather than the uptake. Hence, digging deeper into this 

altered lipidic profile, the role of PCSK9 and the interplay between PCSK9 and HMGCR in liver 

cancer was our main focus.  
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V- Pro-Protein Convertase Subtilisin/Kexin type 9 (PCSK9/NARC-1) 

1. Generalities 

Amongst the 30,000 genes encoded by the mammalian genome, ~1.7% are proteolytic 

enzymes that can belong to one of these six classes of proteases: serine, threonine, metallo, 

cysteinyl, glutamyl and aspartyl [106]. Generally, proteases are capable of irreversibly cleaving 

a wide number of substrates that include hormones, growth factors, other proteases and 

cytokines. This cleavage can result in either activation or inhibition of the target molecule.  

In 2003, Seidah et al. [107] identified a putative convertase named neural apoptosis-regulated 

convertase 1 (NARC-1) through cloning of cDNAs that were upregulated in primary cerebellar 

neurons after inducing apoptosis by serum deprivation. However, at that time, little was 

known about the activity, cleavage specificity, cellular/tissue expression and function of this 

protein. All what was known was its gene localization in the human chromosome 1p33-p34.3 

and the more abundant expression of NARC-1 mRNA in liver than in testis and kidney. With 

further investigations, Seidah and his group identified NARC-1 as a mammalian protein 

convertase member of the proteinase K subfamily of subtilases that is composed of multiple 

domains: signal peptide, pro-domain, catalytic domain, putative P-domain and finally the C-

terminal domain [107]. This zymogen undergoes an autocatalytic prosegment cleavage in the 

endoplasmic reticulum (ER) in order to become mature, and hence exits the ER. It is important 

to note that the cleaved prosegment of NARC-1 remains associated with it even after being 

secreted. Moreover, a very high expression of NARC-1 was recorded in neuroepithelioma, 

hepatic and colon carcinoma cell lines. This expression seemed to be related to cells that can 

proliferate and differentiate like hepatocytes [107].  

The discovery of NARC-1 by Seidah was the basis for revealing that gain-of-function mutations 

in this gene, leading to higher production, were the cause of familial hypercholesterolaemia 

(i.e. a genetic form of extremely high levels of LDL cholesterol) [108], being an important risk 

factor for coronary heart disease.  

Journal editors later changed NARC-1 nomenclature to PCSK9 as they considered this name as 

being more adapted for standard nomenclature. PCSK9 stands for proprotein convertase 

subtilisin/kexin type 9 and it is a serine protease that belongs to the family of proprotein 

convertases (PCs). This family comprises other members namely: PC1, PC2, Furin, PC4, PC5, 
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PACE4, PC7 and isoenzyme 1 subtilisin kexin. All of these proteins function as enzyme 

modulators due to their catalytic centers that can cleave many substrates including, precursor 

proteins, growth factors, receptors, hormones and even transmembrane proteins [109]. 

However, PCSK9 stands in here as an exception for all of these. This protein exerts its action 

only through self-activation, making it the one and only substrate for itself [110]. As 

mentioned above, the autocatalytically cleaved prosegment of PCSK9 zymogen remains 

associated with the protein even after secretion making it the only PC that is secreted as 

catalytically inactive [107], [111]. 

 

2. Structure of PCSK9 

PCSK9 gene encodes a 74.3-kDa zymogen composed of 692 amino acids. This protein has 

multiple domains as revealed by Lambert et al. [112]: signal peptide (aa 1-30), prodomain (aa 

31-152), catalytic domain (aa 153-451) and C-terminal domain (aa 452-692), which is rich in 

cysteine and histidine (Figure 10). The only domain lacking in this protein as compared to its 

family members is the P-domain [113], which is known to be involved in protein folding and 

regulation of the protease activity [114]. Unlike its respective mates in the family, which cleave 

after basic residues in the presence of calcium, PCSK9 undergoes an autocatalytic 

intramolecular cleavage after a non-basic residue, without any requirement for calcium [111], 

[115] in order to form a ~ 14-kDa prodomain that remains tightly non-covalently associated 

with a ~60-kDa domain (catalytic and C-terminal domain) in the secretory pathway [111], 

[112], [116], [117]. The self-inhibition action of the prodomain allosterically blocks the action 

of the other two domains. However, the total removal of PCSK9 prodomain results in almost 

ten times higher affinity between this protein and LDLR and a four times higher degradation 

rate of LDL receptor [110], [118], [119]. Moreover, PCSK9 prodomain and its mature form both 

undergo a post-translational modification termed as sulphation of tyrosyl residues. This step 

occurs in the late Golgi complex before secretion, but the exact role of it is not yet defined 

[111].  

On another note, multiple mutations of PCSK9 can be found, which either induce higher 

activity -thus associated with hypercholesterolemia- or lower activity -thereby associated with 

hypocholesterolemia (Figure 10). These mutations will be discussed later in the next section. 
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Figure 10: PCSK9 domains, mutations and 3D structure. 

A) Different domains of PCSK9 along with the naturally occurring mutations (Adapted from [115]). The mutations increasing 
LDL-C are in green; those decreasing LDL-C are in red. B) 3D structure representation of PCSK9 from amino acid 61 to 681 

(PDB 2PMW) generated with Pymol 2.4.2. 

 

3. Function of PCSK9 

The main role of PCSK9 is to promote the degradation of the hepatic low-density lipoprotein 

receptor (LDLR) present on hepatocytes’ surface, thereby blocking the primary pathway of 

LDL-cholesterol (LDL-C) uptake from the circulation, thus leading to the increase of blood 

cholesterol levels. Lagace et al. [119] were the first to show the molecular mechanism by 

which PCSK9 represses LDLR. PCSK9 is secreted from cells and is subsequently internalized 

with LDLR to promote its degradation. This internalization process is dependent on the 

presence of an adaptor protein called ARH (autosomal recessive hypercholesterolemia) that 
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binds to the cytosolic tail of LDLR [119], [120]. However, another study has showed that PCSK9 

can still degrade LDLR even in ARH knockout mice [121] and this is possibly done either en 

route from the synthesis of LDLR in the ER to the cell surface or on the cell surface before the 

internalization of LDLR. This proposed mode of action of PCSK9 is supported by the presence 

of two naturally occurring mutants –S127R and D129G- whose secretion is impaired, yet their 

function is intact [122].  

So based on that, we can distinguish two pathways by which PCSK9 regulates LDLR: 

intracellular and extracellular pathways (Figure 11). Active PCSK9 binds through its catalytic 

subunit to the LDLR on its EGF-A (Epidermal growth factor-like repeat A) domain. In the 

intracellular pathway, this binding will facilitate the transport of LDLR from the trans-Golgi 

network to the lysosomes, instead of going to the cell surface, with the help of clathrin light 

chains, thus mediating its degradation. This is confirmed by using brefeldin A –a fungal toxin 

that induces that dissociation of Golgi complex. Brefeldin A prevented LDLR degradation by 

PCSK9, thus suggesting that PCSK9 can cause LDLR degradation as it migrates from ER to the 

cell membrane [123]. On the contrary, in the extracellular pathway, mature PCSK9 will be 

released from the Golgi apparatus, it will bind to LDLR expressed on the cell surface, and 

together, they will be internalized in clathrin-coated endosomes which will fuse later on with 

lysosomes to enter in the degradation process. It is important to remind that this 

internalization process necessitates the presence of ARH (autosomal recessive 

hypercholesterolemia) adaptor protein [110], [124].  Moreover, a third pathway by which 

PCSK9 induces LDLR degradation was recently discovered to be mediated by caveolin in a 

cyclase-associated protein 1 (CAP1) dependent-manner [125]. In this pathway, CAP1 is 

capable of binding to the C-terminal cysteine-rich domain (CRD) of PCSK9 as well as to 

caveolin-1 through two different domains, SH3BD (Src homology 3 binding domain) and ACBD 

(adenylyl cyclase-binding domain) respectively. This interaction will guide the PCSK9/LDLR 

complex towards caveolae-dependent endocytosis and further lysosomal degradation [125]. 
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Figure 11: PCSK9, genetic regulation and function. 

1) The synthesis of PCSK9 and LDLR is regulated transcriptionally by SREBP-2. Once translated, they will travel through ER 
and Golgi apparatus for maturation before being secreted. 2) LDLR expressed on the cell surface will bind to LDL-C and will 
be internalized in an AHR-dependent manner via clathrin coated endosomes. Inside the endosomes, LDL-C will dissociate 
from the receptor and be directed toward lysosomal degradation, whilst LDLR will be recycled back to the cell surface. 3) 

Extracellular and 4) intracellular pathway regulation of LDLR by PCSK9: in both pathways, PCSK9 binds to the EGF-like 
domain of LDLR and targets it to lysosomal degradation instead of recycling. 5) A novel extracellular pathway by which 

PCSK9 induces LDLR degradation by interacting with CAP-1, which in turn binds to caveolin-1 and induces caveolin 
dependent endocytosis followed by lysosomal degradation of LDLR/PCSK9/CAP1 complex 

 

The secreted mature form of PCSK9 (~60 kDa) can be cleaved by the action of two convertases 

of the same family (furin and PC5/6A) after the recognition sequence R215-F216-H217-R218, 

giving rise to a truncated PCSK9 protein (50 kDa) with ten times less efficiency with respect to 

LDLR degradation. In humans, up to 40% of the circulating PCSK9 are found in this truncated 

form [126], [127].  

As mentioned earlier, PCSK9 naturally occurring mutations can be present rendering the 

protein either more or less active. This is termed as gain-of-function mutations or loss-of-

function mutations, respectively. These mutations and their impact have been studied in 

diseases such as Familial Hypercholesterolemia (FH), hypocholesterolemia and coronary heart 

disease (CHD).  
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 Gain-of-function (GOF) mutations of PCSK9: 

There exist many missense mutations in PCSK9 gene, which can cause dominant 

hypercholesterolemia in patients, either by increasing the activity of PCSK9 or by giving it a 

new activity. Three of these mutations: S127R, F216L and D374Y, have been detected in 

patients with symptoms of FH and FDB. Some other mutations have been detected only in 

patients who also have mutations in LDLR gene: N425S and R496W (Figure 10) [115]. In these 

hypercholesterolemia patients, the plasma levels of LDL-C were around 50% higher than in 

those having either mutation alone [128].  

Both S127R and F216L mutant forms of PCSK9 have been tested in vivo in comparison to the 

wild type (WT) PCSK9. All of these forms were highly expressed in mice livers, and they were 

capable of remarkably decreasing the protein levels of LDLR without any change at the mRNA 

levels. This indicates a post-transcriptional mechanism of action of the highly expressed PCSK9 

(WT or mutant) on reducing LDLR [111], [121], [129]. On the contrary, in vitro experiments 

showed variable effects of PCSK9 on LDLRs. In some cells such as human hepatoma cells (Huh7 

& HepG2) or human embryonic kidney cells (HEK293), PCSK9 significantly decreases the levels 

of LDLRs. However, this was not the case in other cells like fibroblasts, Chinese hamster 

ovarian (CHO-K1) or rat liver cells. This difference in terms of action between cell lines can be 

attributed to some missing factor essential for PCSK9 function [115]. 

In addition, the D374Y mutant of PCSK9 has been shown to increase the affinity of PCSK9 to 

the EGF-A domain of LDLR by 25-fold compared to WT PCSK9. This mutant form is 10-fold 

more active than the WT in decreasing the levels of LDLR [116]. 

 Loss-of-function (LOF) mutations of PCSK9: 

Nonsense, missense and even in-frame deletion mutations have been found in PCSK9 gene to 

cause hypocholesterolemia by increased clearance of LDL-C (Figure 10). Three LOF mutations 

in African-Americans (Y142X and C679X) and Caucasians (R46L) have been shown to afford a 

great protection against CHD. A 15-year prospective study done in these populations has 

shown that nonsense mutations of PCSK9 not only reduced the LDL-C levels by 28%, but also 

decreased the frequency of CHD by 88%. In case of R46L allele mutation, the frequency of CHD 

was decreased by 50% as the average reduction of LDL-C levels was only 15% [130]. These 

observations indicate that LOF mutations in PCSK9 reduce the risk of CHD better than using 
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statins in a short-term clinical trial [131]. In addition, Y142X mutation results in undetectable 

protein expression, whilst the C679X mutant is not secreted into the medium of human liver 

cells because of the misfolding and retaining in the ER. L253F mutation is known to impair the 

autocatalytic cleavage and thus the secretion of PCSK9. Mutations in the prodomain (Δ97, 

G106R) and catalytic domain (L253F) also interfere with the autocatalytic cleavage of the 

protein [115], [116]. Finally, A443T mutant form was shown to be more susceptible to furin 

cleavage leading to LOF [132].  

Interestingly, a novel LOF mutation, Q152H, was discovered in a white French-Canadian family 

that results in very low plasma PCSK9 concentration and subsequently, lower concentration 

of circulating LDL-C. The amino acid substitution at position 152 results in the impairment of 

autocatalytic cleavage of proPCSK9, hence limiting its processing and secretion form the ER 

[133]. Not only is this variant capable of protecting against cardiovascular diseases, but it can 

also protect against liver injuries caused by ER stress. This was very recently demonstrated by 

Lebeau et al. [134], who identified a cochaperone function for the Q152H variant retained in 

ER, which increased the abundance of ER chaperones, glucose-regulated proteins of 78 and 

94 kDa (GRP78 and GRP94), hence resulting in protection against ER stress-induced liver injury. 

 

4. Transcription Regulation of PCSK9 

PCSK9 gene was identified as the third locus to be associated with autosomal dominant 

hypercholesterolemia (ADH). Together with LDLR and ApoB, this gene triad plays an essential 

role in cholesterol metabolism [108]. The  promoters of PCSK9 and LDLR genes contain a 

functional sterol regulatory element (SRE) that is targeted by transcription factors called 

sterol-responsive element binding proteins (SREBPs) in response to any change in the 

intracellular levels of cholesterol [135]. Three isoforms have been distinguished to be encoded 

by 2 genes: SREBP-1a and SREBP-1c are encoded by a single gene on chromosome 17p11.2 

and are the result of alternative transcription start sites; and SREBP-2 is encoded by a gene on 

chromosome 22q13 [136]. SREBP-1a is a more potent activator than the rest of the family 

members especially for genes important for cholesterol synthesis, fatty acids and triglycerides. 

However, SREBP-1c preferably induces the transcription of genes related to fatty acids 
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synthesis but not cholesterol synthesis, unlike SREBP-2, which preferentially induces 

cholesterologenesis [136].  

SREBP-2 is known for its important role in regulating the synthesis and absorption of 

cholesterol by targeting the gene expression of HMG-CoA (3-hydroxy 3-methylglutaryl- 

Coenzyme A) reductase or HMGCR, HMG-CoA synthase, farnesyl diphosphate synthase and 

squalene synthase [137]. On the other hand, SREBP-1c induces the expression of ATP citrate 

lyase (ACLY), which leads to the production of acetyl-CoA. Both PCSK9 and LDLR are regulated 

by the second member of this family, SREBP-2, which is capable of increasing the expression 

of PCSK9 and LDLR when the intracellular levels of cholesterol are minimal. In this case, the 

cholesterol sensor and the SREBP cleavage-activating protein (SCAP) will enable the transport 

of SREBP-2 from the ER to the Golgi apparatus to become completely mature. It then enters 

into the nucleus where it interacts with SRE-1 in the promoter region of PCSK9 and LDLR thus 

increasing their expression [137]. In humans and animals, during fasting, the expression of 

SREBP-2 is suppressed in response to low dietary cholesterol concentrations, resulting in 

decreased levels of PCSK9 and LDLR proteins which can be increased again directly after 

feeding [138], [139].  

SREBP-1c expression in hepatic cells can be regulated by insulin, liver X-activated receptors 

(LXRs) and glucagon (Figure 12). For instance, the presence of insulin in rodent primary 

hepatocytes increases the mRNA expression level of PCSK9 by 4-5 folds due to the increase in 

SREBP-1c expression [140]. Insulin also activates the mammalian target of rapamycin complex 

1 (mTORC1)/protein kinase δ pathway, which in turn inhibits hepatocyte nuclear factor 1α 

(HNF1α) – another transcription factor that regulates the transcription of PCSK9- thus 

decreasing PCSK9 expression in cells [141]. This is confirmed both in vitro and in vivo under 

hyperinsulinemia condition in HepG2 cells and non-diabetic post-menopausal obese women 

[142]. Surprisingly, these observations were not the same in healthy men exposed to 24-hour 

hyperinsulinemia or even in type 2-diabetic patients; the expression and plasma PCSK9 levels 

were not altered [143].  

As stated above, HNF1α is a transcription factor that regulates the basal expression of PCSK9. 

It binds to HNF1 response site, an essential regulatory element for transcription, found in the 

promoter region of PCSK9. Hai Li et al. [144] showed that HNF1α is involved in SREBP-2 

induced maximal expression of PCSK9 in conditions of cholesterol depletion in HepG2 cells. A 
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cooperative activity between HNF1 regulatory site and SRE was also discovered based on site-

directed mutagenesis studies, where mutations in HNF1 site decreased the promoter activity 

of PCSK9 by >90% as well as attenuated the activity of SREBP2 to 

transactivate PCSK9 promoter. The abundant expression of PCSK9 in the liver is possibly 

because of the richness of HNF1α in the liver tissue.  

Another transcription factor that regulates the expression of PCSK9 is the peroxisome 

proliferator-activated receptor α (PPARα). It reduces the promoter activity thus decreasing 

the expression of PCSK9. At the same time, PPARα enhances the expression of furin/PC5/6 

which in turn leads to higher cleavage of PCSK9 [145]. However, phosphorylated PPARγ, 

another member of the same family, increases the expression of PCSK9 in hepatic cells by a 

mechanism involving the inactivation of MAP kinase, thus increasing the level of processing of 

SREBP-2 [146].  

Alternatively, other factors or transcription factors can also modulate the expression of PCSK9, 

such as LXR increases the expression of PCSK9 [140] while FXR (farnesoid X receptor) reduces 

its expression [147]. Moreover, histone deacetylases, sirtuins 1 and 6 (SIRT1/6), suppress the 

gene expression of PCSK9 leading to less secretion, higher LDLR expression and hence 

regulating LDL-C homeostasis [135] (Figure 12).   

 

Figure 12: Multifactorial regulation of PCSK9 transcription. 

Fasting has different consequences on activation and inhibition of factors and cofactors that modulate PCSK9 expression. 
Pathways that increase PCSK9 expression are indicated in green and those that repress it are indicated in red. SRE is 

activated by SREBP-1c and SREBP-2, which in turn coactivate HNF1. The histone H3 will be deacetylated by SIRT1-6 thus 
blocking the expression. Ac: acetyl; H3: histone 3 
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5. Effect of Drugs on PCSK9 Expression  

Because PCSK9 gene expression can be regulated by many factors and transcription factors, 

this makes it easier to target it with many drugs that can affect its expression directly or 

indirectly.  

 Statins 

Statins, the famous HMGCR inhibitors, are the most commonly prescribed drugs for patients 

having high levels of LDL-C in blood. However, some limitations have been addressed to the 

use of statins such as the absence of linear dose-dependent decrease of LDL-C levels and most 

importantly resistance to statins due to long periods of therapy. Basically, statins tend to 

decrease the intracellular levels of cholesterol by inhibiting the rate limiting enzyme in the 

cholesterol biosynthesis pathway, HMGCR. This results in depletion of intracellular cholesterol 

and increase in translocation of SREBP-2 from the ER to the nucleus, which in turn binds to 

the SRE region and activates the expression of LDLR and PCSK9 genes. So, both LDLR and 

circulating PCSK9 are elevated. The latter can bind to LDLR and directs it towards lysosomal 

degradation instead of recycling, thereby limiting the efficacy of statins to reduce the LDL-C 

levels in blood [148]. Recently, statins were shown to increase the levels of HNF1α in 

hepatocytes resulting in increased expression of PCSK9 to a greater extent than LDLR [149]. 

Many statins can be found in the market such as atorvastatin, simvastatin, rosuvastatin and 

others. Several studies were done to check their effects on the expression of PCSK9. 

Atorvastatin was reported to increase the plasma levels of PCSK9 by various percentages and 

at different doses and times. A treatment of 10 mg atorvastatin for 6 weeks results in 7.4-14% 

increase in PCSK9 [150], [151]. A 35% increase in PCSK9 was observed with 20 mg atorvastatin 

administered for 8 weeks [152], while the highest percentage recorded was 47% increase with 

80 mg of atorvastatin [153]. These results clearly suggest a dose-dependent effect of the drug 

on PCSK9 levels, where at higher doses of atorvastatin, there were higher concentrations of 

circulating PCSK9. Other statins have also been evaluated like simvastatin and rosuvastatin. 

10 mg of simvastatin for 6 weeks didn’t affect the levels of PCSK9 [154] while 40 mg for 14 

weeks increased the concentration by 68% [155]. Moreover, 20 mg of rosuvastatin taken for 

1 year by both sexes resulted in an increase in PCSK9 levels by 35% in females and 28% in 

males [156]. Taken together, all of these data reveal that each statin induces an increase in 
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the plasma levels of PCSK9 that can be dependent on the dose, duration and characteristic of 

the statin itself (lipophilic or hydrophilic nature) [148].  

 Ezetimibe: 

Ezetimibe, a cholesterol absorption inhibitor, is another LDL-C lowering drug. It can bind to 

the cholesterol transport protein Niemann-Pick C1-like 1 (NPC1L1) in order to inhibit the 

absorption of cholesterol by the liver, leading to an increase in the expression of LDLR and 

thus a higher uptake of LDL-C from blood. Some studies have shown that ezetimibe in 

combination with statins significantly induces higher plasma levels of PCSK9 as compared to 

the statins alone [157], [158]. On the contrary, other studies have shown no effect of 

ezetimibe on the plasma levels of PCSK9, whether taken alone or in combination with statins 

[154], [155], [159].  

 Fibrates: 

Fibrates, such as fenofibrate, are activators of PPARα used in clinical practice due to their 

hypotriglyceridemic effects. They can reduce the triglyceride levels by around 50% and 

increase the high-density lipoproteins (HDLs) by around 15% [148]. They were shown to exert 

a dual mechanism of action on PCSK9 expression at the mRNA and proteins levels by activation 

of PPARα and thus diminishing the mRNA levels and increasing the synthesis of furin and PC5/6 

that can cleave the mature PCSK9 protein into a less active form [145]. Another study showed 

13% decrease with fenofibrate in the serum levels of PCSK9 in type 2 diabetes patients who 

were taking statins [160]. However, there are some controversies about fibrates, which were 

shown in a short-term study to increase PCSK9 expression when compared to a placebo 

treatment [161]. Therefore, the effect of fibrates on the levels of PCSK9 is not yet clearly 

understood. Additional studies are required to elucidate the different effects induced by 

fibrates.  

 Nicotinic acid (Niacin): 

Niacin has been used in clinics for more than 50 years as an LDL-C lowering drug. A study done 

by Khera et al. revealed that the administration of niacin with simvastatin (20 mg) decreases 

the PCSK9 levels by 13%. Similar reduction was observed with combination treatments with 

atorvastatin and fenofibrate [162].  
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 Glitazones 

Glitazones are a class of drugs that target insulin resistance, a characteristic feature of type 2 

diabetes mellitus. They can activate extracellular-regulated kinases (ERK1/2) resulting in the 

phosphorylation of PPARγ and thus reducing its activity. As it is known, PPARγ induces the 

PCSK9 mRNA and protein productions, therefore, glitazones block the secretion of PCSK9 from 

hepatocytes [146]. 

 Rapamycin: 

It is an antifungal metabolite that possesses immunosuppressive and anti-proliferative 

properties. It is an allosteric inhibitor of mTORC1 that blocks its activation resulting in 

increased activity of HNF1α and eventually expression of PCSK9 [141]. 

 Berberine: 

Berberine (BBR) is a natural cholesterol lowering drug that upregulates the expression of LDLR 

by a post-transcriptional mechanism requiring mRNA stabilization. It can transcriptionally 

inhibit PCSK9 expression in hepatocytes by inhibiting HNF1α [144]. Moreover, BBR inhibited 

dyslipidemia in mice with lipopolysaccharide (LPS)-induced inflammation by decreasing the 

expression of PCSK9 on the one hand, and increasing LDLR expression on the other [163].  

 Fumonisin B1: 

Fumonisin B1 (FB1) is a toxic fungal metabolite commonly detected in agricultural 

commodities that are intended for human and animal consumption. The metabolic toxicity of 

FB1 results in the inhibition of ceramide synthase thus leading to the accumulation of 

sphingosine and its derivatives and reducing ceramide levels. The exposure to FB1 results in 

hypercholesterolemic effect as a result of a change in the influx and efflux of cholesterol in 

HepG2 cells. In these cells, the exposure to FB1 reduced the cell viability and metabolic activity 

without any change in the membrane integrity. Moreover, FB1 directly manipulated the 

influx/efflux of cholesterol by decreasing LDLR levels, indicating an inhibition in lipid uptake, 

whilst increasing the expression of ATP-binding cassette transporter (ABCA1), thus promoting 

cholesterol efflux. This observed change in cholesterol influx/efflux profile was due to the 

increased expression of PCSK9 and its transcriptional activator, liver X receptor (LXR) [164]. 
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6. Effects of PCSK9 Distinct from Hepatic LDLR Regulation 

The main effect exerted by PCSK9 is on the expression of LDLR in hepatocytes, thus regulating 

directly LDL-C concentrations in plasma and indirectly that of oxidized LDL (oxLDL) [165]. 

However, PCSK9 regulatory mechanism can have consequences on extra-hepatic tissues in 

which it is expressed, like kidney and heart, which usually respond to LDL-C and oxLDL. In such 

tissues, the cholesterol concentration is dependent on secretion rather than uptake by LDLR, 

LDLR-related protein 1 (LRP-1=CD91) and lectin-like oxidized LDL receptor 1 (LOX-1). The 

endogenous expression level of these receptors is controlled by PCSK9 along with their ligands 

[166].  Moreover, PCSK9 can target other members of LDLRs, like very low-density lipoprotein 

receptor (VLDLR) and apolipoprotein E receptor 2 (ApoER2) independently of the presence of 

LDLR [167]. PCSK9 can also interact with cluster of differentiation 36 (CD36) to reduce the 

uptake of free fatty acids and triglycerides; it can also affect the degradation of cholesterol 

transporter NPC1L. In addition, CD81 (HCV receptor) levels are also regulated by PCSK9 [110].  

 PCSK9 in diabetes and inflammation:  

PCSK9 is necessary for the normal function of the pancreas because it is expressed by insulin-

producing pancreatic islets β-cells along with LDLR. Mice lacking PCSK9 were hypoinsulinemic, 

hyperglycemic and glucose-intolerant compared to the control. The islets β-cells in these mice 

showed signs of apoptosis and inflammation due to cholesterol accumulation [168]. 

Moreover, another study has revealed the role played by insulin in regulating PCSK9 in vitro 

and in vivo [169]. Insulin increased the expression of PCSK9 and in turn the degradation of 

LDLR. PCSK9 levels were decreased markedly (up to 80%) in mice knockout for insulin 

receptor, or treated with streptozotocin or antisense oligonucleotides to inactivate their 

insulin receptors. These observations can be explained by an additional mechanism involving 

glucagon to influence PCSK9 levels. Glucagon decreased the mRNA and protein levels of PCSK9 

by 50% in primary rat hepatocytes, along with decreasing the transcription of SREBP-1c and 

SREBP-2 by 20-50%. In addition, LDLR levels were also diminished by 20% at the mRNA levels, 

whilst their protein level was increased by 2-folds.  

Another pathway that regulates PCSK9 levels was identified by Ai et al. [141]. During early 

stages of diabetes and type 2 diabetes, high LDL turnover is present and is dependent on 

hyperinsulinemia. In this study, the authors observed that obese mice suffering from 
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hyperinsulinemia had 60% lower mRNA levels of PCSK9 and increased LDLR. This was due to 

the fact that insulin activates mTORC1/PKCδ, which then inactivates HNF1α and blocks PCSK9 

transcription.  Hence, the mTORC1 pathway herein links diabetes to lipid metabolism.  

PCSK9 is expressed in smaller amounts in the kidney, adrenals, small intestine, brain and 

atherosclerotic plaque foam cells. Atherosclerosis is an inflammatory disease that involves 

many cytokines. The stimulation of THP-1 cells (human leukemic cell line 1) by oxLDL to 

macrophages leads to the synthesis of high amounts of IL-1α, IL-6, TNF-α and PCSK9. The 

process is regulated by an important transcription factor: NFƘB (nuclear factor kappa-light 

chain-enhancer of activated B cells). OxLDL stimulation leads to the degradation of IƘBα, an 

inhibitor of NFƘB, resulting in the translocation of NFƘB to the nucleus and transcription 

activation. The inhibition of PCSK9 by small interfering RNA (siRNA) resulted in anti-

inflammatory effects and blocked NFƘB [170]. Another study investigated the action of TNF-α 

on JAK/STAT (Janus kinase/ signal transducer and activator of transcription proteins) pathway. 

The high expression of the negative regulator of this pathway, called suppressor of cytokine 

signaling 3 (SOCS3), inhibits STAT3 phosphorylation and hence increased PCSK9 expression 

[171]. Moreover, Giunzoni et al. [172] showed that PCSK9 mediated inflammation in 

atherosclerosis was due to high recruitment of inflammatory monocytes and their 

differentiation to macrophages. This pro-inflammatory action of PCSK9 was dependent on the 

presence of LDLR. LPS-induced differentiation of monocytes increased the expression of pro-

inflammatory cytokines (IL-1β and TNF-α) and inhibited the inflammatory markers (Arg1 & IL-

10).  

 PCSK9 in apoptosis: 

Apoptosis is a genetically regulated form of cell death that involves many molecular 

mechanisms. The ability of a cell to undergo mitochondrial apoptosis is governed by the ratio 

of pro-apoptotic proteins to anti-apoptotic ones: Bax/Bcl-2. Bax proteins are known for their 

pro-apoptotic effect by perforating the outer mitochondrial membrane and increasing its 

permeability, while Bcl-2 is a family of anti-apoptotic proteins that inhibit apoptosis [173]. A 

strong correlation between PCSK9 overexpression and increased oxLDL induced-apoptosis in 

vascular endothelial cells was observed [110]. This was further confirmed by inhibiting PCSK9 

using siRNA which led to the reduction of Bcl-2/Bax ratio and inhibition of caspase 9 and 3, 

hence decreased apoptosis [174].  
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In neurons, PCSK9 was also found to regulate the neuronal apoptosis through JNK (c-Jun N-

terminal kinase) pathway by adjusting ApoER2 levels and signaling [175]. The inhibition of 

PCSK9 showed anti-apoptotic effect on cerebellar granule cells (CGN) due to the reduction in 

nuclear phosphorylated, active, c-Jun and activated caspase 3. This was also accompanied 

with higher ApoER2 protein levels. The knockdown of ApoER2 reversed the action of PCSK9 

inhibition, suggesting that PCSK9-mediated degradation of ApoER2 serves as a factor in JNK 

pathway and PI3K and ERK1/2 activity. 

In another study done on brain glioma cells U251, the opposite action of PCSK9 was found. 

siRNA inhibition of PCSK9 in U251 cells promoted apoptosis through caspase 3 activation, 

decrease of anti-apoptotic proteins: XIAP (X-linked inhibitor of apoptosis protein) and pAKT, 

and increase in the ratio of Bax/Bcl-2 and cytochrome c distribution to the cytosol, whilst the 

overexpression of PCSK9 inhibited the apoptosis and decreased Bax/Bcl-2 ratio [176].  

In cases of liver metastasis of melanoma cells (B16F1), mice lacking PCSK9 gene showed lower 

levels of metastasis when on chow diet. This was directly reversed when the diet was switched 

to high-fat one. The lack of PCSK9 is associated with higher apoptosis in hepatocytes due to 

increased expression of TNF-α and its receptor (TNFR1) and decrease in Bcl-2 [177]. 

In HCC, the high expression of PCSK9 not only correlates with poor prognosis of patients, but 

it also promotes the proliferation of cells in vitro as well as HCC progression in vivo. This was 

due to the inhibition of apoptosis of HCC cells exerted by PCSK9 via the FASN/BAx/Bcl-

2/Caspase9/Caspase3 pathway [178]. 

 

7. PCSK9 in cancer  

The expression of PCSK9 is deregulated between the different types of cancers. In HCC tissue 

samples, immunohistochemical staining revealed that PCSK9 expression was downregulated 

along with an upregulation of the expression of LDLR as compared to adjacent cirrhotic tissues. 

This observation was confirmed using flash-frozen HCC samples where the mRNA level of 

PCSK9 was lower while that of LDLR was higher when compared to adjacent liver tissue as well 

as normal control tissue. However, the serum levels of PCSK9 in HCC patients were higher than 

in patients with chronic liver disease without HCC. Taken together, these data indicate that 

the microenvironment in HCC is modulated so as to have a constant energy supply in order to 
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fuel tumor growth [179]. In another study using different HCC cell lines (HepG2 & LM3), PCSK9 

expression was enhanced using acRoots (Actinidia chinensis Planch root extract) resulting in 

decreased LDLR expression, inhibition of LDL uptake by LM3 cells, decrease in the intracellular 

cholesterol levels and thus diminished proliferation. These effects were confirmed using two 

approaches: PCSK9 overexpression and PCSK9 knockdown [180]. 

In prostate cancer (PCa), the inhibition of PCSK9 using siRNAs protected the PCa cells from 

ionizing radiation (IR)-induced cell damage. The IR-exposed PCa cells showed a decrease in cell 

viability along with an increase in apoptosis, which can be reflected by the increase in 

cytochrome c, caspase-3 and Bax/Bcl-2 ratio. All of these were reversed when the PCa cells 

were treated with siRNA against PCSK9 before IR, indicating that PCSK9 is capable of affecting 

the mitochondrial membrane stability and that PCSK9 siRNA can induce radio-resistance 

through mitochondrial signaling pathways [181].  

In human lung adenocarcinoma cells (A549), PCSK9 was shown to regulate apoptosis through 

ER stress (ERS) and mitochondrial signaling pathways [182]. The use of PCSK9 siRNA resulted 

in an anti-tumor activity by the induction of apoptosis. This was possibly due to the activation 

of caspase-3 and downregulation of the anti-apoptotic proteins survivin and XIAP. In addition, 

an increase in Bax/Bcl-2 ratio was also recorded, leading to the release of cytochrome c after 

PCSK9 siRNA transfection. The ERS was also increased as a result of an increase in the levels 

of glucose related-proteins (GRP78 & GRP94), p-PERK (phosphorylated protein kinase R-like 

ER kinase) and p-eIF2α (phosphorylated eukaryotic initiation factor 2 α), leading to cell death 

in A549 cells. 

The inhibition of PCSK9 in melanoma, colon and breast murine cancer cells synergistically 

boosted the tumor response to murine anti-PD1 immune checkpoint inhibitor resulting in 

suppression of tumor growth. Moreover, evolocumab treatment, alone or in combination with 

anti-PD1 treatment, also inhibited the tumor growth of cells resistant to immune checkpoint 

therapy. The depletion of PCSK9 in tumors increased the intratumoral infiltration of 

lymphocytes, such as CD8+ cytotoxic T-cells (CTLs), CD4+ T helper (Th) cells, γδT cells and 

natural killer (NK) cells, thus rendering the tumor responsive to immune checkpoint therapy. 

The molecular mechanism by which CTL killed PCSK9-deficient tumor cells involved an 

increase in the tumor cell surface MHC I (Major Histocompatibility Complex I) expression in 

PCSK9-deficient tumors as compared to control, indicating that PCSK9 downregulates MHC I 
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surface levels in a manner very similar to the downregulation of LDLR by lysosomal 

degradation [183]. 

Similar role of PCSK9 has also been observed in other types of cancers like human 

neuroglioma, breast cancer, colorectal cancer and others. And this poses a major question 

about the therapeutic strategies that could be adopted to target PCSK9 in these cancers. 

 

8. Targeting PCSK9 using multiple approaches 

The important role of PCSK9 in lipid homeostasis brings to the fore an attractive target for 

many diseases such as FH, cardiovascular disease and especially cancer. Several approaches 

can be used to target and inhibit PCSK9 including: (a) blocking the binding of PCSK9 to LDLR 

using monoclonal antibodies (mAbs), anti-PCSK9 vaccines, adnectins, mimetic peptides or 

novel molecules (Figure 13); (b) inhibiting the expression of PCSK9 using CRISPR/Cas9 genome-

editing tool, antisense oligonucleotides (ASOs), siRNA or recently discovered pharmaceutical 

drugs (R-IMPP or PF-06446846, etc.); (c) interfering with the secretion of PCSK9 from the ER 

by sortilin or Sec24a (Figure 14).  

a) Blocking PCSK9 binding to LDLR 

This is the first approach used to inhibit PCSK9 (Figure 13). Within it lay multiple strategies: 

 PCSK9 monoclonal antibodies (mAbs) 

This strategy uses humanized mAbs that can recognize and bind the catalytic domain of PCSK9, 

thereby blocking its interaction with the EGF-A domain of LDLR. Due to that, PCSK9 fails to 

bind LDLR and the latter can escape the degradation [184]. This approach has been extensively 

studied in many clinical trials (Phase I to III), alone or in combination with other lipid lowering 

drugs like statins [185]. Two fully humanized anti-PCSK9 mAbs are currently approved for the 

treatment of hypercholesterolemia: (i) evolocumab (AMG145, trade name Rephata) 

developed by Amgen (Amgen, Thousand Oaks, CA, USA) was approved by the European 

Commission in July 2015 and FDA one month later; and (ii) alirocumab (SAR236553/REGN727, 

trade name Praluent) developed by Regeneron and Sanofi Pharmaceuticals (Regeneron 

Pharmaceuticals, Inc., Tarrytown, NY, USA; Sanofi, Paris, France) was also approved by 

Endocrinology and Metabolic Drugs Advisory Committee (EMDAC) of the US FDA in July 2015. 
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These drugs have shown a marked reduction of LDL-C levels in dyslipidemic patients. Several 

trials and meta-analyses showed around 50-60% reduction in LDL-C levels using these mAbs 

in patients with a diet-based therapy, whether used alone or in combination with different 

doses of statins, without any serious side effect [185]–[187].  

Evolocumab was clinically evaluated in combination with statin treatment in 27,564 high-risk 

patients with atherosclerotic cardiovascular disease (FOURIER study; ClinicalTrials.gov 

number: NCY01764633). In this clinical trial, the levels of LDL-C were decreased by 59% using 

the combination treatment along with 15% decrease in the cardiovascular events 

(cardiovascular death, strokes, myocardial infarction, hospitalization for unstable angina or 

coronary revascularization) after a 2.2-year follow-up [188]. On the other hand, alirocumab 

was also evaluated in clinical trials in 18,924 patients who had acute coronary syndrome and 

high LDL-C levels despite of receiving high doses of statins (ODYSSEY OUTCOMES; 

ClinicalTrials.gov number: NCT01663402). LDL-C levels were decreased by 61% compared to 

placebo after one year although around 90% of patients were taking high doses of statin. 

Moreover, the adverse cardiovascular events were also reduced by 15%, including CHD death, 

non-fatal myocardial infarction, non-fatal ischemic stroke and hospitalization for unstable 

angina [189]. Taken together, both of these studies show the effectiveness of PCSK9 mAbs in 

high-risk patients with LDL-C > 70 mg/dL despite the use of high doses of statin. 

Aside from these promising results, there are still some limitations for the use of mAbs. First 

of all, they need to be taken through a subcutaneous injection 1-2 times per month. Their 

price is quite high estimating that they cost 5000-7000$ per person per year in Europe. It can 

be noted that the dose frequency of these injections is low compared to other types of 

injections like insulin. Nonetheless, improving the cost effectiveness of these mAbs is 

necessary to provide better treatment options for a wide range of population [124]. 

 Anti-PCSK9 vaccine: 

Due to the many limitations associated with mAbs, active vaccination comes in hand to 

provide better efficiency and lower cost therapeutic approach. Nanoliposomal anti-PCSK9 (L- 

vaccine (L-IFPTA+: Liposomal Immunogenic Fused PCSK9-Tetanus plus Alum adjuvant) has 

been recently developed and resulted in an efficient and safe induction of long-lasting PCSK9-

specific antibodies in vaccinated BALB/c mice. The vaccine stimulated Abs disrupted the 
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function of PCSK9 by blocking its interaction with LDLR [190], [191].  It also protected against 

hypercholesterolemia and atherosclerosis in C57BL/6 mice [192], [193]. Moreover, L-IFPTA+ 

vaccine was shown to be immunogenic and safe in healthy non-human primates in a pre-

clinical study suggesting that it could be eligible for a phase I clinical trial in humans [194]. 

With respect to cancer, mice bearing breast cancer that were vaccinated with L-IFPTA+ vaccine 

showed a moderate, but not significant, decrease in tumor growth (21.2%) and a prolonged 

lifespan by 4.2%. However, this reveals that inhibition of PCSK9 by vaccination had no side 

effects on breast tumor endpoint and that it could improve breast cancer behavior [195]. On 

the other hand, vaccination with L-IFPTA+ vaccine in mice bearing melanoma did not show any 

effect on tumor growth nor survival of tumor-bearing mice [196]. Taken altogether, 

vaccination seems to be an interesting strategy to inhibit PCSK9, however, more studies and 

clinical research need to be done in order to investigate the efficacy of the vaccine in humans 

and to evaluate whether it is indeed effective in inhibiting tumor growth in other cancers. 

 Adnectin: 

Adnectins are small (~12 kDa) synthetic proteins based on the 10th type III domain of human 

fibronectin, whose variable loops can be designed to bind therapeutic targets with high affinity 

and specificity. They possess a β-sheet fold structure with diversified loops similar to Ab 

variable domains, however they differ from Abs in primary sequence and have a single domain 

structure lacking disulfide bonds [197]. Adnectin, BMS-962476 by Bristol-Myers 

Squibb/Adnexus, is a PCSK9-binding polypeptide engineered with polyethylene glycol to 

enhance pharmacokinetics and bind with a subnanomolar affinity to human PCSK9 [198]. 

Adnectin impedes the interaction between PCSK9 and EGF-A domain of LDLR thus preventing 

its degradation, similarly to mAbs. The production of adnectin is less expensive and easier than 

mAbs, since it can be produced using bacterial expression systems thereby serving as a 

potential alternative to mAbs. In a preclinical trial done in cynomolgus monkey, BMS-962476 

(5 mg/kg) decreased the free PCSK9 levels by >99% and LDL-C by ~55% within 48 hours, 

followed by a 6-fold increase in total PCSK9 [198]. In humans, the single ascending 

subcutaneous (SC) or intravenous (IV) doses of BMS-962476 resulted in >90% decrease of free 

PCSK9 along with around 48% decrease in LDL-C levels at maximal dose [199], without any 

serious adverse event.  
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Taken together, these observations suggest that BMS-962476 is a promising substituent drug 

for mAbs that can target circulating PCSK9 and significantly decreases LDL-C levels. 

Nevertheless, its effects should be followed on a larger scale and over long periods of time to 

make sure of its efficacy and safety.  

 Mimetic peptides: 

They are small amino acid (aa) sequences designed to biologically look like the peptidic 

structure of a target protein. Peptides mimicking the EGF-A or EGF-AB binding domains of 

LDLR were designed as competitive inhibitors of PCSK9 that bind to the catalytic domain of 

PCSK9 thus preventing its interaction with LDLR. They can serve as therapeutic alternatives of 

small molecules and large Abs [200]. For instance, a truncated 26-aa EGF-A analog was 

recently synthesized serving as an inhibitor for PCSK9-LDLR binding. This peptide exhibited a 

high binding affinity for PCSK9 leading to increased recycling of LDLR and thus lowering LDL-C 

levels [201]. Moreover, another small peptide that mimics the secondary structural elements 

of EGF-A domain called Pep2-8 was discovered to attenuate the interaction between PCSK9 

and LDLR, leading to the full restoration of LDLR surface levels and uptake of LDL-C by HepG2 

cells treated with PCSK9 [202].  

Annexin A2 (AnxA2) is a natural extrahepatic inhibitor that binds to the C-terminal domain of 

PCSK9 preventing its interaction with LDLR and hence PCSK9-mediated degradation. It is 

abundant in lung, pancreas, colon and adrenal glands, while lower levels are found in liver, 

kidney and spleen. AnxA2 knockout mice show ~2-fold increase in the circulating PCSK9 and 

~1.4-fold increase in LDL-C levels, along with ~50% decrease in LDLR protein levels in 

extrahepatic tissues. However, overexpression of AnxA2 in liver leads to an increase of LDLR 

proteins [203]. Thus, the inhibitory role of AnxA2 in PCSK9 modulates the degradation of LDLR, 

and, for that reason, creating small molecules that mimic AnxA2 can be a good approach for 

PCSK9 inhibition.  
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Figure 13: The inhibition of PCSK9 binding to LDLR using mAbs or mimicking peptides [124] 

 

 Pseurotin A 

Pseurotin A (PS) is a unique spiro-heterocyclic γ-lactam alkaloid isolated from the fungus 

Aspergillus fumigatus. It has an anti-inflammatory role, anti-seizure activity, and was shown 

to be a potential treatment and preventive for osteoporosis. Interestingly, in a very recent 

study, PS was shown to inhibit the expression and secretion of PCSK9 in hepatic cancer cells, 

HepG2 and Huh7, respectively. The mechanism by which PS exerts its function is through 

binding to the catalytic domain of PCSK9 (which usually accommodates the EGF-A domain of 

LDLR) thus inhibiting its interaction with LDLR. Moreover, PS also showed an anti-proliferative 

effect in breast cancer cell lines (BT-474 and T47D) and resulted in reducing PCSK9 levels while 

increasing LDLR levels in a dose-dependent manner. Similarly, in vivo experiments confirmed 

such observations, where PS treatment in orthotopic nude mice bearing BT-474 tumor cells 

xenograft model fed a high fat diet (HFD) resulted in more than 59% reduction in tumor 

growth, reduced the expression level of PCSK9, and decreased the level of circulating 

cholesterol as compared to vehicle control treatments. Finally, PS inhibited the locoregional 
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tumor recurrence by decreasing PCSK9 levels [204]. This interesting study has brought PS, a 

fungal metabolite, to the spotlight as a novel small molecule that targets PCSK9 and prevents 

tumor growth in vitro and in vivo.  However, more research is needed to better understand 

the mode of action of PS in many cancer models.   

 Silibinin A 

Due to the high cost of FDA approved monoclonal antibodies targeting PCSK9, the 

development of low cost alternative is a necessity. Traditional Chinese Medicine (TCM) is the 

answer to low-cost effective treatments that has been in clinical practice for so long. Silibinin 

(SIL) is a polyphenolic compound that belongs to the flavonoids and represents the main 

bioactive ingredient of silymarin (silybin), a standard extract of milk thistle seeds [205]. It has 

been clinically used to treat liver diseases such as acute and chronic hepatitis, early cirrhosis 

and poisonous liver injury [206]. SIL was discovered to effectively decrease the promoter 

activity of PCSK9 as well as the mRNA and protein levels in a dose/time-dependent manner in 

HepG2 cells. Moreover, statin-induced increase of PCSK9 expression was attenuated when SIL 

was co-incubated with atorvastatin in HepG2 cells. This effect was mediated by suppressing 

p38 mitogen-activated protein kinases (MAPK) pathway, thus enhancing the lipid-lowering 

activity of statin [207]. However, further studies are needed to confirm this additive effect of 

SIL along with statin especially in vivo. 

b) Inhibition of PCSK9 expression 

Different approaches can be used in this strategy including genomic and pharmaceutical ones 

(Figure 14): 

 CRISPR/Cas9 genome-editing tool 

Clustered Regularly Interspaced Short Palindromic Repeat (CRSIPR)/CRISPR-Associated 

Protein 9 (Cas9) is a very useful genome-editing tool that is used to destroy or edit a target 

gene. It is an accurate, fast and cheap editing system. It consists of Cas9 endonuclease and a 

single guide RNA (sgRNA) that has, at its 5’ end, a 20-nucleotide sequence capable of 

recognizing and binding with a complementary sequence on the target DNA. Cas9 will induce 

a DNA cleavage generating double strand break and triggering DNA repair machinery by non-

homologous end-joining (NHEJ) or homology-directed repair (HDR). NHEJ is error-prone 

resulting in disruptive insertions and /or deletions at the target site, while HDR can use an 
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exogenous DNA repair template to induce a knock-in of the desired alteration in the genome 

[208]. Several studies have been successfully able to abrogate the PCSK9 gene using this tool. 

As a result, a significant reduction in plasma PCSK9 levels was observed with an increase in 

hepatic LDLR levels. The plasma LDL-C levels were decreased by 35-40% [209]–[211].  

This means that a tool like CRISPR/Cas9 can be used to permanently alter the human genome 

in order to prevent for instance CHD in hypercholesterolemic patients. However, many ethical, 

legal and safety issues need first to be resolved before integrating it as a therapeutic approach 

in humans [124] since it’s associated with several limitations like the off-target mutations.  

 Antisense oligonucleotides (ASOs) 

These are short, single-stranded oligonucleotides 12-25 base pair long that bind directly to a 

target mRNA by Watson-Crick base pairing, in order to block its translation in cytosol and 

nucleus. The degradation of mRNA by these ASOs depends on the activity of the RNase H 

enzyme, which recognizes RNA-DNA heteroduplexes [212]. 2’-O-methoxylethyl RNA (ISIS 

394814/BMS 844421 by Bristol Myers Squibb/ISIS Pharmaceutical) is a second-generation ASO 

that targets PCSK9 mRNA evaluated in preclinical studies. High doses of this ASO lead to a 

decrease in PCSK9 mRNA levels by 92% and an increase in LDLR protein levels by 2-fold, 

resulting in 38% reduction of LDLD-C levels in vivo [213]. However, the development of this 

family of ASOs was stopped due to their low binding affinity. Later, a new generation of shorter 

ASOs (SPC4061/SPC5001 by Santaris Pharma A/S) was developed having better stability, 

stronger affinity and specificity to PCSK9 mRNA. These ASOs have proven to be effective 24 

hours post-injection with 60% reduction in PCSK9 levels, persisting up to 16 days after 

treatment [214]. In another study, the subcutaneous injection of SPC5001 decreased PCSK9 

and LDL-C levels by 50% and 25% respectively and dose-dependently, while decreasing also 

ApoB and increasing ApoA1 levels [215]. As promising as they seem, they caused acute kidney 

injury in one patient which led to termination of clinical development [216].  

It is important not to neglect the potential therapeutic benefit of ASOs, which on the other 

hand need a lot of development to reduce their adverse effects, by making them accurately 

match the target mRNA and be delivered specifically to the desired cells to minimize off-target 

toxicity.  
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 siRNA: 

Small interfering RNA (siRNA) is a synthetic RNA duplex that targets mRNA for degradation or 

translation silencing, thereby inducing a gene knockdown. Frank-Kamenetsky et al. [217] have 

developed siRNAs in lipidoid nanoparticles that can target PCSK9 from several species (murine, 

rat, nonhuman primate (NHP) and human), and checked their efficacy in vivo. They found 50-

70% decrease in PCSK9 mRNA levels in mice and rats. This was accompanied by a 60% decrease 

in LDL-C levels. Furthermore, transgenic mice expressing human PCSK9 also showed >70% 

decrease in PCSK9 transcript and plasma levels upon siRNA administration. In NHP, similar 

observations were seen and the effects lasted for 3 weeks after a single intravenous injection.  

Inclisiran (Leqivo®; Novartis) is the first-in-class chemically synthesized siRNA conjugated to 

N-acetylgalactosamine carbohydrate (GalNAc) designed to decrease cholesterol levels [218]. 

In December 2020, Europe gave Inclisiran its first approval for the use in adults suffering from 

heterozygous FH or non-familial, and mixed dyslipidaemia [219], [220]. Inclisiran targets 

PCSK9 mRNA and because it is conjugated to GalNAc, this will allow the precise and targeted 

uptake of the drug by hepatocytes. It is used in a combination treatment with statin or other 

lipid-lowering drugs in the case of statin-intolerant patients. The mode of administration of 

inclisiran is via a subcutaneous injection, which delivers an equivalent dose of 284 mg in 1.5 

mL solution. It is recommended to get a single shot on day 1, day 90 and every 6 months [219]. 

The efficacy in a long-term reduction in the plasma PCSK9 levels, and hence reduction in LDL-

C, is confirmed by all three phases III ORION studies (ORION-9, ORION-10 and ORION-11) in 

patients with heterozygous FH [221].  

 It is worth mentioning that a New Drug Application for inclisiran in patients with FH and 

atherosclerotic cardiovascular disease (ASCVD) was presented in December 2019 to the US 

FAD, however, a delay has occurred due to coronavirus disease-2019 (COVID-19)-related 

travel restrictions [222], [223].   

 Pharmaceutical drugs: 

Some studies have checked the capacity of small pharmaceutical molecules in inhibiting PCSK9 

expression through a mechanism involving the stalling of human 80S ribosomal subunit during 

translation. Two molecules have been discovered, R-IMPP and PF-06446846, which suggest 

the therapeutic potential behind the use of selective inhibitors of mRNA translation. 
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R-IMPP ((R)-N-(isoquinolin-1-yl)-3-(4-methoxyphenyl)-N-(piperidin-3-yl) propanamide) is a 

small-molecule compound identified using phenotypic screening to inhibit PCSK9 secretion 

[224]. It is an anti-secretagogue of PCSK9 by Huh7 cells that endogenously express PCSK9, 

leading to higher LDLR surface levels and increased uptake of LDL. Since it didn’t affect the 

secretion of transferrin by Huh7 cells, this suggests that it doesn’t exert its action via secretion 

inhibition. However, the specificity by which R-IMPP blocks PCSK9 protein synthesis is by 

binding to the human 80S ribosomal subunit and a sequence at the N-terminus (signal peptide 

and a portion of prodomain) of PCSK9 mRNA, resulting in translation inhibition of PCSK9 

mRNA. Yet, R-IMPP can also have some off-target effects on other enzymes, which may or 

may not play a role in modulating PCSK9 levels. The discovery of this molecule provides a new 

approach to target the synthesis of PCSK9 in the context of translating ribosomes.  

PF-06446846 (by Pfizer) is the first example of an orally-active small molecule that is capable 

of reducing the synthesis of PCSK9, hence “inhibiting its function” [225]. It was capable of 

reducing plasma PCSK9 and total cholesterol levels in vivo without any sign of toxicity in the 

liver of rats. But this doesn’t exclude the fact that the translation of very small number of 

transcripts was affected by PF-06446846 leading to some adverse effects outside the liver at 

elevated doses. The mechanism of action of PF-06446846 is based on ribosome stalling on 

PCSK9 transcript a few codons beyond to the end of signal peptide, leading to a direct and 

selective inhibition of PCSK9 translation during the elongation phase [226].  

However, more experiments need to be done to further optimize both of these molecules in 

order to improve their selectivity for PCSK9 only with no off-target effect on other essential 

proteins.  

c) Interfering with PCSK9 secretion 

PCSK9 is synthesized and transported from ER to Golgi complex and finally secreted into 

circulation. Its secretion can be inhibited by some LOF mutations in the prodomain or even 

targeting molecules like sortilin or Sec24a (Figure 14).  

 Sortilin: 

SORT1 gene encodes sortilin that is a high affinity sorting receptor of PCSK9. It co-localizes 

with PCSK9 in the trans-Golgi network and facilitates its secretion to the plasma membrane. 

This type of interaction is pH-dependent and at pH 6.5 (in trans-Golgi), there is a strong 
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interaction between PCSK9 and sortilin, while at pH 5.5 (secretary vesicles), PCSK9 is released. 

Any deficiency in sortilin expression leads to increased intracellular levels of PCSK9 and 

decreased that of circulating PCSK9. Sortilin overexpression increases circulating PCSK9, 

reduces LDLR and increases LDL-C levels. All of these indicate a positive correlation between 

sortilin and PCSK9 [227]. Thus, targeting sortilin could be a useful tool to deregulate the levels 

of PCSK9 

 Sec24a: 

Sec24a is another protein required for the transport of PCSK9 from ER to Golgi apparatus. 

Observations similar to those for sortilin have been made regarding Sec24a deficiency or 

overexpression [124]. That’s why it could serve as a potential therapeutic target as well. 

 

Figure 14: Strategies to inhibit PCSK9 expression and secretion [124] 
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Liver Cancer and Meprin α 

Few are the studies that investigate the role of meprin α in liver cancer, especially HCC, 

whereas no research has been done so far to examine its role in HBL. In the next section, I will 

be digging deeper into the topic of the meprin α metalloprotease, its various roles and its 

relationship to HCC. Briefly, proteases are known to control many diseases since their 

functions are diverse. They can activate or inhibit essential proteins, hormones, receptors, or 

even other proteases, therefore contributing towards the progression of diseases. We were 

interested in this secreted protein and were willing to check its roles in HBL.  
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VI- Meprin 1 alpha (Mep1α) Metalloprotease 

1. Generalities 

Over the last decade, many of the pathophysiological conditions were shown to be controlled 

by proteolytic enzymes that are necessary for the post-translational modification of different 

proteins. These proteases play a crucial role in many processes such as immune system 

regulation, development and degeneration of neurons, apoptosis and cancers [228]. In the 

early 1980s, an unexpected proteolytic activity was discovered in mouse kidney as well as in 

the intestine of patients after pancreatic surgery [229], [230]; this led to the identification of 

meprin (previously called PABA peptide hydrolase/PPH) as a novel metalloprotease from renal 

tissue. Later on, two meprin genes were identified, MEP1A on chromosome 6 and MEP1B on 

chromosome 18, coding for meprin α and meprin β proteases in humans, respectively [231], 

[232]. These meprins belong to the astacin family of zinc endopeptidases and the metzincin 

superfamily of metalloproteinases [231], hence being somehow genetically related to MMPs 

(matrix metalloproteinases) and ADAMs (a disintegrin and metalloprotease domain), which 

are famously known to be involved in different biological processes associated with cancer, 

metastasis and inflammation [233], [234]. Unlike MMPs and ADAMs, which have been 

extensively studied for their important biological roles, meprin α and meprin β were 

mysterious. This was due to the fact that most of the studies were focusing on the organ-

specific activity of these proteases, and not their global action. However, the identification of 

the important roles of meprins were only possible after the generation of meprin-knockout 

mice, which exhibited clear immunological phenotypes [235], [236]. For instance, meprins 

were identified as susceptibility genes in inflammatory bowel disease (IBD) [237]; they had 

different functions in epidermal homeostasis in human skin, where meprin α promotes 

cellular proliferation in basal epidermis, whereas meprin β induces cell death in terminally 

differentiated keratinocytes [238]. Also, meprin α has an important role in promoting 

angiogenesis and meprin β is essential for organogenesis in zebrafish [239], [240]. Moreover, 

thanks to the proteomics approaches, many substrates have been identified for meprin α and 

meprin β. This has led to further focus on their role in regulating fibrosis, collagen assembly 

and neurodegenerative processes like Alzheimer’s disease (AD). As a result, a wider role of 

meprins has been highlighted, prompting scientists to try to better understand their function 

and the multiple implications of their activity. 
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2. Structure of meprins 

Meprins are complex multi-domain membrane bound enzymes that are highly glycosylated 

and require post-translational modifications in order to become fully active. Indeed, the 

activation of the inactive zymogens requires the removal of the N-terminal propeptide by 

different proteases [241], [242]. For instance, many serine proteases have been discovered to 

activate meprins such as pancreatic trypsin and human kallikrein-related peptidases (KLKs) 

[243]. Both human meprins α and β are composed of the domains depicted in Figure 15: an 

N-terminal signal peptide whose importance relies on targeting the polypeptide chain to the 

ER; an N-terminal propeptide (PRO), which needs to be cleaved for full activation; an astacin-

like protease domain (CAT) that contains a conserved zinc-binding site motif 

(HExxHxxGxxHxxxRxDR) and a conserved methionine containing β-hairpin (Met-turn); a MAM 

(meprin A5 protein tyrosine phosphatase μ) domain and a TRAF (tumor-necrosis-factor-

receptor-associated factor) domain, which are both necessary for protein-protein interaction; 

an EGF (epidermal growth factor)-like domain, a transmembrane domain (TM); and a cytosolic 

C-terminal tail (C) [228], [244]. 

What differentiates meprin α from meprin β is the presence of an additional domain called 

“inserted” domain (I), which can be cleaved by the action of furin so that meprin α is secreted 

to the extracellular environment after the loss of the EGF-like transmembrane and cytosolic 

domains. Once released, meprin α is capable of forming non-covalently linked oligomers [231], 

[245], making it the largest protease ever secreted (Figure 15). On the other hand, meprin β 

is predominantly restrained to the cell membrane as a dimeric type I integral protein, but it 

can be shed from the surface by the action of ADAM 10/17, resulting in a soluble form of 

meprin β [246], [247] (Figure 15). 
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Figure 15: Schematic representation of human meprin α and meprin β (adapted from [228]) 

Meprins are expressed as zymogens with a propeptide (PRO) N-terminal linked to the protease domain (CAT) that must be 
cleaved off proteolytically to gain full activity. CAT: astacin-like protease domain; MAM: meprin A5 protein tyrosine 

phosphatase μ; TRAF: tumor-necrosis-factor-receptor-associated factor; EGF: epidermal growth factor; TM: transmembrane 
domain; C: C-terminal cytosolic tail; I: “inserted” domain. Purified recombinant meprin as visualized by electron microscopy 

 

Due to this difference between the two meprins, each one of them has distinct roles and can 

alter different biological functions. For instance, meprin α and meprin β are found to be 

differentially expressed in small and large intestine, leukocytes and several cancers [231]. In 

normal dermis, higher expression is observed for meprin α than meprin β, but in keloid tissues, 

both of them are upregulated [248]. On a different note, meprin α and meprin β are able to 

form hetero-oligomers when co-expressed in rodents, but not in humans. That’s why, in 

rodents, we can distinguish: meprin A, composed of meprin α oligomers or meprin α/β hetero-

oligomers; and meprin B, alternative name for meprin β dimers [249]. The hetero-oligomers 

formed by meprin α and β are membrane-associated proteases anchored to the brush-border 

membranes via meprin β subunit. However, in humans we stick with the nomenclature of 

meprin α and meprin β due to the absence of meprin α/β hetero-oligomers. Moreover, both 

meprins can form homodimers using a disulfide bridge linkage, where only one disulfide 

bridge between MAM domains of the human meprin β dimers is needed to do the job [250]. 

The main role for this S-S bridge is to stabilize the structure.  

In this manuscript, meprin α (Mep1α) will be the main focus in the upcoming sections. 
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3. Function of Mep1α 

The function of Mep1α is better understood when looking at its targets. A wide variety of 

substrates can be hydrolyzed by Mep1α once it’s activated and secreted. The substrates 

include: active peptides, cytokines (Il-6), receptors (IL-6R), extracellular matrix (ECM) proteins 

(fibronectin, pro-collagen I), and other proteases (MMPs, ADAMs) [231]. That’s why we can 

find multiple implications of Mep1α in inflammation, fibrosis, diseases (e.g., IBD), cancer 

progression, migration and invasion. Some examples are given in Table 3 and more are 

discussed below. 

Table 3: Some meprin substrates in relation to various pathophysiological conditions 

Condition Meprin Of note Substrate Cells/Organism Drug 

Inflammation Mep1α  IL-6 and its cognate 

receptor (IL-6R) 

Murine B-cell 

expressing gp130 

Tocilizumab blocks 

proliferation 

IBD Mep1α Decreased 

expression 

Increased expression 

of IL-6  

Colon cells  

IBD model Mep1α Mep1a-/- 

mouse 

becomes more 

sensitive to 

induced colitis 

Increased expression 

of IL-6 

Knock out mouse   

Acute and 

chronic 

inflammatory 

diseases 

Mep1α  Pro-IL-1β Monocytes, 

macrophages, 

neutrophils and 

hepatocytes 

Actinonin inhibits 

Mep1α  

Inflammation 

and fibrosis 

Mep1α  Tβ4 (with prolyl 

oligopeptidase [POP] 

to generate the active 

peptide Ac-SDKP) 

Mouse and rat POP inhibitors or 

actinonin prevent 

release of Ac-SDKP 

from Tβ4 

Inflammation: 

recruitment and 

traffic of 

mononuclear 

immune cells 

Mep1α Recombinant 

rat Mep1α 

CCL2/MCP-1 

(inactivation) 

HEK-2933 
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Cystic fibrosis Mep1α  EGF and TGFα 

(released from cell 

surface to 

transactivate 

EGFR/TLR4) 

Caco-2 cells 

(colon 

carcinoma) 

 

Skin and fibrosis Mep1α 

& β 

 Pro-collagen I & III ECM of the 

human epidermis 

 

Cell migration Mep1α 

& β 

 Collagen IV, 

fibronectin (FN), 

laminins and nidogen-

1 

Recombinant 

human meprins 

Hydroxamic acid 
derivatives 
(batimastat, 
galardin and Pro- 
Leu-Gly-
hydroxamate), 
TAPI-0 (tumor 
necrosis factor α 
protease inhibitor-
0), 
TAPI-2, thiol-based 
compounds 
(captopril)  

Angiogenesis Mep1α   VEGF-A  

 

 

a) Role in inflammation: 

Inflammation is a process by which the body responds to tissue damage that can be caused 

by physical injuries, ischemic injuries, infection, exposure to toxins or other types of traumas. 

The response by inflammation to such harms can cause cellular changes and immune 

activation in order to repair the damage. However, when the inflammation persists or the 

control systems fail to resolve it, it will become chronic resulting in leukocyte infiltration, 

mutations, increased proliferation and often creating an environment suitable for cancer 

development or disease advancement. That’s why, it is of great importance to treat the causes 

of inflammation [251]. Chronic IBD is a famous example of chronic gastrointestinal tract 

inflammation that is genetically associated with MEP1A gene single nucleotide polymorphisms 

(SNPs) [237]. The mRNA expression level of MEP1A is downregulated in the epithelium during 

intestinal inflammation. Evidence has accumulated regarding the action of meprins in 

modulating the immune microenvironment by processing and activating pro-inflammatory 

cytokines like interleukins (ILs) that are strongly associated with IBD.  

Some important players in the initiation and propagation of inflammation are IL-6 and its 

cognate receptor (IL-6R), which are both found to be substrates for Mep1α. What is 
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interesting about IL-6R signaling is that it can be done in two different manners: mainly a pro-

inflammatory trans-signaling via soluble IL-6R (sIL-6R) or a classical signaling via membrane 

bound IL-6R. Soluble Mep1α can cleave IL-6R between glutamine (Q357) and aspartate (D358) 

to release it from the cell surface as a bioactive sIL-6R. This has been proven by the significant 

increase in the proliferation of murine B-cell line (Ba/F3) expressing signal transducing 

receptor gp130 dependent on IL-6. The dependency on IL-6 was further confirmed by the use 

of tocilizumab, a drug that blocks IL-6 binding site of the α receptor, resulting in complete 

suppression of proliferation [252]. On the other hand, IBD is associated with decreased 

expression of Mep1α in the colon of patients. Furthermore, MEP1A knockout mice were also 

more susceptible to dextran sulfate sodium (DSS)-induced colitis [237]. Taken together, this 

indicates that Mep1α plays an important anti-inflammatory role in chronic intestinal diseases 

in humans and mice. IL-6 is known to be involved in the pathogenesis of IBD by promoting 

inflammation and neutrophil influx. The levels of IL-6 are highly elevated in the absence of 

Mep1α in mice, whilst in its presence, Mep1α can cleave Il-6 leading to a decrease in its 

biological activity, and hence preventing the stimulation of IL-6 dependent murine B-cell 

hybridoma cell line (B9 cells) growth [253], [254]. Furthermore, a key pro-inflammatory 

cytokine called IL-1β is also regulated by Mep1α. IL-1β is produced by many cells like 

monocytes, macrophages, neutrophils and hepatocytes. It has a great role in many acute and 

chronic inflammatory diseases, whether we are talking about infections or even tumor 

invasiveness and angiogenesis [255]. In order to exert its function, inactive pro-IL-1β needs to 

be activated by a proteolytic process to produce the biologically active IL-1β. This can be made 

possible by caspase-1 cleavage, but caspase-1-independent processing may also occur. For 

instance, Mep1α is capable of proteolytically cleaving pro-IL-1β at the Histidine115-

Aspartate116 bond, creating a 17-kDa IL-1β fragment that is slightly larger than the one created 

by caspase-1. The biological activity of this IL-1β produced by Mep1α was higher than the one 

produced by caspase-1 or even meprin β. In addition, the inhibition of Mep1α by actinonin 

prevented sepsis-induced generation of serum IL-1β, thus highlighting the critical role of 

Mep1α in processing pro-IL-1β during tissue injury and inflammation [256]. 

N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a natural tetrapeptide with anti-

inflammatory and antifibrotic properties. It is released from the NH2-terminal part of its 

precursor thymosin-β4 (Tβ4) by peptidases, which can be blocked by inhibitors of prolyl 
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oligopeptidase (POP). The inability of POP to hydrolyze peptides of more than 30 aa suggests 

that Tβ4 needs to undergo hydrolysis before Ac-SDKP is released via POP cleavage. This can 

be made possible by Mep1α, which was shown to be necessarily present with POP in order to 

release Ac-SDKP in vitro, whilst neither Mep1α nor POP alone were able to do the job. Also, 

the incubation of Tβ4 with rat kidney homogenates (KH) led to a significant release of Ac-SDKP, 

which was due to Mep1α whose inhibition by actinonin blocked the release. Moreover, Ac-

SDKP release was abrogated when Tβ4 was incubated with KH coming from Mep1α-knock out 

mice compared to WT. Taken altogether, these observations indicate the important 

hydrolyzing role of Mep1α, along with POP, to release Ac-SDKP from Tβ4 [257].  

In addition, Mep1α can also cleave small chemokines such as CCL2/MCP-1 (chemokine CC 

motif ligand 2/monocyte chemotactic protein 1) that is involved in recruiting and trafficking 

of mononuclear immune cells (e.g., monocytes) to the site of inflammation. Mep1α cleaves 

the N-terminal domain of CCL2/MCP-1 leading to a significant loss of its biological activity 

[258].  

Several studies have shown that Mep1α can release ligands like EGF and TGFα (transforming 

growth factor α) from the cell surface in order to induce inflammation by transactivating EGFR 

[259]. Activated Mep1α in colon carcinoma cells (Caco-2) was responsible for the shedding of 

EGF and TGFα from plasma membrane, leading to the activation of EGFR and extracellular 

regulated kinase 1/2 (ERK1/2) signaling cascade in a ligand-dependent manner. The overall 

result is enhancement of cell proliferation and migration, indicating that Mep1α can be 

involved in the progression of colorectal cancer. Similar activation was also identified in 

human bronchial epithelial cells [260], where soluble TGFα binds to and activates EGFR/TLR4 

(Toll-like receptor 4) leading to the increased release of IL-8, which serves as a neutrophil 

chemoattractant implicated in cystic fibrosis.  

b) Role in skin and fibrosis: 

Skin is the largest organ protecting the body against external physical, chemical and biological 

influences since it is composed of many distinct layers. As mentioned earlier, Mep1α is 

expressed in the human epidermis, especially the stratum basale, and plays a role in 

enhancing the proliferation of human keratinocytes [238], [243]. Such cells, and like many 

others, are found in a well-organized network called the ECM (extracellular matrix) that is 

composed of a mixture of cells and non-cellular components in a given tissue or organ. ECM 
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provides physical scaffolds into which cells are incorporated, in addition to its important role 

in regulating cellular processes like growth, migration, differentiation and survival. A wide 

variety of macromolecules combine to form the ECM, where its major constituents are 

fibrous-forming proteins like collagens, elastin, fibronectin (FN), laminins, glycoproteins and 

proteoglycans (PGs). Basement membrane is a type of pericellular ECM mainly composed of 

type IV collagen (stabilizing overall structure), laminins (providing epithelial cell adhesion 

sites), nidogen 1 & 2, and PGs. The ECM interacts with cells embedded in it via their surface 

receptors, which in turn secrete matrix macromolecules aiding in the formation of ECM. Any 

variation in the composition and structure of ECM might disrupt the normal homeostasis, 

leading to many syndromes and pathological conditions -sometimes lethal. One important 

example is during tumorigenesis, where marked alterations in ECM are observed, favoring cell 

growth, migration and angiogenesis [261]. Another example is the fibrosis, a condition linked 

to excessive deposition of ECM proteins like large portions of collagen I [262]. 

Many studies have shown that the in vitro expression of MEP1A can induce cell migration 

mainly by processing components of the basal lamina like collagen IV, fibronectin (FN), 

laminins and nidogen-1, thereby leading to cell detachment from the basement membrane 

and hence migration [241], [246], [263]. In addition, MEP1A was found to be overexpressed 

in human dermal fibroblasts of keloids when compared to normal skin [248]. Therefore, any 

modulation in the MEP1A expression might affect the ECM and its components, which are 

substrate of meprin α.  

For instance, fibril-forming collagens like pro-collagen I & III are secreted as precursor 

molecules into ECM and require the removal of both the C- and N-terminal propeptides in 

order to induce collagen fibril assembly. In vitro, it was shown that Mep1α was capable of 

cleaving propeptides of both pro-collagen I & III triggering self-assembly of mature collagen 

into fibrils. The role of MEP1A was confirmed in vivo in mice deficient for MEP1A, which 

presented higher levels of full-length procollagen I as compared to WT mice. This led to 

reduced thickness of the fibrous layer and decreased accumulation of dermal collagen in 

deficient mice compared to WT, indicating the presence of abnormalities in the formation and 

stability of connective tissues [248], [264].  

In another study, Mep1α was shown to completely degrade human collagen IV, whilst having 

no effect on collagen I. Also human FN and nidogen-1 were proteolytically cleaved, each at 
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two sites, by Mep1α; FN is cleaved at positions Tyr294-Gln295 and Asn709-Thr710 and nidogen-1 

is cleaved at positions Asp67-Arg68 and Gln363-His364 [241].  

c) Role in kidney and nephritis: 

Mep1α plays an important role in kidney diseases such as acute renal failure. Mice strains 

C3H/He and CBA/Ca that do not express MEP1A in their renal proximal tubular cells develop 

less severe forms of injury-induced kidney diseases than the other mice with normal Mep1α 

levels [228]. Moreover, mice lacking MEP1A exhibit less renal damage and bladder 

inflammation after LPS administration [265]. A redistribution of meprins from apical brush-

border membranes of proximal tubule to the basolateral tubular basement membrane is 

observed in rodents during cisplatin-induced acute kidney injury (AKI) and 

ischemia/reperfusion (IR) injury [266], [267]. The latter is known to induce tissue damage by 

creating an inflammatory response. This is made possible due to the action of meprins at the 

basement membrane that will digest and cleave its components, along with cell-adhesion 

molecules, resulting eventually in leucocyte infiltration and thus inducing inflammation [241], 

[263].   

d) Role in angiogenesis and cancer: 

In the last decade, studies have investigated the role of Mep1α in angiogenesis. Angiogenesis 

is a process by which new blood vessels form from pre-existing ones in order to maintain organ 

development and homeostasis. Any imbalance results in various diseases such as cancer and 

inflammation [268]. For instance, a Morpholino knockdown of meprin α in zebrafish embryos 

resulted in defective tissue differentiation and severe failures in vascular system formation. 

These results were similar to VEGF-A morphants indicating that meprin α plays a pro-

angiogenic role in processing and activating VEGF-A, which is necessary for blood vessel 

formation during embryogenesis [239]. In colorectal cancer, increased meprin α activity 

promoted the tumor progression through its pro-migratory and pro-angiogenic activities in 

vitro. For example, the pro-migratory role of activated meprin α in MDCK kidney cells was 

dependent on the presence of hepatocyte growth factor (HGF) and its pro-angiogenic activity 

can be observed in rat aortic ring assay after the addition of meprin α which stimulated the 

outgrowth and branching of vessels [269]. 

Studies have earlier focused on the abnormal expression of MEP1A in many diseases such as 

IBD, colitis and Alzheimer’s disease. Recently, they are focusing on the implication of Mep1α 
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to stimulate cancer cell proliferation, migration and invasion such as in breast, colon, 

colorectal and hepatocellular carcinomas (HCC). In colon carcinoma cell line, Caco-2, meprin 

α is expressed and secreted at the basolateral and apical plasma membranes resulting in 

increased accumulation of meprin α activity in the ECM, thus breaking down the stromal 

structure and affecting the migration of tumor cells to nearby tissues. In colon tissues, it can 

only be detected in the carcinoma part and not in the normal tissue, where its enzymatic 

activity was tripled [270]. In the human breast cancer cells MDA-MB-435, which are highly 

metastatic and invasive, the inhibition of polyamine biosynthesis resulted in a significant 

decrease (~70%) of MEP1A expression at the mRNA and protein levels. Moreover, actinonin-

treated cells showed significantly less invasiveness in vitro confirming the pro-invasive role 

played by Mep1α in breast cancer cells [271]. In addition, the ability of Mep1α to process ECM 

proteins like procollagen III highlighted its role in metastasis [248]. Taken altogether, these 

observations show that Mep1α role in cancer development, progression and metastasis is 

more complex than that of the other metalloproteases. Further studies should be pursued to 

better evaluate these functions.  

 

4. Meprin α and HCC 

Almost 15% of human cancers are associated with chronic infection and unresolved 

inflammation [251]. Of interest is HCC whose progression involves inflammation at all four 

stages which correspond to cell degeneration, fibrosis, cirrhosis and formation of tumor. HCC 

has very recently been associated with the overexpression of meprin α metalloprotease [272]. 

Meprin α is capable of modulating the immune microenvironment by processing and 

alternatively activating different pro-inflammatory cytokines like ILs (e.g., IL-1β) [256]. 

Moreover, it is also known to induce inflammation by trans-activating EGFR through the 

release of its ligands- TGF-α and EGF- from the cell surface, hence resulting in the activation 

of ERK1/2 signaling cascade [259], [273], [274]. Therefore, meprin α sustains the inflammatory 

reaction in HCC and aids the progression of the disease.  

In the recent years, scientists discovered that Mep1α plays an important role in the 

progression of HCC where MEP1A expression level is remarkably elevated compared to the 

adjacent non-neoplastic ones. It was detected by quantitative real time polymerase chain 
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reaction (q-RT PCR) and immunohistochemistry (IHC) analysis. The level of MEP1A expression 

varies from one stage of tumor to another, and higher levels are detected in the advanced 

stages of cancer than in the early ones. Moreover, MEP1A expression widely varies in tumor 

cell cytoplasm from different HCC specimen, allowing the classification of patient tumors into 

MEP1A- group (negative expression in tumor cells) and MEP1A+ group (positive expression in 

tumor cells). This classification can serve as an independent prognostic factor for HCC. For 

instance, high expression levels of MEP1A in the tumor cells are significantly associated with 

aggressive clinicopathological features (i.e., microvascular invasion, portal vein tumor 

thrombus, poorly differentiated tumors, and late clinical stage), poorer surgical prognosis, 

shorter time to recurrence and worse overall survival (OS) as revealed by Kaplan-Meier 

survival analysis. These consequences are linked to the different tumor stages (0-A, B, C), 

subgroups of microvascular invasions, and sometimes to certain mutations (TP53) [272], 

[275].  

 Overexpression of Mep1α in relation to reptin expression 

Interestingly, HCC tumor cells also show an elevated expression of an oncogenic ATPase 

known as reptin. It was shown to significantly and positively regulate the expression of MEP1A 

in HCC. For instance, silencing reptin in the HCC cell lines Huh7 and Hep3B strongly reduces 

the mRNA and protein levels of meprin α, hence significantly reducing its proteolytic activity 

in conditioned medium. In addition, meprin α can serve as a mediator of reptin as, in the case 

of reptin silencing, overexpression of meprin α can restore normal cell migration [275]. 

 Effect of Mep1α on tumor cell proliferation 

The effect of meprin α on crucial cellular processes can be easily studied through gain of 

function and loss of function experiments. Gain of function can be achieved by the addition of 

the recombinant protein into the culture medium or the induction of overexpression of the 

gene by the cell lines of interest using transfection or transduction assays. The loss-of-function 

can be attained using different small interfering RNA (siRNA) or short hairpin RNA (shRNA) 

specific for a given protein.  

Several evidences suggested that meprin α could induce cell proliferation and growth. 

However, this was not the case in a study by Osman and his team using HCC model cell lines. 

Neither the overexpression of meprin α nor its silencing had any effect on the proliferation of 
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cells as compared to the positive and negative controls. In the positive control, in which reptin 

has been silenced, significant decrease in the cell growth of HuH7 and Hep3B cells was 

observed, and this action was not reversed by the overexpression of MEP1A. Thus, little or no 

effect of meprin α on tumor cell proliferation was observed [275]. 

 On the contrary, OuYang et al. showed that the overexpression of MEP1A in the HCC cell lines 

Hep3B and SMMC-7721 significantly enhanced their tumorigenicity in vitro and in vivo [272]. 

Functional assays have shown an increase in the growth rate and foci formation frequency in 

HCC cell lines. Moreover, the size and mass of the xenograft tumors from implanted MEP1A 

overexpressing cells in nude mice were significantly larger and heavier compared to the 

control group. All of these observations were reversed when MEP1A expression was knocked-

down by shRNA in the corresponding cell lines, thus conferring a role for meprin α in cell 

proliferation [272].  

 Effect of Mep1α on tumor cell migration and invasion 

Knowing that MEP1A overexpressing cells are associated with different clinicopathological 

features related to tumor metastasis, migration and invasion assays were performed in vitro. 

Cell lines stably expressing high levels of Mep1α or even the addition of recombinant Mep1α 

into the culture medium of cells (even when reptin was silenced by shRNA) enhanced the 

migratory activity of these cells by almost 3-fold compared to the control ones. This effect was 

abrogated when MEP1A was silenced using siRNA or shRNA. A role of Mep1α in the invasive 

capacity of HCC cell lines has been confirmed in a study, where it is significantly increased in 

cells overexpressing MEP1A as examined by Matrigel assay [272], [275].  

These in vitro results were further explored in vivo to check if Mep1α has indeed an effect on 

tumor cell metastatic properties. For this purpose, nude mice were injected intravenously 

with HCC cell lines stably expressing high levels of MEP1A. After 6 weeks, the mice were 

sacrificed and the metastatic nodules in the lungs were counted. The overexpression of 

MEP1A significantly induced more metastatic nodules in the lungs as compared to the control 

mice. This result was further confirmed in BALB/c mice that were orthotopically transplanted 

with cells overexpressing MEP1A, and as expected, the liver tumors from MEP1A 

overexpressing mice was significantly larger and more metastatic nodules were found on the 

surface of the lungs as compared to the control [272].  
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Therefore, we can conclude that Mep1α, a mediator of reptin, plays indeed a crucial role in 

the tumor cell migration and invasion, which promote metastasis, and hence, exacerbates 

their effect. 

 Induction of epithelial-mesenchymal transition (EMT) by Mep1α in HCC cells 

The capacity of meprin to promote the metastasis of HCC cell lines is underlined by its ability 

to induce EMT. EMT is characterized by the shedding of the epithelial markers necessary for 

cell-cell adhesion and cell polarity and the acquisition of mesenchymal traits that aid in 

motility and migration [276]. For instance, overexpression of MEP1A induced a morphological 

change of cells that turn spindle-like shaped to resemble mesenchymal cells. It also increased 

the levels of mesenchymal proteins such as vimentin, matrix metalloproteinases (MMP-2, 

MMP-9) and led to a decrease in the level of E-cadherin. The latter was accompanied by an 

increase in zinc-finger E-box binding homeobox 1 (ZEB1) transcription factor which may have 

a role in the Mep1α induced-EMT [272]. 

Noteworthy, EMT is induced by a signaling cascade involving the EGF through the activation 

of extracellular signal-related kinase (ERK) signaling pathway [277], [278]. Plus, in human 

colorectal adenocarcinoma cells, meprin α was shown to increase phosphorylation of EGF-R, 

probably after shedding of EGF or TGFβ by meprin α, and consequently, the phosphorylation 

level of ERK1/2 was increased [32]. Interestingly, in HCC cell lines and in xenograft tumor 

models, MEP1A overexpression had the same effect on the phosphorylation levels of ERK1/2. 

Therefore, this suggests that Mep1α can probably promote EMT and hence migration of 

tumor cells through the activation of ERK/ZEB1 pathway. Indeed, the inhibition of the ERK 

pathway by a specific inhibitor (U0126), in cells overexpressing MEP1A, resulted in a 

decreased level of ERK and ZEB1 phosphorylation and blocked the effect of Mep1α on the 

migration of cells. So, these data emphasize the link between Mep1α and the activation of 

ERK/ZEB1 pathway to promote EMT [272] (Figure 16). 
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Figure 16: Meprin α overexpression by reptin induces metastasis. 

Reptin significantly and positively induces the increased expression of Mep1α, which forms large oligomers in the 
extracellular environment after being cleaved at the inserted domain. Mep1α in turn can cleave a wide range of substrates 

including ILs, GFs and other proteins present in the environment. On top of that, Mep1α increases the level of EGFR 
phosphorylation, which allows the binding of its ligands and hence the triggering of the ERK1/2 pathway to activate the 
ZEB1 transcription factor. ZEB1 promotes the transcription of different proteins essential for EMT, such as vimentin, N-
cadherin and MMPs. This induces the cells to detach from their surroundings, adopt a spindle-like shape and undergo 

metastasis. 
Mep1α: meprin 1 alpha; ILs: interleukins; GFs: growth factors; ECM: extracellular matrix; EGFR: epidermal growth factor 
receptor; EGF: epidermal growth factor; TGF-α: transforming growth factor alpha; ERK1/2: extracellular regulated kinase 

1/2; ZEB1: zinc-finger E-box binding homeobox 1; P: phosphorylated; MMPs: matrix metalloproteases 

 

On the contrary, controversial data were recently published from a prospective cross-

sectional study that has been done between January 2013 and June 2019 in the United 

Kingdom and Germany and that involved 195 patients. This study included 57 HCC patients 

with a background of liver cirrhosis (LC) and 138 non-HCC controls divided into 72 patients 

with LC, 57 with non-cirrhotic liver disease and 9 with normal liver function [279]. By applying 

capillary electrophoresis mass spectrometry (CE-MS) on urine samples of the HCC study 

cohort, 31 specific urinary peptide markers for HCC were discovered and then incorporated 

into a multivariate classification model, which had high sensitivity and specificity for HCC. After 

identifying these peptide sequences, and because it is known that they are the product of 

proteolytic cleavage, in silico mapping was done and revealed many potential protease 
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candidates, of our interest is the MEP1A. The activity of MEP1A was found to be decreased in 

HCC as compared to non-HCC liver diseases. This was further confirmed by IHC staining 

performed on normal liver tissue, cirrhotic tissue and HCC. Only moderate staining for MEP1A 

was observed in normal liver tissue, whilst there was no staining in cirrhosis and HCC [279].  

 

5. Regulation of Meprin α expression  

Mep1α is highly regulated at the transcriptional and post-translational levels by transcription 

factors (TFs), microRNAs (miRs) and RNA binding proteins (HuR, TTP) [231], [280]. The 5’ 

region upstream the transcription initiation site of MEP1A gene contains apparent binding 

sites for TFs, which are expressed at different stages of development and by different cell 

types. GATA TFs binding sites have been identified in the promoter region of human MEP1A 

gene. This family of TFs are usually expressed in developing and adult intestine and they 

function in activating a number of intestinal genes [281]. For instance, in Caco-2 human colon 

carcinoma cells that endogenously express meprin α, several GATA-binding sites were 

identified and are recognized by GATA-4, GATA-5 and more specifically GATA-6, which is 

expressed in these cells. This indicates that GATA TFs may play a role in tissue-specific 

expression of meprin α [282]. In addition, the Mep1a promoter region may also contain 

possible binding sites for steroid receptors, which could be of great importance especially if 

meprin plays a role in steroid-treated inflammatory diseases [231].  

Another TF that is necessary to maintain MEP1A gene expression is CDX2 (Caudal-related 

homeobox transcription factor). CDX2 is an intestine-specific TF responsible for regulating 

several genes related to intestinal epithelial functions, thus controlling the balance between 

intestinal epithelial cell differentiation and proliferation [283], [284]. Mice lacking the Mep1a 

gene or heterozygous for the Cdx2 gene (Cdx2+/-) developed more serious inflammation that 

the WT ones during DSS-induced colitis [237], [253], [285]. In Caco-2 cells, knockdown of Cdx2 

by shRNA resulted in 40% loss of MEP1A expression and a 5-fold decrease in its promoter 

activity [284]. Similar observations were made later when MEP1A expression was established 

to be dependent on CDX2 activity [286]. Moreover, in active ulcerative colitis (UC), one form 

of IBD, the correlation between CDX2 and MEP1A expression and TNF-α expression was 

negative, at both mRNA and protein levels. The levels of CDX2 and MEP1A were significantly 
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decreased compared to the healthy and inactive UCs, whilst TNF-α expression was increased. 

Similar observations were recorded in Caco-2 cells in response to TNF-α upregulation 

indicating that this cytokine plays a major role in suppressing CDX2 and MEP1A expression 

during inflammation. The mechanism by which TNF-α acts is by interfering with the 

transcriptional activity of CDX2 and DNA-binding of CDX2 protein, hence suppressing its 

expression along with downregulating MEP1A expression. All of these actions played by TNF-

α can be overridden using anti-TNF-α treatment with infliximab (IFX) [286].   

Moreover, during fetal-to-adult and crypt-to-villus differentiation of small intestine epithelial 

cells, the expression of MEP1A gene is upregulated. The promoter region of this gene contains 

high fraction of hepatocyte nuclear factor-4α (HNF-4α) binding sites, indicating for the first 

time that this promoter is a target of HNF-4α and in this case its expression depends on HNF-

4 expression [287]. In addition, the expression of HNF-4α is decreased during IBD, which could 

explain the decrease observed in MEP1A expression. Indeed, using Hnf4α-null mice that are 

susceptible to colitis, it was shown that in the absence of HNF-4α, the expression of Mep1a 

was decreased [288]. Interestingly, there exists a close relationship between CDX2 and HNF-

4α regulation, as these TFs serve as targets for one another in Caco-2 cells [284]. TNF-α is also 

capable of suppressing the expression of HNF-4α via NFƘB activation [289]. Altogether, we 

can deduce that during IBD, the inhibition observed at the level of MEP1A expression by the 

cytokine is due to the suppression of two TFs: CDX2 and HNF-4α [286].  

During silicosis, macrophages and fibroblasts are activated and the expression of meprin α is 

diminished. The exogenous addition of meprin α reduces the activation of these cells, hence 

indicating an anti-fibrotic effect for meprin α. Similarly, the inhalation of silica by rats leads to 

a significant decrease in the level of Mep1α in lungs, which is accompanied with an increase 

in pro-fibrotic factors and miR-155-5p. The latter is known to be crucial for fibrosis 

development. miR-155-5p can bind to the 3’ UTR (untranslated region) of Mep1a and 

negatively regulates its expression, hence decreasing the mRNA and protein levels of Mep1α 

and promoting macrophage and fibroblast activation. The negative regulation of miR-155-5p 

by antagomir can reverse fibrotic lung disease [290].  

Furthermore, Mep1α can be regulated post-transcriptionally by some RNA-binding proteins 

(RBPs) like Hu antigen R (HuR) and tristetraprolin (TTP). These RBPs have opposing functions 

where HuR stabilizes the transcripts by promoting adenylation, competing for binding sites or 
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even enhancing translation, while TTR often functions to counteract the stabilization by 

promoting the deadenylation of transcripts. HuR can bind to and stabilize the 3’-UTR of MEP1A 

transcript, thus increasing its baseline expression. The levels of HuR or even its binding to 3’-

UTR of MEP1A are not affected by PMA (propidium monoazide) induced destabilization of 

Mep1α. On the other hand, TTP mRNA expression and protein levels were increased and its 

binding to 3’-UTR of MEP1A was strongly enhanced by PMA treatment. The binding of TTP 

decreases the mRNA stability of MEP1A and is required for PMA-induced destabilization of 

Mep1α. This difference between these two RBPs in response to PMA can be explained by their 

different binding sites on the 3’-UTR [280].  

It is newsworthy that potent pharmacological inhibitors of Mep1α have been identified 

including actinonin (naturally occurring zinc-chelating hydroxamate), galardin, NNGH [N-

isobutylN-(4-methoxyphenylsulphonyl)glycyl hydroxamic acid] and batimastat. Actinonin is 

the strongest inhibitor among others, with an inhibition constant (Ki) of 20nM [241]. In 

addition, one study has focused on designing novel selective inhibitors of Mep1α based on a 

recently identified tertiary amine scaffold [291]. They showed that these inhibitors exhibited 

similar inhibitory potency to NNGH and galardin, but are less active than actinonin. However, 

the major advantage from designing these novel tertiary-amine-based inhibitors is their 

selectivity against off-target metalloproteases. 
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Objective 

The profound increase in the global incidence of liver cancer is estimated to reach one million 

cases per year in the next decade. Moreover, it used to rank the 4th leading cause of cancer-

related deaths worldwide, but it has now jumped to rank 3 based on the new GLOBOCAN 2020 

[6], [11]. This raises up the awareness to the aggressiveness of this disease and the urgent 

need to develop new therapeutic treatments that are indeed effective, less toxic and 

affordable as compared to the already established ones, like chemotherapy.  

In this context, dysregulation in the energetic metabolism is a new emerging hallmark of 

cancer cells. We have high interest in lipid metabolism and particularly in understanding the 

addictive relationship of cancer cells to lipids in order to find out the best therapeutic 

approach of rewiring the oncometabolic pathways to make cancer cells more vulnerable. 

We analyzed the expression level of enzymes and proteins involved in this metabolic network 

using our transcriptomic data as well as the available transcriptomic databases 

(Transcriptomic data from Wu et al., and Lopez Terrada et al. that are available online on R2: 

Genomic analysis and visualization platform). Our analysis highlighted a specific feature of 

liver cancer cells, which is translated by enhanced lipogenesis and impairment of lipid uptake. 

Indeed, we have observed an increase in the mRNA expression level of PCSK9, HMGCR and 

their transcription factor SREBP2 but a downregulation in the expression of LDL receptor in 

HCC and HBL tumors, which were further confirmed in hepatic cancer cell lines. 

The expression of PCSK9 is also deregulated in other types of cancers, including neuroglioma, 

breast cancer, colorectal cancer. This raises a major question about the therapeutic strategies 

that could be adopted to target PCSK9 in these cancers. Very recent data in HCC showed that 

high expression of PCSK9 in tumor tissues is correlated with poor prognosis, being an 

independent risk factor for overall and disease-free survivals. 

The present study aims at assessing the interest of inhibiting PCSK9 in liver cancer using 

different in vitro and in vivo experimental approaches. More specifically, we aim at: 

Aim 1: Evaluating the anti-tumoral effects of pharmacological and genetic inhibiting of 

PCSK9 in vitro and in vivo. We will be using 3 cell lines (Huh6, Huh7, and HepG2) and 2 

xenograft in vivo models, the chick embryo and the zebrafish.  
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Aim 2: Assessing the potential antitumoral mechanisms of action of PCSK9 by evaluating its 

lipid metabolism related functions as well as other activities. 
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Highlights 

 Liver cancers feature high lipogenesis versus lipid uptake  

 Disruption of PCSK9 rewires lipid metabolism and impairs oncogenesis 

 PCSK9 deficiency brings in oxidation-prone fatty acids 

 PCSK9 targeting disrupts iron dependent anti-oxidant defense mechanisms  

 Silencing of PCSK9 triggers liver cancer cell death by ferroptosis 

 

Lay summary: 

Liver cancers selectively orchestrate their dependency on lipids while gearing up the necessary 

protective measures against damages from metabolic stress. Inhibiting PCSK9 deprives tumor 

cells from this balancing posture, outpouring abundant lipid droplets and oxidation-prone 

fatty acids with concomitant impairment of antioxidant defenses. The increased oxidative 

burden and the failure of protective measures trigger fatal cell insults.  

 

Keywords: ferroptosis, hepatocellular carcinoma, hepatoblastoma, lipid metabolism 
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Abstract 

Background & Aims: Liver cancers are characterized by enhanced lipid biosynthesis, which is 

needed to sustain cell growth and tumorigenesis. We aim at taking advantages of this 

vulnerability within the oncogenic metabolic hub by rewiring the key enzymes triggering 

irreversible cell breakdown. 

Methods: We targeted the key metabolic player PCSK9 using a pharmacological inhibitor as 

well as siRNA/shRNA alone or in combination with HMGCR inhibitors e.g., statins. We assessed 

the effect of these treatments using 3 hepatoma cell lines, Huh6, Huh7 and HepG2 and 

validated the results using the zebrafish in vivo model. 

Results: Pharmacological treatment targeting PCSK9 has led to dose dependent inhibition of 

cell proliferation in all cell lines, which is associated with cytotoxicity and decreased cell 

migration. Co-treatment with statins such as simvastatin presented synergetic anti-

proliferative effects. PCSK9 inhibition by siRNA was effective in reducing cellular growth and 

sensitizing tumoral cells to the action of statins and translated with increase of intracellular 

lipids and higher lipid hydroperoxide. Molecular signaling of cell death involved the disruption 

of the p62/KEAP1/Nrf2 antioxidative axis leading to ferroptosis whose morphological features 

were confirmed by electron and confocal microscopies. The anti-tumoral effects of PCSK9 

deficiency was validated in vivo using xenograft experiments in zebra fish. 

Conclusions: Beyond its critical role in lipid modulation, our findings herein underscore a novel 

functional involvement of PCSK9 in maintaining cell redox homeostasis and a new player of 

the specific cell death of ferroptosis. The inhibition of PCSK9 was effective in disrupting the 

oncometabolic process, enhancing the vulnerability of cancer cells to iron-triggered lipid 

peroxidation. We provide strong evidences supporting drug repositioning of anti-PCSK9 

approaches to treat liver cancers. 
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Introduction 

Cancer cells are highly dependent on different metabolic pathways among them enhanced de 

novo lipogenesis, which is becoming as a hallmark of aggressive cancers. This metabolic 

adaptation ensures the energetic needs of the cells, the building blocks for membranes as well 

as the signaling molecules to drive oncogenesis. Interestingly, unlike most normal cells even 

high proliferative ones, tumoral counterparts mostly display preference to increased 

endogenous fatty acids (FA) biosynthesis in spite of dietary lipid abundancy [1]. This de novo 

pathway has a significant impact on the qualitative composition of the membranes via the 

enrichment of phospholipids with saturated and/or mono-unsaturated fatty acid chains since 

mammalian cells have a limited ability to synthesize polyunsaturated FAs (PUFAs) [2]. Because 

saturated FAs are less prone to lipid peroxidation than the polyunsaturated ones, by shifting 

lipid acquisition from external sources toward de novo lipogenesis, cancer cells acquire 

specific protective feature in their membranes to resist oxidative stress-induced cell insults.  

Since defects in hepatic lipid metabolism rewire many cellular pathways involved in 

oncogenesis and metastasis, interfering with lipid metabolism within the tumor and 

surrounding microenvironment becomes an attractive therapeutic approach for treating liver 

cancer patients. Because of the flexibility in the metabolic needs of cancer cells and the 

complex interplay among these key players of lipid metabolism, some factors may be more 

valuable and more relevant therapeutic targets.  

This context highlights the importance of the proprotein convertase subtilisin/kexin type 9, or 

PCSK9. Targeting PCSK9 to treat cancer becomes attractive not only because of its critical role 

in lipid metabolism, but also because of its growing place in recent literature, which has 

reported its tight association with incidence and progression of several cancers [3]. Moreover, 

there are a diversity of therapeutic approaches targeting this enzyme that have been 

evaluated and, in some cases, approved for clinical use to lower cholesterol levels in patients 

suffering from hyperlipidemia. 

Indeed, PCSK9 is a serine protease that belongs to the family of proprotein convertases, mainly 

involved in the degradation of the hepatic low density lipoprotein receptor (LDLR) present on 

hepatocytes’ surface. This function interferes with the primary pathway of LDL-cholesterol 

(LDL-C) uptake from the circulation, thus leading to the increase of blood cholesterol levels 

(Figure 1A). PCSK9 can target other members of LDLRs, like very low-density lipoprotein 
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receptor (VLDLR), apolipoprotein E receptor 2 (ApoER2), cluster of differentiation 36 (CD36) 

and CD81 [4]. 

The promotors of PCSK9  and LDLR genes contain a functional sterol regulatory element (SRE) 

that is targeted by transcription factor called sterol-responsive element binding protein 2 

(SREBP2) in response to any change in the intracellular levels of cholesterol (Figure 1A) [5]. 

SREBP2 regulates the synthesis and absorption of cholesterol as well by targeting the gene 

expression of HMG-CoA (3-hydroxy 3-methylglutaryl- Coenzyme A) reductase or HMGCR, 

HMG-CoA synthase, farnesyl diphosphate synthase and squalene synthase [6]. 

Because of its essential role in lipid metabolism, many therapeutic approaches targeting 

PCSK9 have been implemented in combination with other hypolipidemic drugs such as statins 

to treat patients with hyperlipidemia and cardiovascular diseases.  

Besides monoclonal antibodies (mAbs), one of the most recent approaches is the first-in-class 

chemically synthesized siRNA against PCSK9, inclisiran (Leqivo®; Novartis) that has been 

approved for the use in adults suffering from heterozygous familial hypercholesterolemia (FH) 

or non-familial, and mixed dyslipidaemia in Europe on December 2020 [7]–[9]. Different 

approaches called anti-secretagogue were developed to inhibit PCSK9 translation (by stalling 

of human 80S ribosomal subunit) and secretion [10]. Two molecules have been discovered, R-

IMPP [(R)-N-(isoquinolin-1-yl)-3-(4-methoxyphenyl)-N-(piperidin-3-yl) propanamide] and PF-

06446846, which underscore the therapeutic potential behind the use of selective inhibitors 

of mRNA translation. 

The expression of PCSK9 is deregulated between different types of cancers, including HCC 

neuroglioma, breast cancer, colorectal cancer and others [3], [11], highlighting a major 

question about the therapeutic strategies that could be adopted to target PCSK9 in these 

cancers. 

More specifically, a very recent study reported high expression of PCSK9 in tumor tissues in 

HCC patients. In this research, the expression of PCSK9 in tumors correlated with poor 

prognosis after curative resection and was an independent risk factor for overall and disease-

free survivals. This illustrates the potential of PCSK9 as a prognostic marker for HCC [12]. 

The present study aims at assessing the interest of inhibiting PCSK9 in liver cancer using 

different in vitro and in vivo experimental approaches. We showed the critical role of this 

enzyme in controlling the homeostasis of lipid biosynthesis and traffic but also and for the first 
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time, its place in maintaining the redox homeostasis. The interference with this protein will 

lead to aberrant lipid metabolism, high lipid peroxidation and death of liver cancer cells by 

ferroptosis. 

 

Materials and Methods 

Patient samples 

All patients were recruited in accordance with European and French law and institutional 

ethical guidelines. Non-tumoral, tumor and adjacent non-tumoral livers were collected from 

patients treated at French university hospitals, from the French HEPATOBIO network or the 

SIOPEL Liver Tumor and Tissue Bank (www.siopel.org). 

 

See Supplementary Material for additional experimental procedures and data. 

 

Results 

PCSK9 is overexpressed in liver cancers 

Using available transcriptomic databases, we showed elevated gene expression of many 

genes, and among them PCSK9 and its transcription factor SREBF2 (Figure 1A). Both genes are 

significantly upregulated in both adult (HCC) and pediatric liver cancers according to the data 

from Wu et al., and Lopez-Terrada et al., posted in R2: Genomics Analysis and Visualization 

Platform (Figure 1B). Since SREBP2 transcription factor is the main regulator of lipid 

metabolism genes (Figure 1A), the expression of its coding gene SREBF2 is correlated with that 

of PCSK9. The correlation was stronger in HB than HCC (Figure 1C and Figure 1S). The 

expression of other lipid metabolism genes in HB showed reduction in LDLR and increase in 

HMGCR levels with strong correlations of all these genes among each others (Figure 1S). We 

confirmed the same tendencies in 3 liver cancer cell lines (e.g., HepG2, Huh6 and Huh7) in 

comparison with the normal liver cell line THLE2 (Figure 1D). IHC analyses of PCSK9 in tumoral 

tissues indicate more heterogeneous expression pattern, with low and high expression levels 

(Figure 1E and IF). Interestingly, unlike the rather diffuse cytoplasmic expression of PCSK9 

observed in adjacent non-tumoral tissues and normal liver, the expression in tumoral tissues 

appeared to be more perinuclear and nuclear (Figure 1E and 1F). This later observation was 

http://www.siopel.org/
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noticed in both low and high PCSK9 expressing tumoral tissues. These findings suggest some 

differential type of regulation and/or impact of this enzyme in the context of liver cancer cells. 

We next ask how the inhibition of PCSK9 would affect the whole oncogenic process. 

 

 

 

 

 



101 
 

 

 

Figure 1: Lipid metabolism defects in liver cancers. 

(A) PCSK9 regulation and function. (1) The synthesis of PCSK9 and LDLR is regulated transcriptionally by SREBP-2. Once 

translated, they will travel through the ER and Golgi apparatus for maturation before being secreted. (2) LDLR expressed on 

the cell surface will bind to LDL-C and will be internalized in an AHR-dependent manner via clathrin-coated endosomes. 

Inside the endosomes, LDL-C will dissociate from the receptor and will be directed toward lysosomal degradation, whilst 

LDLR will be recycled back to the cell surface. (3) Extracellular and (4) intracellular pathway regulation of LDLR by PCSK9: in 

both pathways, PCSK9 binds to the EGF-like domain of LDLR and targets it to lysosomal degradation instead of recycling. 

 (B) PCSK9 and SREBF2 gene expression upregulation in 2 transcriptomic datasets generated from R2: Genomics Analysis 

and Visualization Platform (http://r2.amc.nl). Upper histograms, hepatocellular carcinoma (HCC): Wu – 134 – MAS 5.0 – 

u133p2. Lower histograms, hepatoblastoma (HB): López-Terrada – 55- fRMA – u133p2. Unpaired t-test, * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001.  

(C) Two-tailed pearson correlation shows a positive correlation between PCSK9 and SREBF2 gene expression in the same 

datasets as in B. Left, HCC. Right, HB.  

(D) Normalized gene expression of PCSK9 and SREBF2 in three liver cancer cell lines (HepG2, Huh6 and Huh7) and one 

normal cell line (TLHE2). 

(E) IHC labeling of PCSK9 in HB tumoral and adjacent non-tumoral tissues. Staining of the whole tissue sections is shown in 

included subsets in which red squares and arrows indicate the depicted enlarged area of staining. Non-tumoral tissue is 

normal liver area adjacent to the tumor, as indicated. Samples were collected as described in materials and methods. The 

black bars represent 100 µm. 

(F) PCSK9 staining of HB tumoral tissues was compared to normal liver tissues from the same patients. 

 

 

http://r2.amc.nl/
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Targeting of PCSK9 inhibits cells growth and migration without disrupting bioenergetics  

To inhibit PCSK9 pharmacologically, we used the anti-secretagogue R-IMPP [10]. First, we 

confirmed the strong inhibition of PCSK9 by this molecule in the Huh7 cell line, which was 81 

and 92% at 10 μM and 30 μM, respectively, after 72 hours of treatment (Figure 2S). Then, we 

assessed the effect of this drug on cell proliferation using the MTS assay (Figure 2A). Our 

analysis showed a dose dependent inhibition of cell growth in all 3 cell lines, HepG2, Huh6 and 

Huh7. Huh6 was the most sensitive to the drug with an IC50 (at day 3) of 10 μM vs 14 μM and 

24 μM for Huh7 and HepG2, respectively. Similar to the clinical approach of combining anti-

PCSK9 with statins, we treated our cells with R-IMPP combined with different concentration 

of simvastatin e.g., 25 μM for Huh7 and HepG2 and 5 μM for Huh6. These values were chosen 

in accordance with the specific sensitivity to this statin determined for each cell line (Figure 

3S). The MTS analyses showed synergetic effects on the inhibition of cell proliferation in the 

presence of both drugs for the Huh7 and HepG2 cell lines but not for the Huh6 cell line, for 

which R-IMPP appeared to have no significant effect in the presence of SV on cell proliferation 

(Table 1, Figure 2B, Figure 3S).  

 

Table 1: Proliferation inhibition by R-IMPP or/and simvastatin (SV) of various liver cancer cell lines.  

 

 Huh6 Huh7 HepG2 

R-IMPP 10 µM 14 µM 24 µM 

SV 2 µM 17 µM 39 µM 

R-IMPP + SVa 8 µM 11 µM 17 µM 

 

The IC50 values are given in µM. 

aThe SV concentration used in the presence of R-IMPP was 5 µM for Huh6 and 25 µM for Huh7 and HepG2.  

 

To find out more about the effects on cancer-relevant hallmarks e.g., cell migration, we 

performed a wound-healing assay with the Huh7 cell line using the IncuCyte system (Figure 

2C). R-IMPP treatment at 10 μM (lower than the IC50) was effective in reducing cell migration 

by 26% after 24 hours (Figure 2C). This effect was comparable to the action of 25 μM 

simvastatin (33% after 24 hours, Figure 2C, Figure 4S). By combining both drugs, inhibition 
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rate reached 36% after 24 hours, indicating no significant gain compared to simvastatin alone 

(Figure 4S).  

 

 

 

Figure 2: Effect of pharmacological inhibition of PCSK9 by R-IMPP on cellular proliferation, migration and mitochondrial 

respiration. 

(A) Dose dependent inhibition of cell growth by R-IMPP as evaluated by MTS analyses. IC50 at day 3 is given for each cell 

line. *Two-way anova test. 
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(B) Effect of R-IMPP treatment in combination with simvastatin (SV). The concentrations of SV were selected based on 

separate analyses of the statin effect alone (25 μM SV for Huh7 and HepG2 and 5 μM for Huh6). *Two-way anova test.  

(C) Effect of inhibition of PCSK9 by R-IMPP and/or HMGCR by simvastatin (SV) on Huh7 cell migration in a wound healing 

assay using IncuCyte. Wound-healing confluence was followed for up to 24 hours after treatment with 10 µM R-IMPP or 25 

µM SV or a combination of both. NT refers to non-treated cells. Veh stands for R-IMPP (0.001% DMSO) and SV (0.001% 

ethanol) solvents. *Two-way anova test. 

(D) Oxygen consumption rate (OCR) was evaluated by the Seahorse assay in Huh7 cells, which were incubated in different 

media settings, as indicated. NT: non-treated. Ordinary one-way anova test. * p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001. 

 

To explore energy metabolism, an emerging hallmark of cancer, we measured the oxygen 

consumption rate (OCR) of the Huh7 cell line using the Seahorse XF96 technology (Agilent). 

The results revealed a stimulation of OCR in in complete medium, in the absence of glucose 

(mitochondrial respiration independent of glycolysis) or in the presence of a glutaminase 

inhibitor (Figure 2D). These bioenergetic data indicate a stimulation of oxidative 

phosphorylation independent of glucose or glutamine as energy substrates in cells that do not 

secrete PCSK9. 

In addition to the pharmacological inhibition of PCSK9, we sought more specific way of 

targeting the enzyme e.g., by siRNA approach. We designed 2 different specific sequences of 

siRNA (si1 and si2), which were validated for PCSK9 production inhibition by western blot 

(Figure 3A). Three days after transfection, 96% and 99% of PCSK9 were lost in Huh7 and Huh6, 

respectively with the 2 tested siRNAs, while in HepG2, 87% and 95% of PCSK9 were lost with 

si1 and si2, respectively. Next, we verified whether this approach was effective as well in 

inhibiting cell proliferation (Figure 3B). Transfection with both siRNAs was comparatively 

effective in slowing down proliferation of all cell lines tested, with some fluctuations in Huh7 

where si2 exhibited stronger inhibition effect than si1 (Figure 3B). Interestingly, lower doses 

of simvastatin were needed to inhibit growth in these Huh7 and HepG2 cell lines deficient for 

PCSK9 (Figure 3C). Indeed, 10 μM instead of 25 µM were enough to significantly slow down 

cell proliferation of untreated Huh7 and HepG2 cells (Figure 3S). Huh6 was the best responder 

to this statin in this condition (1 μM) as well as in the presence of PCSK9 (2 µM) (Figure 3S). 
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Figure 3: Effect of PCSK9 silencing by siRNA on liver cancer cell proliferation. 

(A) Validation of depletion of PCSK9 by siRNA silencing. Cell extracts were prepared 24, 48 and 72 hours after transfection 

with control siRNA (siCTR) or targeting PCSK9 (si1 and si2) of Huh6 or Huh7 or HepG2 cells. 40 µg of cell proteins were 

loaded per lane on an SDS-PAGE. After electrophoresis and transfer, the membrane was analyzed by western blot using 

anti-PCSK9 antibodies and GAPDH antibodies for comparison of loading. The two bands observed for PCSK9 correspond to 

the pro-PCSK9 (74 kDa) and cleaved PCSK9 (60 kDa). 

(B) Evaluation of liver cancer cell proliferation by MTS after transfection with siRNA targeting PCSK9 (si1 and si2) in 

comparison with control siRNA (siCTR). 

(C) Effect of siRNA silencing of PCSK9 in combination with 1 µM (Huh6) or 10 µM (Huh7 and HepG2) simvastatin (SV).  

Two-way anova test, * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 

 

PCSK9 silencing disrupts lipid metabolism and leads to excessive accumulation of lipids in 

cancer cells 

PCSK9 is essentially involved in maintaining adequate cellular lipid fluxes by modulating 

several lipid receptors at the cell surface. Because of this important role in lipid metabolism, 

we quantified major neutral lipid species and phospholipids in Huh7 and HepG2 cells in the 

presence or absence of PCSK9 expression. The extent of changes in lipid amount among both 

types of cells was really important (Figure 4A & 4B). We observed some variations between 

both siRNA and cell types. Nonetheless, most of the lipid entities were significantly higher in 

PCSK9-inactivated cells, with a 3 to 5-fold increase for some lipids such as cholesterol and 

phospholipids in HepG2 cells (Figure 4A). These data highlight a major disruption of the lipid 
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homeostasis. To investigate possible changes in lipogenesis, we fed the HepG2 cells with [1-

14C] acetate to measure the enrichment in different lipid metabolites (Figure 5S). The results 

showed a more active and elevated lipogenesis in the absence of PCSK9 after 4 hours.  

By examining the saturation levels of FA (Figure 4C), we observed a borderline increase in total 

unsaturated FA (p=0.06) after siRNA treatment, although the increase was significant globally 

for PUFA and for C18:2 FA as an example. The increase of PUFA amount in the absence of 

PCSK9 probably resulted from enhanced uptake of external sources of lipids and thereby 

leading to the enrichment in peroxidation-prone intracellular FA. In order to verify whether 

lipid peroxidation is enhanced in this case, we measured the levels of lipid hydroperoxide in 

HepG2 cells 4, 6 and 8 days after transfection with PCSK9 siRNA or control siRNA (Figure 4D). 

Indeed, inhibition of PCSK9 led to significant increase of the amount of lipid hydroperoxide at 

all time points which is probably the consequence of the presence of higher oxidation sensitive 

PUFA in the absence of PCSK9. Globally, when PCSK9 is silenced, cells seem to be gearing up 

all machineries to take up and synthesize more lipids, generating quantitative and qualitative 

imbalances in intracellular lipids. Because of the toxicity of lipids such as free cholesterol, cells 

store the excess of fat in lipid droplets. For these reasons, we used the high-resolution electron 

microscopy to take a closer look at the cellular constituents, searching for any possible 

abnormalities. Indeed, the presence of lipid droplets was very obvious at lower and higher 

magnification by tomography electron microscopy (Figure 4E). 
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Figure 4: Quantification of neutral lipids, phospholipids, lipid peroxidation and lipid droplets after PCSK9 silencing. 

(A and B) Cholesterol, triacyl glycerol (TAG), fatty acids (FA) diacyl glycerol (DAG), phosphatidyl -choline (PC), -serine (PS), -

inositol (PI), and -ethanolamine (PE) were measured in HepG2 (A) and Huh7 (B) after transfection with PCSK9 siRNA or 

control for 144 hours. Unpaired T-test where each siRNA PCSK9 group is compared to CTR group alone,  

(C) FA composition and saturation in HepG2 cells silenced or not for PCSK9. *Mann-Whitney t-test. 

(D) Lipid hydroperoxide quantification in HepG2 cells after transfection with PCSK9 siRNA (si1 and si2) or control for 96h, 

144h and 192h. Quantities are represented in nmol per 100,000 cells. *Ordinary one-way anova test. 

(E) Transmission electron microscopy (TEM) photomicrographs of liver cancer cell lines transduced with specific PCSK9 

shRNA (shPCSK9) or control shRNA (shCTR) (Transduction efficiency in Figure 6S). Dark and dense particles seen at lower 

and higher magnification are lipid droplets. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 

 

PCSK9 inhibition fails to activate the anti-oxidative p62/Keap1/Nrf2 pathway triggering 

ferroptosis  

In the absence of any confirmed sign of cell death by apoptosis/necrosis and senescence (data 

not shown), we investigated features of other mechanisms. Taking into account the lipid 

phenotype of PCSK9 inhibition, the high level of lipid hydroperoxide and the possible induction 

of cell toxicity, we turned our attention to the potential occurrence of the lipid-peroxide 

triggered cell death by ferroptosis. Electron microscopy observations revealed obvious 

changes of the mitochondrial morphology consisting in size shrinkage, thickening of the 

double bilayer membranes and disappearance of mitochondrial cristae (Figure 5A). This last 

observation was confirmed by measuring the thickness of the mitochondrial double 



110 
 

membrane, which was larger in liver cells lacking PCSK9 (Figure 5A, right panels). For optimal 

visualization of the mitochondria, we created a lentivirus that expresses a chimeric CFP/YFP 

protein, which was initially designed to visualize mitochondrial ATP levels in living cells [13]. 

We observed, using confocal microscopy, that some cells presented mitochondria with 

brighter and denser fluorescence (Figure 5B), indicating the probe was accumulating into 

these mitochondria. The frequencies of these events were much higher in cells depleted for 

PCSK9 48 and 72 hours after siRNA transfections. The fluorescence signal was more diffuse in 

cells transfected with the control siRNA, indicating different mitochondria morphology and 

potentially higher ATP levels in PCSK9 deleted cells. This has to be considered in regard to the 

increased OCR capacity observed in the absence of PCSK9 (Figure 2D).  
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Figure 5: Mitochondria morphological changes induced by PCSK9 silencing and analyses of cell signaling typical of 

ferroptosis. 

(A) TEM photomicrographs of HepG2 cells transduced with PCSK9 shRNA (top panels) and control shRNA (bottom panels) at 

different magnifications. Arrows point to mitochondria. The mitochondrial membranes were measured at the higher 

magnification of 80,000 (between yellow head arrows) and the results are indicated between brackets. 

(B) Confocal microscopy observation of HepG2 cells performed 48 and 72 hours after transfection with PCSK9 siRNA (si1) 

and siCTR. Mitochondria were labelled with C/YFP using a specific lentivirus targeting system (MitoC/YFP). Phalloidin (red) 

and DAPI (blue) were used for microfilament and nuclear DNA staining, respectively. Arrows indicate bright mitochondria 

network observed more frequently when PCSK9 is silenced. 

(C) Western blot analyses of proteins involved in different signaling pathways of ferroptosis. Membrane images of each 

protein and its relative housekeeping gene were combined/fused for comparison purposes. Wells were loaded alternatively 

with samples from siCTR (a) and siPCSK9 (b) transfected cells (from left to right). MW stands for molecular weight markers. 

GAPDH or vinculin were used for protein normalization. Unpaired T-test, * p<0,05; ** p<0,01, *** p<0.001 (n=3).  

 

To investigate the potential occurrence of ferroptosis at the molecular level, we assessed the 

changes of some proteins of the main cell signaling pathways described for this process e.g., 

the Xc-/GPX4, MVA, the sulfur transfer pathway, the P62-Keap1-NRF2 pathway, the 

P53/SLC7A11, ATG5-ATG7-NCOA4 pathway, the P53-SAT1-ALOX15 pathway, and the HSPB1-

TRF1, FSP1-COQ10-NAD(P)H pathway (Figure 7S). Western blot analyses of protein extracts 

from cells transfected by one of the PCSK9 specific siRNA, si1 and the control siRNA were 

performed on the following proteins: xCT/SLC7A11, GPX4, Keap1, NRF2, FTH1, NCOA4, 4F2hC 

/ CD98 and DMT1 (Figure 5C). The only significant changes were observed in the Keap1 and 

Nrf2 of the p62/keap1/NRF2 pathway with a 2.75-fold decrease for Keap1 (p=0.04) and a 2-

fold decrease for NRF2 (p=0.0008) in cells transfected with anti-PCSK9 siRNA as compared to 

controls.  

 

Blocking PCSK9 has anti-tumoral effects in zebrafish and CAM in vivo models 

To validate the effect of blocking PCSK9 in vivo, we used an established model e.g., the 

zebrafish model xenografted with HepG2 labeled with tomato red fluorescence by lentivirus 

transduction. After sorting by FACS, fluorescent cells were transduced with an empty lentivirus 

or encoding an shRNA against PCSK9 (shPCSK9). As can be seen in Figure 6, the cell 

proliferation as followed by in vivo fluorescence labeling was significantly reduced 24 hours 

and 48 hours after injection of the cells transduced with shPCSK9. 
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Figure 6: Depleting PCSK9 impairs liver tumor development in vivo.  

In zebrafish experiments: tomato red fluorescent labeled HepG2 with shPCSK9 or control were xenografted in zebrafish 

embryos. Tumoral cell growth was evaluated by the quantification of the fluorescence 24 and 48 hours post injection (hpi). 

Unpaired t- test, *: p < 0.05, ****: p < 0.0001 

 

Discussion 

Lipid metabolism plays a central role in liver oncogenesis and the important role of PCSK9 in 

lipid homeostasis places it at the center of the stage as an attractive target in liver cancers. 

PCSK9 modulation of lipid metabolism arises not only from LDLR binding and targeting for 

lysosomal destruction, but also from the degradation of other lipoprotein receptors such as 

VLDLR, ApoER2, CD36, and LRP1. Therefore, it was not unconceivable to expect the alteration 

of lipid homeostasis we have observed in liver cancer cells in the absence of PCSK9; lipid 

receptors madly play when PCSK9 is away.  

We report in this paper many anti-oncogenic features of anti-PCSK9 approaches including the 

reduction of cell proliferation and migration and the triggering of lipid cytotoxicity in liver 

tumor cells. Lipid metabolism was strongly affected by this approach, whose disruption 

probably leads to massive accumulation of lipid droplets, peroxidation of fatty acids and 

probably generation of overwhelming oxidative stress. In the meantime, anti-oxidative 
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defenses failed to reactivate. The increased oxidative burden and the failure of protective 

measures trigger irreversible cell damages and death by ferroptosis. 

Ferroptosis mode of cell death was discovered in recent years. It is linked to iron-dependent 

lipid peroxidation triggering the death process [14]. Unlike other modes of cell death, the 

distinctive morphological features of ferroptosis are obvious at the mitochondrial level with 

shrinkage of the organite, increased membrane density and reduction or disappearance of 

mitochondrial cristae. The integrity of cell membrane is not affected and the nucleus is normal 

in size with no chromatin condensation [14]–[16]. Intriguingly, no bioenergetics failure is seen 

during this process unlike other cell death types. To the contrary, intracellular ATP content 

seems to be even higher in cells undergoing ferroptosis [14]. 

Herein, we recognize all these ferroptosis morphological features in cells silenced for PCSK9 

in parallel to a higher bioenergetics’ status. Specific targeting and fluorescent labeling of 

mitochondria allowed to visualize mitochondria undergoing a heavy and concentrated 

organelle clustering in accordance with the structure of the mitochondrial network during 

ferroptosis (Figure 5B).  

Moreover, our search for a potential ferroptosis signaling pathways singles out the 

Keap1/Nrf2 axis. Indeed, PCSK9 depletion led to significant reduction of Nrf2, which is the 

chief coordinator of the antioxidant response machinery [17]. In normal conditions, Keap1 

controls the basal cytoplasmic level of Nrf2 by promoting its degradation by the ubiquitin-

proteasome system. Under oxidative stress conditions, Keap1 -as a redox sensor- gets oxidized 

and dissociates from Nrf2, which becomes activated and translocates into the nucleus, where 

it can induce the transcription of different branches of the antioxidant defense system. In HCC, 

Nrf2 is hyperactivated promoting the survival of cancer cells and also conferring cellular 

resistance to chemotherapeutic drugs [18]–[20]. 

In our experimental context, although Nrf2 is downregulated in the absence of PCSK9, its 

dissociation from Keap1 and its nuclear translocation indicate that the oxidative sensor system 

is still functional albeit unable to launch effective antioxidative responses, as seen by the lack 

of activation of FTH1, one of Nrf2 downstream targets. 

It is of note that among the main mechanisms accounting for the biological effects of 

sorafenib, the only approved first-line drug for advanced HCC, is the induction of ferroptosis 
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[21], probably by inhibiting the SLC7A11 transporter [14]. Although sorafenib treatment 

improves the survival to some extent, unfortunate severe adverse effects and emerging 

resistance make it an unsatisfactory therapeutic approach [22]. Interestingly, many strategies 

to improve sorafenib resistance are aimed at modulating ferroptosis, which is thus emerging 

as a potential new weapon in the fight against cancer. Some of these strategies are targeting 

NRF2 itself. Indeed, genetic or pharmacological inhibition of NRF2 in HCC cells makes them 

more sensitive to the action of sorafenib and even overcomes chemoresistance through the 

induction of ferroptosis [23].  

Above all, since disruption of PCSK9 inhibits the anti-ferroptosis p62-Keap1-NRF2 pathway, 

one could speculate that a combination therapy of anti-PCSK9 with sorafenib would alleviate 

drug resistance and improve prognosis. 

 

In parallel to its involvement in ferroptosis through the p62-Keap1-NRF2 pathway, PCSK9 may 

have impact on this death process through a mechanism that depends on its cholesterol-

regulating functions. Indeed, by enhancing lipid/lipoprotein uptake, PCSK9 deficiency may 

enrich the membrane in PUFAs, which are sensitive to lipid peroxidation and are one of the 

essential elements for ferroptosis [24]. Free PUFAs can be esterified into membrane 

phospholipids before being oxidized and thereby inducing ferroptosis signals. Moreover, 

among some of highly produced/imported phospholipids following PCSK9 depletion 

phosphatidylethanolamine (PE) was increased 2 to 4 times (Figure 4). Oxidized PEs are the key 

phospholipids acting as death signals to induce ferroptosis in cells [25]. In this process, 15-

lipoxygenase is an important contributor to pro-ferroptosis PE peroxidation capable of 

generating doubly and triply-oxygenated diacylated PE species. Tocopherols and vitamin E 

suppress this oxygenation and protect against ferroptosis [25]. Therefore, PCSK9 inhibition 

may trigger ferroptosis in lipid dependent and independent fashions.  

Apart from its role in lipid homeostasis, PCSK9 is involved in various signaling pathways 

including antiviral activity, apoptosis and more recently anti-tumor immune responses. 

Indeed, Liu et al. [26] demonstrated that the blockade of PCSK9 can boost immunotherapeutic 

efficacy of anti PD-1 approach. The research involved PCSK9 in the degradation of MHC1, 

hindering its recycling at the cell surface. Hence depletion of this enzyme results in high 

cellular expression of MHC1, leading to massive infiltration of cytotoxic T cells. 
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As per our results, PCSK9 may now modulate cancer survival and resistance by an additional 

mechanism consisting in exerting anti-oxidative housekeeping activities. The additional 

benefit of blocking PCSK9 would be to create stressful conditions related to lipid peroxidation, 

impair the safeguarding anti-oxidation system, and therefore sensitize cancer cells to 

ferroptosis. 

Taking into account all these anti-tumoral effects of anti-PCSK9 approaches and the existence 

of a wide variety of therapeutic strategies of PCSK9 blockade (monoclonal antibodies, small 

molecule and peptide inhibitors, antisense oligonucleotides, siRNA, etc..), we believe this 

enzyme is a very valuable and attractive target for the potential treatment of liver cancers. 

Overall, the analyses of the lipid metabolism signature of hepatic cancers cells led us to target 

a specific metabolic network controlled by PCSK9. Beside its critical role in modulating lipid 

metabolism and fluxes, our research brings out a previously unknown function of this 

intriguing enzyme e.g., maintaining the redox homeostasis via the p62/keap1/Nrf2 axis. The 

inhibition of PCSK9 led to excessive lipid accumulation and created a void in the defense 

against oxidative stress thereby enhancing the vulnerability of cancer cells to ferroptosis. 

Specific targeting of PCSK9 in hepatic cancer cells showed strong beneficial outcomes and 

novel mechanistic insights highlighting a new player of cancer cell death by ferroptosis. Taken 

altogether, our experimental evidences support the argument of using available drugs 

targeting this enzyme in a repositioning approach to treat liver cancers. 
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Abbreviations 

A 
Alox15: arachidonate 15-lipoxygenase 
ApoB: apolipoprotein B 
ApoER2: apolipoprotein E receptor 2 
ATG5: autophagy related 5 
ATG7: autophagy related 7 
 
C 
CAM: chick chorioallantoic membrane  
CD36: cluster of differentiation 36 
CD81: cluster of differentiation 81 
CoQ10: coenzyme Q10 
 
F 
FA: fatty acid 
FH: familial hypercholerterolemia 
FSP1: ferroptosis suppresson protein 1 
 
G 
GPX4: glutathione peroxidase 4 
 
H 
HB(L): hepatoblastoma 
HCC: hepatocellular carcinoma 
HMGCR: 3-hydroxy 3-methylglutaryl Coenzyme 
A reductase 
HSPB1: heat shock protein beta 1 
 
I 
IC50: half-maximal inhibitory concentration 
IHC: immunohistochemistry 
 
K 
Keap1: kelch-like ECH-associated protein 1 
 
L 
LDL-C: low density lipoprotein cholesterol 
LDLR: low density lipoprotein receptor 
LRP1: LDLR related protein 1  
 
M 
mAbs: monoclonal antibodies 
MHC1: major histocompatibility complex 1 
mRNA: messenger ribonucleic acid  
MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt 
MVA: mevalonate pathway 
 
 

N 
NAD(P)H: nicotinamide adenine dinucleotide 
(phosphate) + hydrogen 
NCOA4: nuclear receptor coactivator 4 
Nrf2: nuclear factor erythroid 2-related factor 
2 
 
O 
OCR: oxygen consumption rate 
 
P 
PCSK9: proprotein convertase subtilisin/kexin 
type 9 
PE: phosphatidylethanolamine 
PUFA: polyunsaturated fatty acid 
P53: tumor protein p53 
P62: also called sequestosome 1 
 
R 
R-IMPP: (R)-N-(isoquinolin-1-yl)-3-(4-
methoxyphenyl)-N-(piperidin-3-yl) 
propanamide 
 
S 
SAT1: spermidine/spermine N1-
acetyltransferase 1 
shRNA: short hairpin ribonucleic acid 
siRNA: small interfering ribonucleic acid 
SLC7A11: solute carrier family 7 member 11 
SRE: sterol regulatory element 
SREBP2/SREBF2: sterol regulatory element 
binding transcription factor 2 
 
T 
TFR1: transferrin receptor 1 
 
V 
VLDLR: very low-density lipoprotein receptor 
 
X 
Xc-: System Xc- cysteine/glutamate antiporter 
xCT: alternative name of SLC7A1
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Supplementary Material 

Supplementary Experimental Procedures 

Transcriptomic data acquisition 

The R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) was used to generate 

the gene expression data from different available datasets. In this study, three different 

datasets were selected: Mixed Hepatoblastoma - López-Terrada – 55- fRMA – u133p2 

(GEO ID: gse75271) [1], Mixed Tumor HCC – Wu – 134 – MAS50 (GEO ID: gse45436) [2] and 

Mixed Hepatoblastoma - Raymond - 62 - deseq2_rlog - ensh38e82 (GEO ID: gse104766) [3]. 

The expression of lipid-related genes such as, PCSK9, LDLR, SREBF2 and HMGCR and the 

correlation between them were checked. Numeric data of gene expression were downloaded 

in excel files and graphs were generated using GraphPad Prism 9 software (GraphPad 

Software, Inc.). In addition, the level of expression of lipid-related genes in hepatic cell lines 

was generated by referring to the transcriptomic data done on these cell lines by Hooks et al. 

[3].  

RNA sequencing analysis 

Total RNA from Huh7 and THLE-2 cell lines was extracted using the mirVana kit (Thermo Fisher 

Scientific) according to the supplier's protocol and the analysis was done by Hooks et al. [3] in 

a manner similar to what they’ve done for the other cell lines and patient tissues.   

Cell Culture  

Human HCC (Huh7) and HBL (HepG2, Huh6) derived cell lines were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM GlutaMAX™ supplemented, with high (4.5g/L) for Huh7 and 

HepG2 or low (1g/L) D-glucose for Huh6) (Gibco, Invitrogen), supplemented with 10% fetal 

bovine serum (FBS), 100 µg/mL streptomycin and 100 U/mL penicillin. The cells were 

maintained at 37°C in a humidified atmosphere of 5% CO2. Cell line authentication was 

performed on April 2021 using short tandem repeats (LGC, Molsheim, France) and the absence 

of mycoplasma contamination was tested on a monthly basis. 

Lentivirus production and transduction 

Lentivirus vector production was done by the Vect’UB service platform, (INSERM US 005-CNRS 

UMS 3427- TBM-Core, Université de Bordeaux, France). Lentiviral particles were produced by 

http://r2.amc.nl/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse75271
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse45436
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse104766
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transient transfection of HEK293T (human embryonic kidney cells) according to standard 

protocols. In brief, subconfluent HEK293T cells were co-transfected with lentiviral genome 

(psPAX2) (gift from Didier Trono (Addgene plasmid # 12260), with an envelope coding plasmid 

(pMD2G-VSVG) and with vector constructs (305 pLKO-sh886 or 306 pLKO-shCTR) by calcium 

phosphate precipitation. LVs were harvested 48 hours post-transfection and concentrated by 

ultrafiltration, Viral titers of VSV-g pseudotype pLV lentivectors were determined by 

transducing HEK293T cells with serial dilutions of viral supernatant and lentiviral integration 

was evaluated by quantitative-PCR using RRE primers. The following forward (F) and reverse 

(R) sequences of shPCSK9-886 were used: 

F-5’ CCGGGGGTCATGGTCACCGACTTCGCTCGAGCGAAGTCGGTGACCATGACCCTTTTT-3’ and R-

5’ AATTCAAAAAGGGTCATGGTCACCGACTTCGCTCGAGCGAAGTCGGTGACCATGACCC 3’. The 

hairpin sequence of negative control shRNA is: 

CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG 

(http://www.addgene.org/pgvec1?f=c&identifier=1864&atqx=plko&cmd=findpl) 

HepG2 cells stably expressing tomato transgene were generated by lentivirus transduction at 

a multiplicity of infection (MOI) of 10 with an MND-Tomato-265 virus (donated by the Vect’UB 

platform). Red fluorescent cells were sorted by Fluorescence-Activated Cell Sorting (FACS). 

Stable inhibition of PCSK9 expression was induced by cell transduction with the lentivirus 305 

pLKO-sh886 (shPCSK9) or the control (306 pLKO-shCTR) at an MOI of 10. Transduced cells were 

selected using puromycin (P8833, Sigma) at 3μg/mL.  

siRNA transfection 

Small interfering siRNAs (si1{sense: 5’ GUGCUCAACUGCCAAGGGA[dT][dT] 3’; anti-sense: 5’ 

UCCCUUGGCAGUUGAGCAC[dT][dT] 3’} and si2 {sense: 5’ GGGUCAUGGUCACCGACUU[dT][dT] 

3’; anti-sense: 5’ AAGUCGGUGACCAUGACCC[dT][dT] 3’}) against PCSK9 (Sigma Aldrich) were 

diluted in 1X siMAX dilution buffer (30 mM HEPES, 100 mM KCl, 1 mM MgCl2, pH 7.3, Eurofins). 

Hepatic cancer cells were transfected independently with 20 nM si1 or 2 or control siCTR 

(AllStars Negative Control siRNA, Qiagen) using lipofectamine RNAi MAX transfection reagent 

(Invitrogen) according to manufacturer’s instructions of reverse transfection. For transfection, 

Lipofectamine RNAi MAX was diluted 1/100th in transfection medium (OptiMEM, Gibco).  



 
 123 

Chemical Inhibitors 

Different inhibitors that regulate lipid metabolism pathways were bought from 

SelleckChemicals (Houston, USA), including one HMGCR inhibitor that blocks the mevalonate 

pathway simvastatin (S1796), and one PCSK9 inhibitor called R-IMPP (S8420). The drugs were 

dissolved in Dimethyl sulfoxide (DMSO), except for simvastatin, and were stored at -20°C. All 

of these drugs were tested at multiple doses in the 3 cell lines. Simvastatin requires to be 

manually activated by dissolving 50 mg in 1 mL of warm (50°C) ethanol and adding 0.813 mL 

of 1 N NaOH. It is left for 30 min to allow the conversion of simvastatin to the active acid form. 

Finally, pH is adjusted to 7.2 using small quantities of 1 N HCl. 

Proliferation assay 

Cells were seeded into 96-well plates in triplicates at various densities (3000 C/well for Huh7 

and HepG2; 700-2000 C/well for Huh6) and then treated with various concentrations of 

simvastatin (0-100 µM) and R-IMPP (0-30 µM). The proliferation of cells was assessed for 5 

days using CellTiter 96® AQueous One Solution Reagent (Promega) and the absorbance was 

recorded at 490 nm using ClarioStar (BMG Labtech, Champigny sur-Marne, France).  

Western Blot 

Cells were lysed in RIPA buffer (Sigma) supplemented with protease and phosphatase inhibitor 

cocktails (Roche Diagnostics) and centrifuged at 13,000 rpm for 15 min at 4°C. Protein 

concentration was determined using the Pierce™ BCA protein assay kit (Thermo Scientific). 

Approximately 40 μg of proteins were loaded per lane for western blot analyses in 4-15% 

precast polyacrylamide gel (BioRad) and blotted onto 0.2 μm nitrocellulose membrane 

(BioRad). The membranes were blocked in 5% BSA in TBST (20 mM Tris, 150 mM NaCl, 0.1% 

Tween 20), then incubated with each of the following specific primary antibodies: sheep anti-

PCSK9 (1 μg/mL, AF3888, R&D systems), ferroptosis antibody sampler kit (Cell signaling, 

29650), rabbit anti-HO-1/HMOX1 (1:3000, 10701-1-AP, ProteinTech), mouse anti-NQO1 

(1:7000, 67240-1-Ig, ProteinTech), mouse anti-GAPDH HRP conjugated (1:10000, BLE649203, 

BioLegend) and goat anti-vinculin (1:1000, sc-7649, Santa Cruz Biotechnology) overnight at 

4°C. After incubation with the appropriate secondary antibody coupled with horseradish 

peroxidase (goat anti-mouse IgG (H+L) HRP, 1:3000, 170-6516, BioRad; rabbit anti-goat IgG 

HRP, 1:1000, HAF017, R&D Systems; goat anti-rabbit IgG HRP, 1:5000, A0545, Sigma; rabbit 
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anti-sheep IgG HRP, 1:3000, 402100, Calbiochem), all blots were revealed with Fusion FX 

(Vilber Lourmat) following incubation with the ECL reagents from BioRad. Quantification was 

performed using the ImageJ software (National Institutes of Health, Bethesda, Maryland, 

USA). 

Migration Assay 

2x104 Huh7 cells were seeded per well in an IncuCyte® ImageLock 96-well plate in the late 

afternoon (confluence ~90%). In the morning, scratch wounds of 700-800 micron wide were 

made using the IncuCyte® WoundMaker, a 96-pin wound making tool. The cells were washed 

twice with 1X PBS, and a fresh medium containing the different drugs was added into the 

corresponding wells. The migration assay was monitored by the IncuCyte S3 live-cell analysis 

system (Essen BioScience, Ltd, Royston Hertfordshire, United Kingdom) up to 24 hours, where 

images were taken every 2 hours.  

Seahorse XF Cell Mito Stress Test  

Huh7 cells treated with 10 μM R-IMPP for 48 hours were seeded (4 replicates) in XFe96 Cell 

Culture Microplate (Agilent technologies, #102416-100) at 80-90% confluency in DMEM 

GlutaMAX™ supplemented with 10% FBS. They were incubated overnight at 37°C in 5% CO2 

atmosphere. XFe96 Sensor cartridge was hydrated in calibration solution overnight at 37°C in 

a non-CO2 incubator. On the day of the experiment, the medium was removed and replaced 

with 160 μL of Seahorse XF DMEM Medium pH 7.4 (Agilent Technologies, #103575-100) 

supplemented with: i) 1 mM pyruvate, 2 mM glutamine, 5 mM glucose [+Glc]; ii) 2 mM 

glutamine [-Glc]; iii) 1 mM pyruvate, 5 mM glucose, [-Gln], iv) 2 mM glutamine, 40 µM BPTES 

(glutaminase inhibitor, Sigma, SML0601) [+Glnase Inhibitor]. Cells were incubated in a CO2 

free incubator at 37°C for 1 hour. During that time, the compound working solutions were 

prepared from stocks at the following concentrations: 7.5µM oligomycin (O4876, Sigma), 2µM 

rotenone (R8875, Sigma), 8µM antimycin (A8674, Sigma) and 7.5µM CCCP (C2759, Sigma). 

20µL of the solutions are then loaded into the sensor cartridge in their respective ports A, B 

and C. 

To run the assay, prepare the software with the necessary information and plate map, also 

indicate the number and order of injections. Start by inserting the sensor cartridge to calibrate 

it in Agilent Seahorse XFe/XF Analyzer before replacing the calibration plate with cell culture 
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plate. The oxygen consumption rate (OCR) was measured upon the injection of prepared 

compound solutions into cells, based on the designed protocol.  

Lipidomics  

The extraction of lipids from cell pellets was performed by chloroform:methanol (2:1, v/v) 

following the original Folch method with a CHCl3:MeOH:H2O ratio of 8:4:3 (v/v). For this 

purpose, 0.5 mL methanol and 1 mL chloroform were added directly to the cell pellet. The 

suspension was incubated for 30 min on ice with repeated vortexing. After the addition of 

water to separate the aqueous and organic phases, the mixture was incubated on ice for an 

additional 10 min. The samples were then centrifuged at 1000 x g for 5 min. The organic phase 

was transferred to a new tube. The aqueous layer was re-extracted with 2 mL 

chloroform:methanol (2:1, v/v). The chloroform layers were combined, evaporated to dryness 

and resuspended in 100 µL chloroform:methanol (1:1, v/v). 

Phospholipids were analyzed by loading 25 µL of total lipids onto HPTLC plates (60F254, 

Merck, Germany) and developed with methyl acetate/n-propanol/chloroform/methanol/ 

0.25% aqueous KCl (5:5:5:2:1.8, v/v) as solvent. Neutral lipids were analyzed by loading 25 µL 

of total lipids onto HPTLC plates and developed with hexane/ethyl ether/formic acid (10:5:0.5, 

v/v). 

For lipid quantification, the plates were then immersed in a copper acetate solution (3% 

copper acid + 8% phosphoric acid in distilled water) and heated at 115°C for 30 min. Lipids 

were identified by co-migration with known standards and quantified by densitometric 

analysis using a TLC scanner (CAMAG, Switzerland). 

Radiolabeling experiment 

For radiolabeling experiments, the counted cells of each sample were transferred to a glass 

tube in 6 mL of DMEM medium. To start the reaction, 200 nmol (10 µCi) of [1-14C] acetate 

(PerkinElmer Life Sciences) were added to each tube and the tubes were incubated at 37°C in 

5% CO2. The uptake of acetate was studied for each sample at 3 different time points (1 hour, 

2 hours and 4 hours). To stop the reaction, the samples were centrifuged at 1000xg for 5 

minutes and the supernatants were removed. After addition of 2 mL chloroform/methanol 

(2:1, v/v), the cells were incubated overnight at -20°C. To separate the aqueous and organic 

phases, 1 mL of 0.9% NaCl was added, the mixtures were centrifuged at 1000xg for 5 minutes. 
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The organic phases were transferred to a new tube. The aqueous layer was re-extracted with 

2 mL chloroform/methanol (2:1, v/v). The chloroform layers were combined and washed one 

time with 1 mL 0.9% NaCl. The organic phases were evaporated to dryness, re-suspended in 

100 µL chloroform/methanol (2:1, v/v) and stored at −20 °C. Radiolabeled products were 

analyzed by thin-layer chromatography using HPTLC Silica Gel 60 plates (Merck). 

Phospholipids were separated with methyl acetate/n-propanol/chloroform/methanol/0.25% 

aqueous KCl (5:5:5:2:1.8, v/v) as solvent and to separate neutral lipids, a mixture of 

hexane/ether/formic acid (10:5:0.5, v/v/v) was used as solvent. They were identified by co-

migration with unlabeled standards, and quantification was done by autoradiography using a 

Storm 860 molecular imager (GE Healthcare). 

FA Saturation and Lipid Peroxide Analysis 

Cell pellets of counted cells were directly used for fatty acid analysis. Fatty acid methyl esters 

were obtained by transmethylation at 90 °C for 1 h with 0.5 M sulfuric acid in methanol 

containing 2% (v/v) dimethoxypropane and 50 μg of heptadecanoic acid (C17:0) as internal 

standards. After cooling, 1 mL of NaCl (2.5%, w/v) was added, and fatty acyl chains were 

extracted with1 mL hexane. Samples were subsequently analyzed by GC-MS as described by 

Domergue et al. [4]. The measurement of lipid hydroperoxide was performed using the Lipid 

Hydroperoxide (LPO) Assay Kit (Cayman Chemical) as instructed by the manufacturer. 

Immunofluorescence 

For mitochondria fluorescent labeling, cells were transduced by the lentivirus MitoC/YFP at 

MOI 10 for 24 hours before siRNA transfection. We created this lentivirus by using the pcDNA-

MitA1.03 plasmid with a cassette containing a chimera consisting of variants of CFP (mseCFP) 

and YFP (cp173-mVenus) connected by the Epsilon subunit of Bacillus subtilis FoF1-ATP 

synthase and designed to be targeted to mitochondria and to report ATP levels by FRET [5]. 

Next, 48 and 72-hours transfected HepG2 cells (siCTR and si1) were seeded in duplicate in 

Nunc™ Lab-Tek™ II Chamber Slide™ System (154534, ThermoFisher Scientific) at 30,000-

40,000 cells per well in complete DMEM for 6 hours before fixing them using 4% PFA 

(paraformaldehyde, 15710, Electron Microscopy Sciences) for 10 min at room temperature 

(RT). After the removal of PFA, cells were washed three times with PBS (phosphate-buffered 

saline) and permeabilized with 0,25% Triton® X-100 (Ref. 2000, Euromedex) for 3 min, 



 
 127 

followed again by a 3-step wash. Next, blocking was done using 5% BSA (bovine serum albumin 

fraction V, 10735094001, Roche) dissolved in PBS for 30 min at RT, then followed by 

incubation for 1-1.5 hour with Phalloidin-FluoProbes® 556 (1:500, FP-BV4620, Interchim). 

Finally, the slide was washed with PBS and distilled water before putting mounting medium 

with DAPI (VECTASHIELD®) for nuclear DNA staining and covering it with a cover slip.  

The slides are observed with confocal microscope model Leica DM6000 TCS SP5 MP at 20X or 

40X magnification in the Photonic Unit of Bordeaux Imaging Center (BIC).  

Immunohistochemistry  

The 3.5-µm thick sections of hepatoblastoma tumors were de-paraffinized, rehydrated and 

antigen retrieval was performed in 0.01 M citrate buffer pH 6 solution. All staining procedures 

were performed by an autostainer (Dako-Agilent Clara, United States) using standard reagents 

provided by the manufacturer. The sections were blocked using EnVision™ Flex peroxidase-

blocking reagent (SM801, Dako-Agilent) to block endogenous peroxidase, then washed and 

incubated with rabbit anti-PCSK9 (1:100, 55206-1-AP, ProteinTech). Incubation in horseradish 

peroxidase (EnVision Flex/HRP, SM802, Dako-Agilent) was used for signal amplification. 3,3’-

Diamino-benzidine (DAB, Dako) development was used for detecting primary antibodies by 

producing a crisp brown end product at the site of the target antigen. The slides were 

counterstained with hematoxylin, dehydrated and mounted. Each immunohistochemical run 

contained a negative control (buffer, no primary antibody). Sections were visualized with a 

Hamamatsu NANOZOOMER 2.0 HT at 20X magnification in the Photonic Unit of Bordeaux 

Imaging Center (BIC).  

Transmission Electron Microscopy 

HepG2 cells transduced with shCTR and shPCSK9 were seeded in Nunc™ Lab-Tek™ 8-chamber 

slide system (ThermoFisher) to a confluence of 80%. The cells were fixed with 2.5% (v/v) 

glutaraldehyde and 4% (v/v) paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) during 2 

hours at room temperature (RT), washed in 0.1 M phosphate buffer (pH 7.4) and then post-

fixed in 1% osmium tetroxide in water during 1hr. Then samples were washed in water, 

dehydrated through a series of graded ethanol and embedded in a mixture of pure ethanol 

and epoxy resin (Epon 812; Delta Microscopy, Toulouse, France) 50/50 (v/v) during 2 hours 

and then in 100% resin overnight at RT. The polymerization of the resin was carried out over 
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a period of 48 hours at 60°C. Samples were then sectioned using a diamond knife (Diatome, 

Biel-Bienne, Switzerland) on an ultramicrotome (EM UC7, Leica Microsystems, Vienna, 

Austria). Ultrathin sections (70 nm) were picked up on copper grids. Grids were examined with 

a Transmission Electron Microscope (H7650, Hitachi, Tokyo, Japan) at 80kV. 

In vivo Zebra fish model 

Zebrafish were maintained at 28°C and in light cycle conditions (12 hours). The casper mutant 

fish line was purchased from the Zebrafish International Resource Center (ZIRC). For zebrafish 

xenotransplantation, 48 hpf (hour post-fertilization) zebrafish embryos were dechorionated 

and anaesthetized in egg water solution containing 0.04 mg/mL tricaine (Sigma-Aldrich) 

before human cell injection. Approximately 200 to 500 fluorescent cells were injected 

(Eppendorf® Femtojet® microinjector) into the duct of Cuvier of each embryo, and zebrafish 

were maintained in 0.3X Danieau’s solution for 1 hour at 28°C. After confirmation of a visible 

cell mass at the injection site, zebrafish were transferred to a 24-well plate in 500 μL of 0.3X 

Danieau’s solution incubator and maintained at 34°C. The zebrafish with already formed 

metastasis at 1 hpi (hour post-injection) were discarded.  

After 24 hpi and 48 hpi, living zebrafish embryos were anesthetized using 0.04 mg/mL tricaine 

and were observed under a fluorescence inverted microscope (Nikon Eclipse TS100). Low 

magnification (X4 objective) was used to provide an overview of the tumor cell metastasis 

pattern throughout the fish. Pictures were taken by using the Archimed (Microvision 

Instruments) software. The Fiji software was used for automated tumor area evaluation. 

Briefly, a 30-225 intensity threshold was set to select cells and the ‘analyze’ particle tool was 

used with default selection of the cell size and cell shape during counting. A Fiji macro was 

generated using the ‘record’ function to streamline analyses.  

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9 software (GraphPad Software, 

Inc.). For two-group comparison, we used the t test when values are ≥ 15, otherwise Mann-

Whitney rank sum test was used. For quantitative comparisons of more than two samples, 

One-way ANOVA test was used followed by Bonferroni post-test. Two-way ANOVA followed 

by Bonferroni post-test was used for experiments containing three groups or more at different 

time points. For correlation graphs, two-tailed Pearson correlation test was used. The 
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experiments were carried out, independently, at least 3 times unless otherwise stated. In this 

case, n = number of independent experiments. A p-value of <0.05 was considered to be 

statistically significant. For all data in figures, *: p< 0.05, **: p< 0.01, ***: p< 0.001, ****: p< 

0.0001 or exact p-values were indicated. All tests were two-sided. 
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Supplementary figures 

 

 

Figure 171S: Additional lipid metabolism defects in liver cancers. 

All data shown here are generated from R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl).  (upper panel) 

LDLR and HMGCR gene expression in hepatoblastoma (HB): López-Terrada – 55- fRMA – u133p2 and the positive 

correlation between lipid-related genes. (middle pannel) PCSK9, SREBF2, LDLR and HMGCR gene expression in 

Hepatoblastoma: Raymond - 62 - deseq2_rlog - ensh38e82 and (lower panel) the correlation between the different lipid-

related genes. Unpaired t-test was used for gene expression and two-tailed Pearson correlation test was used between the 

genes. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Figure 182S: Inhibition of PCSK9 protein level by R-IMPP. 

Huh7, HepG2 and Huh6 cells were treated with 10 and 30 μM of R-IMPP. PCSK9 protein level was evaluated by western blot 

in these 2 conditions 24, 48 and 72 hours after treatment. Internal GAPDH was used for protein normalization (n=3). NT: 

non-treated; D: DMSO; R: R-IMPP. Two-way anova test, * p<0.05; ** p<0.01; *** p<0.001. 

 



 
 132 

 

Figure 193S: Effect of Simvastatin on cellular proliferation. 

(upper panel) cell growth was evaluated by MTS analysis using 3 liver cancer cell lines, Huh6, Huh7 and HepG2. Proliferation 

was evaluated up to 5 days after SV treatment except for Huh6 where the experiment was stopped at day 3 because of the 

extensive cell death at this time point. (middle panel) IC50 of SV treatment at day 3 are shown for the 3 cell lines. (lower 

panel) IC50 of R-IMPP and SV treatment at day 3 are shown for the 3 cell lines. Two-way anova test, * p<0.05; ** p<0.01; 

*** p<0.001. 
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Figure 204S: Effect of Simvastatin alone or in combination with R-IMPP on cellular migration. 

Images of wound healing assay taken by IncuCyte. Wound-healing confluence was followed for up to 24 hours after 

treatment with 25 µM SV or a combination of 10 µM R-IMPP and 25 µM SV. NT refers to non-treated cells. Veh stands for R-

IMPP (0.001% DMSO) and SV (0.001% ethanol) solvents. 
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Figure 215S: 14C enrichment of different neutral lipids and phospholipids after cell feeding with [1-14C] acetate. 

Cells were transfected with siRNA (si1 and si2) for 72 hours then fed with [14C] acetate. Lipid extraction was performed 1, 2 

and 4 hours after acetate feeding started. Average values were obtained from both PCSK9 siRNA.  
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Figure 226S: Inhibition of PCSK9 protein level by shRNA lentivirus transduction. 

Validation of depletion of PCSK9 by shRNA silencing. Cell extracts were prepared after transduction with control shRNA 

(shCTR) or targeting PCSK9 (shPCSK9) of Huh6 or Huh7 or HepG2 cells. Different MOIs (multiplicity of infection) were tested: 

1, 3, 5 and 10, the latter was picked for further experiments. 40 µg of cell proteins were loaded per lane on an SDS-PAGE. 

After electrophoresis and transfer, the membrane was analyzed by western blot using anti-PCSK9 antibodies and GAPDH 

antibodies for comparison of loading. The two bands observed for PCSK9 correspond to the pro-PCSK9 (74 kDa) and cleaved 

PCSK9 (60 kDa). 
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Figure 237S: Regulation of pathways leading to ferroptosis. 

The central regulator that inhibits ferroptosis is the selenoprotein GPX4, which together with GSH have antioxidant capacity 

against lipid ROS, and thus blocking ferroptosis (right side). The pathways that lead to the activation and synthesis of 

GPX4/GSH and hence ferroptosis inhibition include System Xc- mediated import of cystine, production of cysteine by trans-

sulfuration pathway, and finally production of selenocysteine by mevalonate pathway. Another important product of the 

mevalonate pathway is the ubiquinone/coenzyme Q10 (CoQ10), which can inhibit ferroptosis independently of GPX4. The 

oxidoreductase FSP1 reduces CoQ10 to ubiquinol (CoQ10 H2) that can trap lipid ROS, and then regenerates CoQ10 using 

NAD(P)H. (left side) The p62/Keap1/NRF2 pathway plays an important role in inhibiting ferroptosis by activating the 

expression of anti-oxidant defense genes, which as we found is regulated by PCSK9. 
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Part 2: Meprin α  
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Novel lipid-modulating roles of meprin α in liver cancer 
 

Introduction: 

Being the third leading cause of cancer-related mortality worldwide and with an incidence 

that continues to rise, liver cancer is gaining more attention than ever. The two most studied 

primary liver cancers in adults and children are hepatocellular carcinoma (HCC) and 

hepatoblastoma (HBL), respectively. HCC is the most common primary liver tumor that 

develops mostly in patients with underlying chronic liver disease, like cirrhosis. Other risk 

factors may lead to the development of HCC including HBV/HCV infection, excessive alcohol 

consumption and non-alcoholic fatty liver diseases. The incidence rate of HCC has been 

increasing over the last decade, with over 740,000 new cases/year being recorded. HBL, on 

the other hand, represents the majority of pediatric liver tumors, and not only it is rare, but 

also its incidence is rising worldwide. The etiology of HBL is still mysterious, and in 80% of the 

cases, HBL occurs sporadically. In some instances, it can be associated with premature birth, 

very low birth weight (less than 1500 g) and genetic/epigenetic alterations. The available 

methods of treatment for HCC and HBL like pre-operative chemotherapy and efficient surgical 

resections have enhanced the final outcomes. However, in some patients, such methods may 

not work because in some instances, tumors could be unresectable, metastatic and /or 

chemo-resistant. Hence, the search for novel therapeutic strategies provided by new biologic 

and molecular investigations is needed more than ever to treat these patients. 

Meprin α is a metalloprotease that belongs to the astacin family of zinc endopeptidases and 

the metzincin superfamily of metalloproteinases. Furin-mediated cleavage of meprin α from 

the plasma membrane followed by non-covalent oligomerization in the extracellular 

environment leads to its activation. Once activated, it can cleave a wide variety of substrates 

including receptors, cytokines, extracellular matrix (ECM) proteins, etc. In HCC, meprin α was 

found to be overexpressed and associated with aggressive clinicopathological features, faster 

recurrence, worse overall survival and hence poor prognosis. No studies have been done yet 

with regard to the role of meprin α in HBL. That’s why we were interested in investigating 

whether or not meprin α has a role in HBL and what its possible oncogenic functions in liver 

cancer might be. 
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Objective 

 

In addition to PCSK9 inhibition approach to fight liver cancer, we investigated meprin α, a 

multifunctional metalloprotease, because it was reported to be involved in PCSK9 processing 

and to be highly expressed in adult liver cancers.  

Indeed, our transcriptomic analysis of tumoral tissues derived from HBL patients showed 

significant overexpression in tumors (specifically the most proliferative subtype) when 

compared to normal liver tissues. We confirmed the same expression pattern using online 

available transcriptomic data from Lopez-Terrada et al., Raymond et al. and Buendia et al. 

(available on R2: Genomic analysis and visualization platform). 

Since Mep1a is known for its protumoral activities, we asked whether PCSK9-mediated 

connection of Mep1a opens up lipid-dependent activities of this metalloprotease in liver 

cancers.  

The specific aims of this part of the project are: 

Aim 1: to create cell line models to mimic the tumor profile by overexpressing Mep1a in 

Huh7 and HepG2 cells and analyze the impact of high levels of this metalloprotease on the 

overall composition of the cellular secretome. 

Aim 2: to conduct functional assays in these cell lines with specific focus on lipid metabolism 

and to validate the results in vivo using liver tissues from the available MEP1A KO mice. 
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Materials and Methods: 

Same materials and methods as in the first part were used in this second part of the project, 

with the exception of some that are mentioned below. 

Meprin α expression in Huh7 and HepG2 

The overexpression of meprin α was induced following lentivirus transduction of both cell lines 

using pLX304 expression-ready lentiviral system (Addgene®) containing the MEP1A gene 

(pLX304-MEP1A), followed by the V5 epitope tag (9 amino acids: IPNPLLGLD) at the C-

terminus. Additional transductions were performed using the empty pLX304 construct 

(pLX304-Mock) in order to obtain a control cell line. Cells containing the plasmid DNA were 

selected with blasticidin (20 µg/ml) selection. The obtained cell lines were named accordingly, 

Huh7/HepG2 Mock and Huh7/HepG2 MepV5.  

It is important to note that this lentivirus didn’t work in Huh6 cell lines because the CMV 

promotor was deactivated in these cells, so no expression of meprin α was detected after 

transduction. For that purpose, new cloning and new lentivirus production were done (refer 

to annex for detailed protocol).  

Conditioned media collection 

The extracellular mediators produced by HepG2 cells overexpressing meprin α (MepV5) and 

their control (Mock) were collected in the form of conditioned media (CM). The cells were 

plated in Falcon® culture flasks of 75 cm2 at a density of 1.106 cells. Once they reached 80% 

confluency, DMEM medium was removed and replaced with X-VIVO 15™ (BE02-060F, Lonza®) 

for 48 h. The CM (supernatants) were then collected and filtered at 0.22 μm (Millex® GP 

Millipore Express® PES Membrane) then stored at -20°C for later experiments. The cells were 

then counted to ensure that the CM came from comparable number of cells (± 15%). 

Western Blot 

Protein extracts from the different cell lines were prepared using RIPA buffer (NaCl 138 mM, 

NP-40/Igepal 1%, EDTA pH 8 2 mM, glycerol 10%, Tris-HCl pH 7.5 20 mM, SDS 0.1 %) 

supplemented with protease and phosphatase inhibitor cocktail (Roche Diagnostics, 

Mannheim, Germany) and centrifuged at 13,000 rpm for 15 min at 4°C. Pierce™ BCA protein 

assay kit (Thermo Scientific, Rockford, USA) was used to measure the protein contents of cell 
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extracts at 562 nm. 40 µg of protein lysates were then mixed with Laemmli buffer 1X (BioRad, 

Hercules, California, USA) and DTT 100 mM (Dithiothreitol, GE Healthcare LifeSciences), 

denatured at 95°C for 10 minutes then separated by precast polyacrylamide gel (4-15%) (Mini-

PROTEAN Stain Free ™ TGX Gels, BioRad®) for 2 hours at 80 V in a migration buffer (Tris-Glycine 

1X SDS 1% pH 8.6). Proteins were then semi-dry transferred to a 0.2 μm nitrocellulose 

membrane (Transblot Turbo, BioRad®) in Trans-Blot Turbo Buffer 1X (BioRad®), containing 

20% ethanol. After blocking with 5% BSA for 2 hours at room temperature, the membrane was 

incubated overnight with different primary antibodies (Table 4) at 4°C. The membrane was 

washed three times with TBS-Tween-20, 0.1% and incubated in the dark for 60 min with the 

respective secondary antibody (Table 5) at room temperature. The membrane was 

subsequently washed three additional times and scanned using Fusion FX (Vilber Lourmat). 

Quantification was performed using ImageJ software (National Institutes of Health, Bethesda, 

Maryland, USA). 

Table 4: Primary antibodies 

Antibody Origin Dilution Reference Type 

Anti-Meprin α Goat 1/1000 R&D (AF3220) Polyclonal 

Anti-PCSK9 Sheep 1 µg/ml R&D (AF3888) Polyclonal 

Anti-LDLR Rabbit 0.5 µg/ml Novus 

Biologicals 

(NBP1-06709) 

Polyclonal 

Anti-GAPDH 

HRP 

Mouse 1/10000 BioLegend 

(BLE649203) 

Monoclonal 
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Table 5: Secondary antibodies 

Antibody Origin Dilution Reference 

Anti-mouse IgG (H+L)-
HRP 

Goat 1/3000 Biorad (170-6516) 

Anti-goat IgG HRP Rabbit 1/1000 R&D (HAF017) 

Anti-rabbit IgG HRP Goat 1/5000 Sigma (A0545) 

Anti-sheep IgG HRP Rabbit 1/3000 Calbiochem 
(402100) 

 

Quantitative real time RT-qPCR 

Total RNA was extracted from the different cell lines using the Nucleospin RNA® isolation kit 

(Macherey-Nagel™) according to the manufacturer’s protocol. The RNA was quantified using 

Xpose. Total RNA was subjected to DNase treatment (DNase I, amplification grade [100U]; 

Invitrogen™) prior to reverse transcription. Following that, RNA samples were reverse 

transcribed by Maxima reverse transcriptase [200U/µL] (Thermo-Scientific™) according to the 

following protocol: 

1. Reaction components are added to a sterile, nuclease-free tube on ice in the indicated 

order:  

 

Template RNA Total RNA 1µg 

Primer Random Hexamer 

(#SO142) 

1 µL (100 pmol) 

dNTP mix, 10 mM each (#R0191) 1 µL (0.5 mM final concentration 

Water, nuclease-free To 14.5 µL 

  

2. If the RNA template is GC-rich or is known to contain secondary structures, it is gently 

mixed, briefly centrifuged and incubated at 65°C for 5 min. After chilling on ice, it is 

briefly centrifuged and placed again on ice 

3. The following reaction components are then added in the indicated order: 
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5X RT Buffer 4 µL 

Thermo Scientific™ RiboLock RNase 

Inhibitor (#EO0381) 

0.5 µL (20 U) 

Maxima Reverse Transcriptase 1 µL (200 U) 

Total volume 20 µL 

 

After gentle mixing they are briefly centrifuged.  

4. Incubation period:  

 

The samples are either used directly for qPCR or stored at -20°C for up to one week. 

Messenger RNA levels are determined by real time qPCR using SYBR qPCR Premix Ex Taq (Tli 

R4NaseH Plus) (TAKRR420W) with CFX Touch™ real-time qPCR Detection System (BioRad™). 

 

1. A total of 1 µl cDNA (50 ng/µl) is used as a template. It is mixed with a solution of 6 µl 

SYBR Takara with 2.5 µl of each primer (300 nM). The total reaction volume is 12µl. 

2. Then cycles are run as illustrated in the following diagram 
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Experiments were performed in triplicate for each sample. The data were analyzed by using 

CFX Manager™ software (BioRad™). mRNA levels were normalized to stable housekeeping 

genes β –actin and GAPDH, as confirmed by geNorm software.  

The RNA sequences of studied genes were found using the UCSC Genome Browser and primer 

pairs were designed with Primer-BLAST (NCBI®) software or primer bank (Table 6) and 

purchased from Eurofins®. 

 

Table 6: Forward and reverse primers used for real time qPCR 

Gene Forward primer 5’3’ Reverse Primer 5’ 3’ 

  β-Actin ATTGCCGACAGGATGCAGAA   
 

GCTGATCCACATCTGCTGGAA 

GAPDH    
 

CAAGGAGTAAGACCCCTGGA AGGGGAGATTCAGTGTGCTG 

LDLR    
 

GCTACCCCTCGAGACAGATG CACTGTCCGAAGCCTGTTCT 

HMGCR    
 

GAGCGTGCGTAAGGTGAGG ACAGAATCCTTGGATCCTCCAG 

  PCSK9 CTGGTGAAGATGAGTGGCGA CCCGGTGGTCACTCTGTATG 

  SREBF2 CCCTTCAGTGCAACGGTCATTCAC TGCCATTGGCCGTTTGTGTC 

 

Fluorescence microscopy 

Huh7 and HepG2 cells (Mock and MepV5) were seeded in chamber slides (8 well glass slide) 

at 5000 cell per well in complete DMEM (10% FBS + 1% streptomycin/penicillin) for 48 hours. 

The medium was then changed to DMEM that was not supplemented with any sera 

(incomplete DMEM) in order to do starvation for 24 hours. After that, fluorescently labeled 

native LDL (Low Density Lipoprotein from Human Plasma, DiI complex or DiI-LDL from 

Invitrogen™, L3482) was added into each well at a final concentration of 5 µg/mL. The slide 

chamber was then incubated at 37°C for 48 hours in a humidified, 5% CO2 atmosphere. Once 

the incubation period was over, the medium was discarded and wells were washed 4 times 

with PBS before fixing them using 4% paraformaldehyde (PFA) for 15 minutes. Finally, the 

chambers were washed again with PBS and distilled water (dH2O) before adding mounting 

medium for fluorescence with DAPI (VECTASHIELD®) and covering it with a cover slip. The slide 

was then observed under fluorescence microscope. 
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Flow Cytometry 

For the purpose of measuring the uptake of DiI-LDL by HCC cell lines, Huh7 cells (Mock and 

MepV5) were seeded in a 6-well plate at 50,000 cells per well in complete DMEM. The cells 

were left for 48 hours in complete medium. They were then starved by changing the medium 

to incomplete DMEM for 12-24 hours. Finally, DiI-LDL (Ci 1 mg/mL / Cf 5 µg/mL) was added to 

the wells -except the negative control ones. The plate was then incubated at 37°C for 2-4 hours 

in a humidified, 5% CO2 atmosphere. The measurement of the uptake was done by flow 

cytometry. 

Label-free quantitative proteomics 

Proteomic analysis was performed on proteins that were secreted into a 48-hour conditioned-

media (X-VIVO 15™, Lonza) derived from HepG2 Mock and HepG2-MepV5 cells. Samples were 

loaded on a 10% acrylamide SDS-PAGE gel. Migration was stopped when the samples entered 

the resolving gel and the proteins were visualized by colloidal blue staining. Each SDS-PAGE 

band was cut into 1 mm x 1 mm gel pieces. Gel pieces were de-stained in 25 mM ammonium 

bicarbonate (NH4HCO3), 50% acetonitrile (ACN) and shrunk in ACN for 10 minutes. 

After ACN removal, the gel pieces were dried at room temperature (RT). The proteins were 

first reduced in 10 mM dithiothreitol, 100 mM NH4HCO3 for 30 minutes at 56°C then alkylated 

in 100 mM iodoacetamide, 100 mM NH4HCO3 for 30 minutes at RT and shrunk in ACN for 10 

minutes. After ACN removal, the gel pieces were rehydrated with 100 mM NH4HCO3 for 10 

minutes at RT. Before protein digestion, the gel pieces were shrunk in ACN for 10 minutes and 

dried at RT. The proteins were digested by incubating each gel slice with 10 ng/μL of trypsin 

(T6567, Sigma-Aldrich) in 40 mM NH4HCO3, 10% ACN, rehydrated at 4°C for 10 minutes, and 

were finally incubated overnight at 37°C. The resulting peptides were extracted from the gel 

in three steps: the first incubation was in 40 mM NH4HCO3, 10% ACN for 15 minutes at RT and 

the two subsequent incubations were in 47.5% ACN, 5% formic acid for 15 minutes at RT. The 

three collected extractions were pooled with the initial digestion supernatant, dried in 

SpeedVac, and re-suspended with 25 μL of 0.1% formic acid before nanoLC-MS/MS analysis.  

Online nanoLC-MS/MS analyses were performed using an Ultimate 3000 RSLC Nano-UPHLC 

system (Thermo Scientific, USA) coupled to a nanospray Q-Exactive hybrid quadrupole-

Orbitrap mass spectrometer (Thermo Scientific, USA). 10 μL of each peptide extract were 
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loaded on a 300 μm ID x 5 mm PepMap C18 precolumn (Thermo Scientific, USA) at a flow rate 

of 20 μL/min. After 5 minutes desalting, peptides were separated on a 75 μm ID x 25 mm C18 

Acclaim PepMao® RSLC column (Thermo Scientific, USA) with a 4-40% linear gradient of 

solvent B (0.1% formic acid in 80% ACN) in 108 min. The separation flow rate was set at 300 

nL/minn. The mass spectrometer operated in positive ion mode at a 1.8 kV needle voltage. 

Data were acquired using Xcalibur 3.1 software in a data-dependent mode. MS scans (m/z 

350-1600) were recorded at the resolution of R=70000 (@ m/z 200) and an AGC target of 3 x 

106 ions collected within 100ms. Dynamic exclusion was set to 30 s and top 12 ions were 

selected from fragmentation in HCD mode. MS/MS scans with a target value of 1 x 105 ions 

were collected with a maximum fill time of 100ms and a resolution of R =17500. Additionally, 

only +2 and +3 charged ions were selected for fragmentation. The other settings were as 

follows: no sheath and no auxiliary gas flow, heated capillary temperature, 200°C; normalized 

HCD collision energy of 27% and an isolation width of 2 m/z.  

For protein identification, we used the Mascot 2.5 algorithm available with Proteome 

Discoverer 1.4 Software (ThermoFischer Scientific Inc.). It was used in batch mode by 

searching against the UniProt Homo sapiens database (70,709 entries, Reference Proteome 

Set, release 2017_04) from http://www.uniprot.org/ website. Two missed enzyme cleavage 

were allowed. Mass tolerances in MS and MS/MS were set to 10 ppm and 0.02 Da. Oxidation 

of methionine, acetylation of lysine and deamidation of asparagine and glutamine were 

looked for dynamic modifications. Carbamidomethylation on cysteine was searched as statis 

modification. Raw LC-MS/MS data were imported in Proline Studio 

(http://proline.profiproteomics.fr/) for feature detection, alignment and quantification. 

Protein identification was only accepted with at least 2 specific peptides with a pretty rank=1 

and with a protein FDR value less than 1.0% calculated using the “decoy” option in Mascot.  

Protein intensity levels were considered to be variable if the ratio of HepG2 MepV5/HepG2 

Mock was less than or equal to ≤0.66 or greater than or equal to 1.5 (Fold Change -1.5/1.5). 

The significance of these variations was verified by a Limma t-test (p<0.05). 

Lipidomic analysis 

WT and Mep1α KO mice liver tissues were donated by Institut Für Biochemie-Universität Kiel, 

Germany by Prof. Dr. Christoph Becker-Pauly. The extraction of lipids from approximately 50 

http://www.uniprot.org/
http://proline.profiproteomics.fr/
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mg of liver tissues was done by homogenizing the tissue using the TissueLyser II (Qiagen). 

Tissues were disrupted with stainless steel beads 5 nm (Qiagen #69989). For homogenization, 

1 mL of ice cold isopropanol was added and homogenization was performed twice for 30 sec. 

The homogenates were transferred to glass tubes and the TissueLyser tube was washed with 

1 mL isopropanol. The samples were then heated at 85°C for 30 min. 

After cooling, 2 mL CHCl3:MeOH (2:1) were added and the mixture was stirred at 220 rpm for 

2 hours at room temperature on a rotary shaker. After separation of the two layers by 

centrifugation at 1000 x g for 5 min, the organic phase was collected and transferred to a new 

tube. The upper aqueous layer was re-extracted with 2 mL of CHCl3 under stirring on a rotary 

shaker for another 12 hours, centrifuged off and the two organic phases were combined. After 

washing with 1.5 mL of 0.9% NaCl, the samples were centrifuged at 1000 x g for 10 min. The 

resulting organic phases were dried on hydrophilic cotton that had been previously washed 

with 1 mL of CHCl3, 1 mL of MeOH and 1 mL of CHCl3:MeOH (1:1) to remove any remaining 

tissue debris. Finally, samples were evaporated to dryness and resuspended in 1 mL. 

 

Results 

1. MEP1A overexpression in HBL 

RNAseq analysis of 22 patient-derived HBL tumors vs non-tumor counterparts made in our lab 

revealed the deregulation of the expression of many genes [96]. Interestingly, MEP1A 

expression was elevated in the tumor region compared to non-tumor counterparts (Figure 17, 

A). [For detailed expression in HBL subtypes, refer to figure S1, A in annex]. Moreover, using 

the R2: Genomic analysis and visualization platform, we also observed an upregulation in the 

expression of MEP1A in HBL tumors compared to normal tissues according to the data from 

López-Terrada et al. and Raymond et al. (Figure 17, B) as well as Buendia et al. (Figure S1, A). 

In addition, it was interesting to check whether the profile was similar in hepatic cancer cell 

lines in vitro. Indeed, in the RNAseq data derived from these cells, MEP1A expression was 

higher in Huh7 (HCC cell line) and HepG2 (HBL cell line) cells, while almost no expression was 

detected in THLE2 (normal liver cell line) and Huh6 (HBL cell line) cells (Figure 17, C). In order 

to confirm this expression at the protein level, western blot analysis was done and surprisingly, 

we couldn’t detect any expression of meprin α in Huh7, HepG2 and Huh6 cells (Figure S1, B).   
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Figure 2417: Transcript level of MEP1A. 

Transcript level of MEP1A in (A) HBL tumors compared to non-tumoral counterparts as revealed by our RNAseq analysis, (B) 

in mixed hepatoblastoma from López-Terrada et al. and Raymond et al., (C) in our different liver tumor cell lines (HepG2, 

Huh6 and Huh7) vs normal THLE-2 cells. Mann-Whitney test *** p=0.0008. 

 

2. Meprin α overexpression and proteomic analysis 

Since our cells didn’t show any expression of meprin α at the protein level, we aimed at 

overexpressing it using a lentivirus system. Huh7 and HepG2 cells were transduced with 

lentivirus pLX-304-MEP1A-V5 to create cell lines that are overexpressing MEP1A or with pLX-

304-Mock as a control (Figure 18, A). Since it is known that meprin α is activated after cleavage 

and secretion, we next did proteomic analysis by LC-MS/MS on the CM obtained from HepG2 

Mock and HepG2 MepV5 cells and compared the relative intensities using label-free approach 

in order to identify the proteins that could be deregulated upon meprin α expression. The 

criteria followed to determine significance includes: (i) validation if proteins are identified with 

at least 2 peptides and an FDR rate <1%; (ii) considered as variant if the ratio HepG2 

MepV5/HepG2 Mock ≤0.6 or ≥1.5. As a result, this approach allowed us to identify 111 

proteins, of which 18 were significant variants according to the above criteria. Among these 

18 variants, 6 proteins were upregulated (red dots) including meprin α and 12 proteins were 
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downregulated (green dots) in HepG2 MepV5 versus HepG2 Mock (Figure 18, B). Table 7 

summarizes the significantly deregulated proteins, some of which are known substrates for 

meprin α, such as PCSK9, SPARC, PAI-1 and SERPIN A3. Looking at these deregulated proteins, 

we noticed the possible implication of meprin α in two aspects: immunomodulation 

(SPARC/PAI-1 pathway) and metabolism (PCSK9 and its related proteins). Since the 

metabolism is our main interest, we proceeded in this direction.  

 

 

Figure 2518: MEP1A overexpression and proteomic analysis 

(A) Successful overexpression of MEP1A in HepG2 and Huh7 cells shows two bands at 100 and 90 kDa representing pro-

protein and cleaved MEP1A respectively, (B) volcano plot shows –log 10 p-value (Y-axis) vs log ratio HepG2 MepV5/Mock 

(X-axis) of all analyzed proteins, green dots represent significant downregulated proteins, while red dots represent 

significant upregulated proteins. 
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Table 7: Deregulated proteins in meprin overexpressing cells versus control 

For instance, PCSK9 is a known regulator of lipid metabolism; LDHA is involved in aneorbic respiration and is responsible for 

the accumulation of lactate instead of pyruvate; SERPIN A3, also known as α-1-antichymotrypsin, is a protease inhibitor 

whose expression is downregulated in HCC. It was shown to control chromatin condensation and proliferation in HCC [291]. 

Upregulated Downregulated 

IGFBP1 Matrilin-3 SPARC EF2 

PAI-1 SERPIN A3 Gastricsin IGHG1 

AFP SERPIN F1 RACK1 SERPIN A5 

LDHA GAL3BP HBB C3/C5 

convertase 

PCSK9    

 

3. Altered lipid metabolism in the presence of meprin α 

From our RNAseq data of HBL tumors, we observe that meprin α overexpression is 

accompanied by a deregulation in the expression of proteins and enzymes involved in lipid 

metabolism including, PCSK9, LDLR, HMGCR, and squalene synthase (FDFT1) (Figure 19, A). 

Indeed, meprin α overexpression is accompanied by an increase in PCSK9 and decrease in 

LDLR expression, which may lead to higher potential in lipoprotein uptake by cells. Besides, 

the observed increase in the expression of rate limiting enzymes of the mevalonate pathway 

indicates that the cells seem to rather depend on their own production of cholesterol (Figure 

19, B). In order to check if we have the same gene expression profile in our meprin 

overexpressing cells, RT-qPCR was performed and the mRNA expression level of PCSK9, LDLR, 

HMGCR and SREBF2 was checked. The results didn’t show any significant changes, but rather 

tendencies (Figure S2, A). Similarly, checking the protein expression level of PCSK9 and LDLR 

didn’t reveal any significant changes as well (Figure S2, B). The absence of any relationship 

between the mRNA levels of these genes and the higher expression of Mep1a indicates that 

the crosstalk between Mep1a and the other genes is not at the transcriptional level. Taking 

into account the results from the proteomic analysis, it is conceivable that meprin α may act 

via its enzymatic activities to modulate the secretion/maturation of these varying proteins. 

The next step is to find out whether the change in the amount of some of these lipid 
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metabolism related proteins may be translated by functional changes at the lipid metabolism 

level. 

 

Figure 2619: mRNA expression level of genes involved in lipid uptake and cholesterol synthesis. 

(A) The expression level of PCSK9, LDLR, HMGCR and squalene synthase (FDFT1) is increased (FDFT1) in HBL tumor as 

revealed by our RNAseq data [96], (B) figure summarizing the degradation of LDLR by PCSK9, thus decreasing lipid uptake, 

and the increase in the cholesterol synthesis by HMGCR and squalene synthase represented in red. Ordinary one-way 

ANOVA, * p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001. 

 

4. Lipid uptake by meprin overexpressing cells 

Since PCSK9 is a potential substrate of Mep1a, we hypothesized that the higher PCSK9 

observed in meprin-overexpressing cells would induce LDLR degradation, resulting in less 

uptake of lipid particles. In order to confirm this hypothesis, lipid uptake was measured by 

flow cytometry using native labeled DiI-LDL. The results revealed a significant decrease in the 

uptake of DiI-LDL by Huh7-MepV5 cells as compared to control (Figure 20). Microscopic 

examination of these cells confirmed that Mep1a-overexpressing Huh7 cells accumulate less 

DiI-LDL. These results bring the first functional argument linking meprin α to lipoprotein 

uptake and lipid metabolism.   
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Figure 2720: Lipid uptake by meprin overexpressing cells. 

DiI-LDL uptake measured by flow cytometry in meprin overexpressing Huh7 vs their control reveals a significant decrease, 

which we can see also in the immunofluorescence images of cells labeled with Dil-LDL (right panel). Wilcoxon matched-pairs 

signed rank test * p=0.0313.  

 

5. Does meprin overexpression modulate mitochondrial respiration? 

Next, we asked whether the overexpression of meprin affects the global energetic metabolism 

and mitochondrial activities. For this purpose, the mitochondrial oxygen consumption rate 

(OCR) was measured under different feeding conditions (see materials and methods section) 

using SeaHorse assay (Figure 21, A). The results show that the overexpression of meprin 

increases the mitochondrial OCR in Huh7 cells in all feeding conditions, both at the basal and 

maximal respiratory capacity (Figure 21, B & C), which were not modified by glucose. In Mock 

and MepV5 cells, the basal OCR is significantly higher in the absence of glucose, whilst it 

becomes significantly lower in the absence of glutamine or in the presence of a glutaminase 

inhibitor. Similarly, the maximal respiratory capacity of Huh7 Mock and MepV5 cells show a 

significant decrease in the presence of a glutaminase inhibitor. This indicates that Huh7 cells 

seem to be dependent on glutamine metabolism for respiration (check figure S3 for detailed 

OCR measurements in Huh7 Mock/MepV5 in the presence of oligomycin). Concerning HepG2 

cells, the OCR was measured under two feeding conditions, presence or absence of glucose 

(Figure S3). The results show that meprin overexpressing cells have higher maximum 
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respiration than their control. The basal respiration was further significantly increased in the 

absence of glucose by Mep1a overexpression. The increase we have observed in both Huh7 

and HepG2 cells could be due to an increase in lipid metabolism. This could be evaluated by 

targeting lipid metabolism enzymes and measuring again the respiration and proliferation of 

cells.  

Globally, these respiration assays demonstrated that meprin  contributes to the global 

change in metabolism at least by increasing the addiction to glutamine and maybe by 

modulating the lipid metabolism. 

 

Figure 2821: OCR in Huh7 Mock versus MepV5 cells. 

(A) Mitochondrial OCR in Huh7 Mock vs MepV5 cells under four different feeding conditions, (B) Basal OCR and (C) maximal 
OCR (CCCP) in the presence of glucose (+Glc), absence of glucose (-Glc), absence of glutamine (-Gln) or presence of 

glutaminase inhibitor (+Glnase inhibitor). The OCR at the basal level was also measured in the presence of oligomycin to 
inhibit ATP synthase and thus determine the mitochondrial OCR, and in the presence of CCCP to measure the maximal 
respiratory capacity. The different feeding conditions (±Glc, ±Gln) were used to evaluate whether the cell respiration 
depends on one of the nutrients more than the other i.e., glucose over glutamine or not. The glutaminase inhibitor 

prevents glutamine metabolism and the cells need to switch to glucose for their respiration.  Ordinary two-way ANOVA, * 
p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001 
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6. Does overexpression of MEP1A modulate the cellular lipid 

composition? 

Because of the change in lipid uptake and mitochondrial activity, which we hypothesized to 

be due to an increase in lipid metabolism, we assessed the amount of lipids e.g., neutral lipids 

(NL) and phospholipids (PL) in our meprin overexpressing cells. For in vivo validation of these 

data, we measured these lipids in mouse liver tissues (Wild type vs MEP1A KO mice) obtained 

from Institut Für Biochemie-Universität Kiel, Germany by Prof. Christoph Becker-Pauly. 

Lipidomics analysis revealed no significant difference in NL and PL composition in meprin 

overexpressing cells as compared to control when grown in complete medium (Figure 22, A & 

B) or in starvation condition (Figure S4). Since the overall lipid content of cells did not vary 

during the steady state, we cannot exclude that the decrease in lipid uptake observed earlier 

(Figure 20) may be compensated by an increased de novo lipogenesis. Further fluxomics 

studies may better address these metabolic aspects. Interestingly, data analysis of liver tissues 

derived from WT or MEP1A KO mice showed some lipid variations (figure 22 C & D). Indeed, 

cholesterol and FA content of liver is significantly lower in the absence of Mep1a while TAG 

was significantly higher in these samples. We reported no change in the amount of 

phospholipids. One explanation for these findings is that meprin  is involved in the activation 

of lipogenesis and hence its absence leads to lower synthesis of cholesterol and FA. This 

hypothesis is supported by the transcriptomic data associating high lipogenesis with high 

expression of this metalloprotease. These in vivo data clearly show that Mep1a can modulate 

to some extent the lipid metabolism in liver. However, the exact metabolic pathways involved 

need to be further clarified using more advanced metabolomic and fluxomic studies after 

adding labeled substrates and metabolites. 
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Figure 2922: Composition of NL and PL in meprin overexpressing cells and mice liver tissue. 

(A & C) NL are neutral lipids i.e., diacylglycerol (DAG), cholesterol, fatty acid (FA) and triacylglycerol (TAG). (B & D) PL are 

phospholipids i.e., phosphatidyl-choline (PC), -serine (PS), -inositol (PI) and –ethanolamine (PE). (A & B) Meprin 

overexpressing cells vs their controls when cultured in complete medium; (C & D) Wild type (WT) and MEP1A KO mouse 

liver tissues. Unpaired T-test * p<0.05; ** p<0.01 
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7. Does statin treatment reverse lipid profile? 

Since we have shown that Mep1a is implicated in lowering lipid uptake and activating 

lipogenesis, we asked next how the pharmacological inhibition of cholesterol synthesis would 

affect the lipid metabolism in meprin overexpressing cancer liver cells. Indeed, we used 

simvastatin, an inhibitor that targets the rate-limiting enzyme of the mevalonate pathway and 

cholesterol synthesis e.g., HMGCR. In this case, Huh7 and HepG2 Mock/MepV5 cells were 

treated with 25 μM simvastatin for 3 days. First, we verified the levels of LDLR and PCSK9 

proteins, which are known to be modulated by statins (Figure 23, A & B). We observed almost 

no change in the amount of LDLR induced by the statin treatment, and regardless of meprin 

overexpression, while it was expected to be higher with statin treatment. By looking at its 

negative regulator, PCSK9, which is known to be augmented by statin treatment, our results 

showed borderline increase in the expression of this protein when Mep1a is overexpressed. 

These high levels of PCSK9 probably lead to faster turnover and degradation rates of LDLR, 

hence preventing any upregulation of this receptor. This is despite the fact that our 

preliminary data of lipid uptake by Huh7 Mock/MepV5 cells seemed to reveal a marked 

increase in the uptake of DiI-LDL by cells with the statin treatment (Figure 23, C). If confirmed 

by further analysis, these data may be explained by a high activity and turnover of LDLR. 

However, the higher amount of PCSK9 prevented the recycling of this receptor to the cell 

membrane and rather promoted its continuous degradation by the lysosomes. The presence 

of meprin α didn’t seem to modulate this process under the treatment conditions by 

simvastatin.   

 



 
 159 

 

 

Figure 3023: Effect of simvastatin (SV) treatment on protein expression levels and DiI-LDL uptake. 

Western blot showing the protein expression levels of LDLR and PCSK9 in Huh7 (A) and HepG2 (B) Mock and MepV5 cells 
treated with 25μM SV for 3 days along their respective quantification; GAPDH represents the house-keeping gene (C) Flow 

cytometry of DiI-LDL uptake by Huh7 Mock and MepV5 cells that are treated with 25μM SV for 3 days. 
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Conclusion and discussion 

In this project, we have shown so far that MEP1A expression is increased in HBL tumors 

compared to the non-tumor tissues, and this goes in accordance with the other genomic 

analysis of hepatoblastoma tumors done by different groups [96], [292]. This increase was 

confirmed by RNAseq analysis of hepatic cancer cell lines, which showed a marked expression 

in HepG2 (HBL cell line) and Huh7 (HCC cell line), whilst no expression was detected in Huh6 

(HBL cell line) and THLE-2 (normal cells). Surprisingly, by looking at the protein expression level 

of MEP1A in these cell lines, no expression was detected at all. For this reason and to be more 

relevant to the in vivo context, it was necessary to overexpress meprin in these cells using a 

lentivirus in order to mimic the real situation. This lentivirus system was only effective in 

HepG2 and Huh7 cells, but not in Huh6 due to the lack of activity of the CMV (cytomegalovirus) 

promoter in these cells [293] and it will be essential in the future to create such a model in 

this cell line. More lately, our team was able to subclone MEP1A under the control of EF1a 

(elongation factor 1 alpha) promoter and a new lentivirus was produced (see Annex). Future 

investigations with this additional cell line are needed to strengthen and validate our present 

findings. 

Proteomic analysis of the secretome derived from HepG2 meprin overexpressing cells vs their 

control highlighted the potential role of this enzyme in lipid metabolism, through alterations 

in the expression of PCSK9 and its related proteins. This was confirmed through the significant 

decrease in the uptake of DiI-LDL in meprin overexpressing cells, which was reversed with 

statin treatment. Moreover, I have also shown that in the presence of meprin α, the 

mitochondrial respiration is significantly enhanced, and seems to be dependent on the 

presence of glutamine.  

Of particular note in the proteomic data is the deregulation of proteins involved in 

angiogenesis, immunomodulation and tumor progression of HCC, like SPARC and PAI-1 [294], 

[295]. I believe it is necessary to explore this path in order to unravel the possible immuno-

oncogenic roles of meprin α and there are some points that must be addressed. First, in 

addition to exploring cell secretome, proteomic analysis should be carried out in cell extracts 

as well, in order to uncover potential intracellular changes in proteins and pathways. Second, 

the overall analyses should be conducted in all liver cancer cell lines available in the laboratory 
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to have a better understanding of the role of meprin α in different cellular and pathological 

contexts. Third, it is true that we have induced higher expression of meprin in our cell lines, 

but what’s even more important is to check the activity of this protein. I have conducted 

preliminary assessment of the enzymatic activity of meprin in the different cell lines, without 

conclusive results. Additional optimization of protocols is needed to finalize this part of the 

project. 

Lipidomic analysis of male WT and MEP1A KO mice-derived tissues, as well as meprin 

overexpressing cells and their control, underlined an important role of meprin in the lipid 

metabolism of the liver both in vitro and in vivo. In addition, having these WT and MEP1A KO 

mice-derived liver tissues (male and female) as well as their blood samples could be useful to 

draw more complete pictures of changes in the lipid pattern at the systemic level, and whether 

the gender could affect such changes. For instance, regardless of the gender, the expression 

level of PCSK9 and its related proteins in these tissues should be checked by western blot and 

immunohistochemistry and the plasma level of PCSK9 by ELISA. Also, the female tissues can 

be included in lipidomic analysis to determine the lipid content and Oil Red O stain can be 

done on tissue sections to detect neutral triglycerides and lipids, hence monitoring the lipid 

droplets under meprin KO conditions. All of these would give us better understanding of the 

changes occurring at the lipidic level.  

As for the cellular levels, more in depth analyses of lipidomic as well as fluxomics are needed 

to clarify the exact metabolic changes affected by meprin α to better understand how this 

enzyme affects the crosstalk and feedback regulation between lipid uptake and lipogenesis. 

In conclusion, this part of the project has some promising results, but more analyses and 

exploration are needed to further understand the novel and complex involvement of meprin α 

in lipid metabolism, which seems to be partly linked to PCSK9. Modification of the energetic 

metabolism by meprin α may also be the tip of the iceberg of more complex and critical 

involvement of this enzyme in a wider pattern of metabolic pathways, which exploration may 

lead to novel functions of meprin in different physiopathological contexts. 
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From my project, I have unraveled novel functions of PCSK9 including its involvement in 

maintaining cell redox homeostasis and serving as a new player in ferroptosis. Inhibition of 

PCSK9 was effective in breaking up the oncometabolic process and seemed to weaken the 

cellular response to iron-triggered lipid peroxidation and hence diminished cell growth. 

Moreover, I also identified that meprin α, which is overexpressed in HCC and HBL, has some 

novel and complex involvement in lipid metabolism that could be partly linked to PCSK9. 

The main focus of my work was to have a deep understanding of the lipid metabolism, which 

deregulation has gained attention due to its critical role in liver oncongenesis in both HCC and 

HBL. I was aiming at finding alternative therapeutic approaches that are less toxic and widely 

available. The metabolism of lipids is a network of interconnected pathways finely regulated 

and where any malfunction could drive many pathological processes including cancers. Many 

key players have been described before as regulators of lipid metabolism including some 

metabolites like acetyl-CoA and acetate, enzymes and transcription factors like ACLY, ACSS2 

and SREBP2 [296].  

We have been specifically interested in a proprotein convertase called PCSK9 whose function 

and involvement in lipid metabolism have been described in section V of the introduction. The 

increased levels of PCSK9 that we have observed in multiple databases in HCC and HBL 

indicated that this protein could have oncogenic roles in tumor development. Alongside 

PCSK9, we have also seen an increase in meprin α, HMGCR and FDFT1, which are key rate-

limiting enzymes of de novo lipogenesis. It is important to mention that meprin α is also 

overexpressed in HCC and promotes the aggressiveness of the disease resulting in bad 

prognosis. No one has ever studied meprin α in HBL though we have observed a significant 

overexpression of this metalloprotease in several databases related to this cancer. 

Our overall analyses revealed deregulation of lipid metabolism with a shift towards de novo 

synthesis instead of lipoprotein uptake by receptors. This observed profile is seen in patients 

suffering from hypercholesterolemia (familial on non-familial) and CVD. In such patients, the 

first-line drugs used to treat them includes statins, which can be combined at certain stages 

(especially when statins are no longer efficient by themselves to lower cholesterol levels, or 

when patients develop resistance to statins) with PCSK9 inhibitors (at this stage, mAbs: 

evolocumab and alirocumab) (see section V.5 and V.8). An interesting consideration about 
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these drugs is that they are already FDA approved and have passed multiple clinical trials. In 

addition, statins have been studied for their anti-tumor effects in many cancers and are 

currently under investigation in more than 20 clinical trials [296], [297]. This highlights the 

need of testing the efficacy of these treatments, alone or in combination, in inhibiting tumor 

growth of HCC and HBL, hence serving as alternative approach to chemotherapy. 

Indeed, my results show that targeting PCSK9 with pharmacological or genetic approaches 

resulted in inhibition of cell proliferation in vitro and decrease in tumor aggressiveness and 

size in vivo. The combination of such a treatment with statins revealed a synergetic effect. 

Moreover, the massive accumulation of peroxidation-prone lipids observed with PCSK9 

inhibition by lipidomics and TEM revealed a new mechanism by which PCSK9 inhibition 

triggers cell death, which is ferroptosis, through Keap1/Nrf2 pathway. Ferroptosis is activated 

upon overwhelming accumulation of lipid peroxides triggering irreversible cell damages. 

Moreover, we have shown that the overexpression of meprin α resulted in the deregulation 

in the expression of many proteins involved in lipid metabolism and inflammation. Indeed, 

meprin α overexpression was accompanied by increased PCSK9 expression and decrease in 

lipid uptake.  

These results open the way to several perspectives in the context of the novel involvement of 

PCSK9 in the control of ferroptosis. To validate these conclusions, additional experiments are 

needed.  

First, it is important to complete the analysis by measuring the level of lipid peroxidation in 

cells and to identify the PUFA-phospholipids that are oxidized upon PCSK9 silencing. For 

instance, Kagan et al. [298] discovered doubly and triply oxygenated diacyl arachidonoyl and 

adrenoyl PE generated by lipooxygenase (LOX) as ferroptotis death signals. Experiments are 

currently under way to determine the extent of lipid peroxidation. Moreover, lipidomics will 

allow to verify the level of free and esterified FAs in this experimental setting.  

Second, we need to verify whether the use of some inhibitors of ferroptosis such as 

ferrostatin-1 will be able to reverse some of the antitumoral effects of anti-PCSK9 approaches. 

Treatment by erastin will serve as positive control of ferroptosis. 
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Third, the synergism between PCSK9 inhibition and statin treatment that we have observed in 

vitro should be translated to in vivo models like CAM. In this case, different combinations and 

monotreatments can be tried to find the best conditions before considering a mammalian 

model like the murine one. Even though European reglementations are now tending toward 

excluding animal experimentations, if such experimentation is allowed in the future, we could 

test the effectiveness of different formulations of our therapeutic agents (nanoparticle, 

liposomes or adeno-associated virus) and the mode of administration of drugs or siRNA (oral, 

bloodstream, peritumoral, etc.). Ideally, it would be essential to identify an easy delivery 

system that can bring the drug directly into the liver cancer cells. The dose of the delivery 

system, the mode of administration, immune responses and off-target effects leading to 

cytotoxicity could be studied in parallel in mice. Such strong in vivo data would reveal more 

preclinical information related to angiogenesis, metastasis and tumor growth taking into 

account the microenvironnement. 

As for meprin, proteomics analysis should be first extended to different cell lines and 

performed not only in cell supernatant but also in cell extract. Because meprin is a 

metalloprotease that needs to be cleaved and form oligomers in the ECM to become 

activated, it’s essential to measure the activity of this protein in our cell lines to confirm its 

activation status and that it’s functional. This can be done by using a fluorogenic peptide 

substrate specific for meprin α (mca-HVANDPIW-K-dnp), which was given by Pr. Christoph 

Becker-Pauly. After confirming that meprin α is active, and because PCSK9 has already been 

identified as a substrate of meprin α, which can cleave it at multiple sites [246], we must 

control  in our conditions the different maturation forms of PCSK9.  

Second, to further explore the connection between PCSK9 and meprin α and to verify the 

extent of PCSK9-dependent protumoral activities of meprin α, additional experiments are 

needed as well. One option is to overexpress meprin α in cells lacking or not PCSK9 (pre-

transduced by shRNA) and see the impact of such treatment on tumor cell growth. 

Finally, one intriguing question one could ask is whether targeting both genes would have 

additive synergetic effect on oncogenesis. We may answer this question by using meprin 

inhibitors (e.g., actinonin, galardin, etc.) in combination with PCSK9 siRNA in Mep1a 

overexpressing cell lines. 
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All these experiments will allow to better understand the role of PCSK9 and meprin α in lipid 

metabolism whose deregulation is an emerging hallmark in cancer cells. This understanding 

will allow us to offer more therapeutic options targeting both enzymes to treat liver cancers 

more effectively and with less side effects. 
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Annex 1 

Supplementary Figures  

 

 

 

Figure S1: MEP1A mRNA expression and protein expression. 

(A) mRNA expression from our RNAseq data in the different HBL subtypes and from Buendia et al. from R2 database; (B) 

protein expression level in our hepatic cancer cell lines.  
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Figure S2: Expression of PCSK9 and its related genes. 

(A) mRNA expression level of PCSK9, LDLR, SREBF2 and HMGCR in Mock and MepV5 cells; (B) protein expression level of 

PCSK9 and LDLR in Mock and MepV5 cells. 
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Figure S 3: OCR in HepG2 and Huh7 cells. 

Top section shows the OCR in HepG2 cells in the presence of glucose (+Glc) and absence of glucose (-Glc) at basal and 

maximal respiratory capacity. Middle section shows the OCR in Huh7 cells at the basal level which was also measured in the 

presence of oligomycin to inhibit ATP synthase and thus determine the mitochondrial OCR, and in the presence of CCCP to 

measure the maximal respiratory capacity. Bottom figure shows the OCR in the presence of oligomycin between different 

feeding conditions 
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Figure S4: Lipidomics in Huh7 and HepG2 Mock/MepV5 cells under starvation conditions for 48 hours. 

  



 
 193 

Annex 2 

CRISPR/Cas9 mediated PCSK9 knock-out  

Two sgRNA target DNA sequences (PCSK9#4: 5’- GTCGTGCTGGTCACCGCTGC -3’; PCSK9#5: 5’- 

CGGCTGTACCCACCCGCCAG -3’) located in exon 6 of PCSK9 gene were designed using CRISPOR 

algorithm (crispor.tefor.net; [299]).  Alt-R®-crRNA corresponding to target sequences were 

purchased from Integrated DNA Technologies (IDT) as well as human crRNA negative control 

and resuspended to 100 µM in IDTE buffer. They were then equally mixed with 100 µM Alt-

R®-tracrRNA (IDT), annealed by heating for 5 minutes at 95°C and cooled to room temperature 

(RT). This dual gRNA was diluted to 1.2 µM in OPTI-MEM and 4.5 µL mixed with an equal 

volume of 1 µM OPTI-MEM diluted Alt-R® S.p-Cas9HIFIv3 (IDT) and with 1.5 µL of Cas9 Plus™ 

Reagent and 1 µL of Lipofectamine CRISPRmax reagent (ThermoFisher Scientific) to form 

ribonucleoprotein lipofection complex. After 10 minutes incubation at RT, the solution was 

added in a 96-well plate containing 10 000 cells/well plated the day before in 100 µL culture 

medium. At 2-3 days post transfection, cells were trypsinized and half of them were cultured 

while the other half was pelleted, lysed and used as PCR template using Phire Tissue Direct 

PCR Master Mix (ThermoFisher Scientific). PCR amplification of the targeted area was done 

following supplier instruction with primers 5’- TCTGTGCCTGTAAGGGAGGG -3’ and 5’- 

ATGATGGAGGTTTCGAGCCC -3’. Sequencing of PCR products was done by Eurofins Genomics 

and Sanger data were used to quantify Indels reflecting gene KO with TIDE algorithm 

(tide.deskgen.com; [300]) or ICE algorithm from Synthego (ice.synthego.com). 

Cells were FACS sorted to seed 1 cell/well in 96-well plates and let expand to obtain cellular 

clones, which were then characterized by western blot analysis. 

 

Meprin α cloning 

The MEP1A cDNA was amplified from the plasmid pLX304-MEP1A-V5 obtained from Thermo 

Scientific [301] and provided by Osman Breig [275]. It contains the sequence NM_005588.3 

corresponding to the mRNA of the Homo sapiens meprin A subunit alpha (MEP1A, 2893 bp, 

Figure 24) fused to the V5 epitope sequence.  
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Figure 3124: Nucleotide sequence of the MEP1A mRNA ref NM_005588.3 (GeneBank). 

 

The two amplification primers were:  

-on the 5’ end, GTGAGAATTCACCATGGCTTGGATTAGATC (the EcoRI site is written in bold and 

the ATG start codon is underlined) 

-on the 3’ end of the ORF, GTGAGGATCCTCACTTCCTTGGCCTTTG (the TGA stop codon is 

underlined and the BamHI site is written in bold).  

The Q5® high fidelity DNA polymerase from New England Biolabs (ref M0491G) was used for 

the PCR with the following thermal cycles: 98°C, 30”; (98°C, 10”; 70°C, 30”; 72°C, 2’20) x 35; 

72°C, 5’; 4°C, infinite, according to the manufacturer recommendations. The PCR fragment 

was purified on a column (Macherey Nagel kit, ref 740609) and subcloned into the pMiniT 2.0 

plasmid from New England Biolabs (ref E1203S) (Figure 25). After ligation, the recombinant 
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plasmid was transformed into NEB10-beta cells from New England Biolabs (ref C3019H). The 

EcoRI-BamHI fragment was excised from the purified plasmids by restriction digest with EcoRI-

HF® (ref R3101) and BamHI-HF® (ref R3136) from New England Biolabs.  

 

The purified fragment was then subcloned into the pSin-EF1aL-MCS-IRES-Puro plasmid 

provided by the Vectorology platform from the University of Bordeaux 

(https://www.tbmcore.u-bordeaux.fr/wp-content/uploads/2016/08/Fichierlentivecteurs.pdf) 

digested with EcoRI-HF® (ref R3101) and BamHI-HF®. After ligation with the T4 DNA ligase 

from Thermofisher (ref EL0011), the reaction medium was transformed into NEB10-beta cells.  

The DNA sequence of the insert of the recombinant plasmids, named p412-MEP1A (Figure 

26), was controlled by sequencing (Eurofins) with the primers shown in Table 8. The sequence 

was 100% consistent with that of NM_005588.3. A clone was further chosen for endotoxin-

free DNA preparation (NucleoBond Xtra Midi EF kit from Macherey-Nagel, ref 740420). 70 µg 

were provided to the Vectorology platform for lentivirus production. A transient expression 

system, by co-transfection of three or four plasmids, is used to produce replication-defective 

recombinant virus particles. 

Figure 3225: The pMiniT 2.0 map (https://www.neb.com/) 
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Table 8: Names, sequences and locations of the sequencing primers used to sequence MEP1A insert into pSin-EF1aL-MCS-IRES-
Puro.  

The resulting plasmid was named p412-MEP1A. aLocation of the sequences on the p412-MEP1A plasmid. 

 

 Sequence Locationa    

Forward  start end Length 

(bp) 

Tm (ºC ) GC (%) 

277 AGTGGGTGGAGACTGAAGTTAG 3445 3466 22 57 50 

SqFw1 GGCCATCATAGAACACGAGATCCTG 4047 4071 25 61 52 

SqFw2 GTCCTTCAGACAGACTCGTTGTCTG 4655 4679 25 60 52 

SqFw3 GTCCAGGGTGGGAACCTATCATAC 5238 5261 24 60 54 

Reverse       

SqRv1 CGGAATTGGCCGCCCTAGATG 5850 5870 21 61 62 

SqRv2 GGAAACTCCTCCTTTTCAGCATTTGG 5316 5341 23 60 57 

SqRv3 CATCATCTCCTTGAAAAGTCTGCACC 4725 4750 26 60 46 

SqRv4 CACATAATCATCCCGGTCCGTCC 4103 4126 24 60 50 
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 The MEP1A gene cloned between the EcoRI and BamHI sites (2241 bp) is under the control of the EF1a (Elongation factor 

1-alpha 1) promoter (long form) and the puromycin resistance gene (Puro) under the control of an IRES (internal ribosome 

entry site). LTR, long terminal repeat; AmpR, ampicillin resistance gene (bacterial selection); cPPT central PolyPurine tract 

(to enhance transduction efficiency); 277 and SqFw1 to 3, sequencing forward primers; SqRv1 to 4, sequencing reverse 

primers. 

 

 

 

 

 

Figure 3326: The p412-MEP1A restriction map (drawn with the Ape program). 
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Remodelage du métabolisme lipidique en ciblant PCSK9 comme nouvelle approche thérapeutique 

dans les cancers du foie 

La dérégulation du métabolisme énergétique, dont l'augmentation de la biosynthèse des lipides, est 
une caractéristique émergente de nombreux cancers, dont les cancers du foie adultes (le carcinome 
hépatocellulaire ou CHC) et pédiatriques (l'hépatoblastome ou HBL). Le CHC est la 3ème cause mondiale 
de décès par cancer. L'HBL est un cancer embryonnaire rare dont l'incidence augmente. L'analyse des 
données transcriptomiques disponibles montre une dérégulation de l'expression de gènes impliqués 
dans l'absorption et le métabolisme des lipides dans les deux cancers. Ainsi sont surexprimées PCSK9, 
pro-protéine convertase qui régule négativement le LDLR, et HMGCR, enzyme de la voie de synthèse 
de novo du cholestérol. Le rôle de PCSK9 dans le cancer du foie est peu connu. Aussi, l'objectif de mon 
projet est de remodeler le métabolisme des lipides autour de PCSK9 en utilisant des médicaments 
disponibles et surexprimer une enzyme impliquée dans la maturation de PCSK9, la méprine alpha 
(Mep1a) dont l’expression est augmentée dans les cancers du foie. Mes résultats montrent que le 
ciblage pharmacologique ou génique de PCSK9 diminue croissance et migration cellulaires et 
augmente la consommation d'O2. L’inhibition de l’expression génique de PCSK9 augmente les niveaux 
intracellulaires de certains lipides et perturbe l'axe p62/KEAP1/Nrf2 qui conduit à la ferroptose. Les 
effets anti-tumoraux de l’inhibition de PCSK9 ont été validés in vivo. J’ai aussi surexprimé Mep1a pour 
mimer le profil des tumeurs, ce qui induit une augmentation de protéines interagissant avec PCSK9 et 
un changement du métabolisme lipidique in vitro et in vivo. En conclusion mes résultats soulignent le 
rôle clé de PCSK9 dans le métabolisme lipidique et montre pour la première fois son implication dans 
le maintien de l'homéostasie redox cellulaire et la ferroptose. Ils ouvrent la voie au repositionnement 
de médicaments anti-PCSK9 pour traiter les cancers du foie avec un bénéfice thérapeutique réel.  
Mots-clés : PCSK9, ferroptose, méprine, carcinome hépatocellulaire, hépatoblastome, métabolisme 
lipidique 

Rewiring lipid metabolism by targeting PCSK9 as a new therapeutic approach in liver cancers 

Dysregulation of energetic metabolism including increased lipid biosynthesis is an emerging feature of 
many cancers, including adult (hepatocellular carcinoma or HCC) and pediatric (hepatoblastoma or 
HBL) liver cancers. HCC is the 3rd leading cause of cancer death worldwide. HBL is a rare embryonic 
cancer with increasing incidence. The analysis of available transcriptomic data shows a deregulation of 
the expression of genes involved in the absorption and metabolism of lipids in both cancers. Thus, 
PCSK9, a pro-protein convertase that negatively regulates LDLR, and HMGCR, an enzyme of the de novo 
cholesterol synthesis pathway, are overexpressed. The role of PCSK9 in liver cancer is not well 
understood. Therefore, the objective of my project is to remodel lipid metabolism around PCSK9 using 
available drugs and overexpressing an enzyme involved in PCSK9 maturation e.g. meprin alpha 
(Mep1a) which expression is increased in liver cancers. My results show that pharmacological or 
genetic targeting of PCSK9 decreases cell growth and migration and increases O2 consumption. Genetic 
deletion of PCSK9 increases intracellular levels of some lipids and disrupts the p62/KEAP1/Nrf2 axis 
that leads to ferroptosis. The anti-tumor effects of PCSK9 inhibition were validated in vivo. I also 
overexpressed Mep1a to mimic liver tumor profile and found an induction in PCSK9 interacting 
proteins, and a change in lipid metabolism in vitro and in vivo. In conclusion, my results highlight the 
key role of PCSK9 in lipid metabolism and show for the first time its involvement in the maintaining of 
cellular redox homeostasis and in ferroptosis. They open the way to the repositioning of anti-PCSK9 
drugs to treat liver cancers with a real therapeutic benefit.  
Keywords: PCSK9, ferroptosis, meprin, hepatocellular carcinoma, hepatoblastoma, lipid metabolism 
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