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ABSTRACT 

Hepatocellular carcinoma (HCC) is one of the most common causes of cancer-

related deaths worldwide, and its incidence is rising. HCC develops almost 

exclusively on the background of chronic liver inflammation, which can be caused 

by chronic alcohol consumption, viral hepatitis, or an unhealthy diet. HCC 

exhibits a deregulation of a multitude of pathways, including the PI3K/Akt 

pathway. Protein kinase B (Akt) exists in 3 isoforms: Akt1, Akt2 and Akt3, 

transcribed from three different genes and differing in their expression levels 

throughout the human body. While Akt3 is expressed mainly in the brain and the 

testes, Akt1 is expressed constitutively in the body and Akt2 is mainly expressed 

in insulin-sensitive tissues. Targeting Akt through chemical inhibitors has shown 

potent anti-cancer effect. However, chemical inhibitors fail to show a specificity 

over either of the isoforms, which converge and diverge in their designated roles 

in controlling various cellular processes. Thus, selective inhibition is needed to 

confer the role of each of Akt1 and Akt2 isoforms, in the context of HCC. RNA-

interference (RNAi) is a highly specific strategy to target the expression of a gene 

at the transcriptional level and can be exploited to suppress the expression of a 

given gene using exogenous small interfering RNAs (siRNAs). For that, we 

designed siRNAs targeting solely Akt1 or Akt2 isoform in humans and rodents, 

simultaneously. The specificity of the siRNAs was verified by confirming, in vitro 

on human HepG2 cell line, the selective inhibition of the designated Akt1 or Akt2 

expression, in addition to the absence of predicted off-target effects upon in silico 

analysis. Furthermore, the efficiency of the designed siRNAs was demonstrated; 

following 6 hours of exposure to designed Akt1 and Akt2 siRNAs, the Akt1 

expression and Akt2 expression remained decreased up to 5 and 7 days in HepG2 

cells, respectively, and showed efficacy at low concentrations, starting 20 pM. The 

possible inflammatory effect of the siRNAs was also assessed, and the results show 

that the designed siRNAs do not activate any of the Toll-like receptors. Next, we 

assessed the phenotypic aspect (cytotoxicity, metabolism and proliferation) of the 

knockdown of Akt1 and Akt2 or the simultaneous knockdown of both by the 

designed siRNAs whilst comparing to Sorafenib (a verified treatment of HCC) and 

ARQ092 (a chemical inhibitor of Akt) on 4 different liver cancer cell lines -

PLCϒ/PRF/5, Huh7, Hep3B and HepG2 cell lines. The results show that targeting 

a single isoform of Akt – either Akt1 or Akt2 – or the simultaneous knockdown of 

both isoforms – Akt1 and Akt2 - by the designed siRNAs have no impact on the 

viability, metabolism or proliferation of the cells that is contradictory to the effect 

seen upon treatment with inhibitors Sorafenib or ARQ092. Furthermore, the 

vectorization of the designed siRNAs by the Amphiphilic Dendrimer (AD) and 

their consequent use to target Akt1 or Akt2 in an in ovo HepG2 and MV4-11 cell-
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line graft model showed neither a toxic effect on chick embryos, nor an anti-

tumorigenic effect when compared to the control. Altogether, the results show that 

the knockdown of a single isoform of Akt: Akt1 or Akt2 using the designed 

siRNAs, is not sufficient to mount an anti-cancer effect. Furthermore, the 

simultaneous knockdown of both isoforms using the specific siRNAs against Akt1 

and Akt2 does not mimic the effect seen by chemical Akt inhibitors. These results 

suggest the presence of compensatory mechanisms in the case of the targeted 

single isoform knockdown, and that in addition to the potent global inhibition of 

Akt, ARQ092 may exert an off-target inhibition leading to its prominent anti-

cancer activity.  
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RESUME 

Le carcinome hépatocellulaire (CHC) est l'une des causes les plus courantes de 

décès liés au cancer dans le monde, et son incidence est en augmentation. Le CHC 

se développe presque exclusivement sur des antécédents inflammatoires 

chroniques du foie, qui peuvent être causés par une consommation addictive 

d’alcool, une hépatite virale ou une mauvaise alimentation. Le CHC présente une 

dérégulation d'une multitude de voies, y compris la voie PI3K/Akt. La protéine 

kinase B (Akt) existe sous 3 isoformes : Akt1, Akt2 et Akt3, transcrites à partir de 

trois gènes différant par leurs niveaux d'expression dans le corps humain. Alors 

qu'Akt3 est exprimé principalement dans le cerveau et les testicules, Akt1 est 

exprimé de manière constitutive dans tout le corps et Akt2 est principalement 

exprimé dans les tissus sensibles à l'insuline. Le ciblage d'Akt par des inhibiteurs 

chimiques a montré un puissant effet anticancéreux. Cependant, ces composés ne 

présentent pas de spécificité pour les différents isoformes, qui convergent et 

divergent dans leurs rôles dans le contrôle de divers processus cellulaires. Ainsi, 

une inhibition sélective est nécessaire pour attribuer le rôle de chacune des 

isoformes Akt1 et Akt2, dans le contexte du CHC. L'interférence par ARN (ARNi) 

est une stratégie hautement spécifique pour cibler l'expression d'un gène au 

niveau transcriptionnel. Il est possible de l’utiliser pour supprimer l'expression 

d'un gène donné en utilisant des siARN interférents courts et exogènes. Ainsi, 

nous avons conçu des siARN ciblant uniquement l'isoforme Akt1 ou Akt2 chez 

l'homme et le rongeur, simultanément. La spécificité des siARN a été vérifiée en 

confirmant, in vitro, sur la lignée cellulaire HepG2 humaine, l'inhibition sélective 

de l'expression Akt1 ou Akt2, en plus de l'absence d'effets « off-target » prédits 

lors de l'analyse in silico. De plus, l'efficacité des siARN a été observée dès 6 heures 

après l'exposition aux siARN Akt1 et Akt2 et est restée jusqu'à 5 et 7 jours dans les 

cellules HepG2. Les siRNA ont montré une efficacité à de faibles concentrations, à 

partir de 20 pM, à la fois au niveau des ARNm et des protéines. L'effet 

inflammatoire des siARN a également été évalué et les résultats montrent que les 

siARN conçus n'activent aucun des récepteurs de type Toll-like (TLR). Ensuite, 

nous avons évalué l'aspect phénotypique (cytotoxicité, métabolisme et 

prolifération) de l'inactivation d'Akt1 et d'Akt2 ou de l'inactivation simultanée des 

deux par les siARN en comparaison avec le Sorafenib (un traitement de référence 

en cours du CHC) et à l'ARQ092 (un inhibiteur chimique d’Akt) sur 4 lignées 

cellulaires différentes de cancer du foie : PLCϒ/PRF/5, Huh7, Hep3B et HepG2. Les 

résultats montrent que le ciblage d'une seule isoforme d'Akt ou l'inactivation 
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simultanée des deux isoformes par les siARN conçus n'a aucun impact sur la 

viabilité, le métabolisme ou la prolifération des cellules, ce qui est contradictoire 

avec l'effet observé lors d'un traitement avec les inhibiteurs Sorafenib ou ARQ092. 

De plus, la vectorisation des siARN par le dendrimère amphiphile (AD) et leur 

utilisation pour cibler Akt1 ou Akt2 dans un modèle de greffe de lignée cellulaire 

(HepG2 et MV4-11) in ovo n'ont montré aucun effet toxique sur les embryons de 

poulet, ni d’effet antitumoral. Dans l'ensemble, les résultats montrent que 

l'inactivation d'une seule isoforme d'Akt n'est pas suffisante pour monter un effet 

antitumoral. De plus, l'inactivation simultanée des deux n'imite pas l'effet observé 

par les inhibiteurs chimiques d'Akt. Ces résultats suggèrent la présence de 

mécanismes compensatoires dans le cas de l'inactivation d'une seule isoforme 

d’Akt, et qu'en plus de la forte inhibition globale d'Akt, ARQ092 pourrait exercer 

une inhibition pléiotrope conduisant à son importante activité anticancéreuse. 
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ADP: Adenosine DiPhosphate 

AFB1: Aflatoxin B1 

AFL: Alcoholic Fatty Liver 

AFP: Alpha FetoProtein 

Ag: Antigen 

AGO:  Domain Of The Argonaute  

AH: Alcoholic Hepatitis  

AHP: Acute Hepatic Porphyria  

AIH: Autoimmune Hepatitis  

Akt: Protein kinase B 

ALD: Alcohol-Related Liver Diseases  

ALDH: Aldehyde Dehydrogenase 

Ang II: Angiotensin II  

APC: Antigen Presenting Cell 

Arg1: Arginase 1  

ATM: Ataxia Telangiectasia Mutated 

ATP: Adenosine TriPhosphate  

ATR:  Ataxia Telangiectasia and Rad3 Related 

AurA/Aur2: Aurora Kinase A  

AurB/Aur1: Aurora Kinase B 

BAD: BCL2-Antagonist of Cell Death 

bFGF: basic Fibroblast Growth Factor  

BLAST: Basic Local Alignment Search Tool 

CAF: Cancer Associated Fibroblast 

CAM: Chorioallantoic Membrane  

CAMK4: Calcium/calmodulin-dependent protein kinase type IV  

Casp9: Caspase 9 

CCL: C-C Chemokine Ligand 

CCN1/CYR61: Cysteine-Rich Angiogenic Protein 61  

CCN2/CTGF: Connective Tissue Growth Factor  

CCN3/NOV: Nephroblastoma Overexpressed or CCN3 

CD105: Endoglin CD105 

Cdendrimer: Concentration of Dendrimer 

CDK:  Cyclin-Dependent Kinase  

CDKL5: Cyclin-Dependent Kinase 5  
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CEP70: Centrosomal Protein 70 

Chk-2: Checkpoint kinase-2 

CDDP: Cisplatin treatment  

c-Jun/AP-1: Activator Protein-1 

CK1: Casein Kinase-1  

COX: Cyclooxygenase  

CREB  cAMP-response element binding protein 

CsiRNA: Concentration of siRNA 

CTL: CD8+ Cytotoxic T-Cell 

CTLA4: Cytotoxic T Lymphocyte Associated Protein 4 

CXCR: Chemokine Receptor  

DAMP: Damaged-Associated Molecular Pattern 

DC: Dendritic Cell 

DEN: DiEthylNitrosamine  

DM: Diabetes Mellitus  

DMEM: Dulbecco’s Modified Eagle medium  

DNL: De Novo Lipogenesis  

DSIR: Designer of siRNA  

dsRNA: double-stranded RNA 

DTT: Dithiothreitol  

ECM: Extra Cellular Matrix 

EGF R Epidermal Growth Factor -Receptor 

EGF: Epidermal Growth Factor 

EGF: Epithelial Growth Factor  

EMT: Epithelial-to-Mesenchymal Transition 

eNOS: endothelial Nitric Oxide Synthase 

ERK: Extracellular Signal-Regulated Kinase 

ERK1/2: Extracellular Signal-Regulated Kinase 1/2 

FAA: Fumarylacetoacetate  

FBS fetal bovine serum  

FDA: Food And Drug Administration  

FGF: Fibroblast Growth Factor 

FGFR: Fibroblast Growth Factor Receptor 

Fgr/v-Fgr: Gardner-Rasheed feline sarcoma viral  

Fizz1: Found In Inflammatory Zone Protein 1  

FOXC1: Forkhead Box C1  

FOXO: Forkhead Box Protein O  

FUBP1: Far Upstream Element Binding Protein 1 

GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase 

GF: Growth Factor  
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GPC3: Glypican 3  

GPI: GlycosylPhosphatidylInositol  

GRK2: G Protein-Coupled Receptor Kinase  

GRO-α: growth-regulated oncogene α 

GSD: Glycogen Storage Disease  

GSK: Glycogen Synthase Kinase  

HBV: Hepatitis-B Virus 

HCC: Hepatocellular Carcinoma 

HCV: Hepatitis-C Virus 

HER2: Human Epidermal growth factor Receptor 2  

HGF Hepatocyte Growth Factor 

HH: Hereditary Hemochromatosis  

HIF1α: Hypoxia-Inducible Factor 1α 

HLA: Human Leukocyte Antigen 

HPRT1: Hypoxanthine Phosphoribosyltransferase 1 

HRP: Horse Raddish Peroxidase (HRP)  

HS: Heparin Sulfate  

HSC: Hepatic stellate cell 

HSP: Heat Sock Protein  

HSPG: heparin sulfate proteoglycan 

HT1: Hereditary Tyrosinemia Type 1  

hTERT: Human Telomerase Reverse Transcriptase  

IC20: Inhibitory Concentration 20  

ICC: Intrahepatic Cholangiocarcinoma  

IFN: Interferon- 

IGF: Insulin-Like Growth Factor, 

IgG: Immunoglobulin-G 

IKKα: Kappab Kinase Alpha  

IL: Interleukin 

ILK: Integrin-Linked Kinases  

IMDM: Iscove's Modified Dulbecco's Medium  

iNOS: Inducible Nitric Oxide Synthase 

IR: InfraRed 

IRF-1: Interferon Regulatory Factor-1  

JAK: Janus Kinases  

JNK 1/2/3: c-Jun N-terminal Kinase 1/2/3 

Lck: Lymphocyte-specific Protein tyrosine Kinase 

LDH: Lactase DeHydrogenase 

LKM1: Liver/Kidney microsomal antibody 1  

lncRNA: long non-coding RNA  
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LPS: LipoPolySaccharise 

Lyn: Lck/Yes-related novel protein tyrosine kinase 

MAPK: Mitogen-Activated Protein Kinase  

MAPKAP2: MAPK-Associated Protein 2  

MCP1 Monocyte Chemoattractant Protein 1 

MDM2: Murine Double Minute 2  

MEK: Mitogen-activated ERK-Activating Kinase 

MEM: Modified Eagle medium  

MIF: Migration Inhibitory Factor  

miR/miRNA: microRNA 

MRI: Magnetic Resonance Imaging  

mRNA: messenger RNA 

MSK1/2: Mitogen-and Stress-activated protein Kinases1/2 

MTNR1B: Melatonin Receptor 1B 

mTORC-1/2: mammalian Target of Rapamycin-1/2   

MYCBP2: MYC-Binding Protein 2 

NAFLD: Non-Alcoholic Fatty Liver Disease 

NASH:  Non-Alcoholic Steatohepatitis 

ncRNA: Non-Coding RNA 

Neg Ctrl: negative control 

Nfκb: Nuclear Factor Κb  

NIR: Near-InfraRed  

NK:  natural killer 

NLR: neutrophil–lymphocyte ratio 

nM: nanoMolar 

NOD: Nucleotide-Binding Oligomerization Domain 

nt Nucleotide 

NUAK1: NUAK family SNF1-like kinase 1 

ORF: Open Reading Frames 

OS: Overall Survival  

P38α: Protein 38 

P53: Protein 53 

P70 S6K: Ribosomal Protein S6 Kinase 

PAMP: Pathogen-Associated Molecular Pattern 

PCTRAIRE2/ CDK16: Cyclin-Dependent Kinase 16 

PD-1: Programmed cell Death protein-1 

PDGFR: Platelet Derived Growth Factor Receptor 

PDK-1: Phosphoinositide-Dependent Kinase-1 

PDL-1: Programmed Death Ligand-1 

PFS: Progression Free Survival  
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PGLSA-OH: Poly (Glycerol Succinic Acid)  

PHLPP2: PH Domain Leucine-Rich-Repeat-Containing Protein Phosphatase2 

PI3K: Phosphatidyl Inositol 3 Kinase  

Pim: Proviral Integration site for Moloney murine leukemia virus  

PIP2: Phosphatidyl Inositol-4,5-bisphosphate 

PIP3: Phosphatidyl Inositol-3,4,5-triphosphate  

PIWI: P-Element Induced Wimpy Testis  

PK:  Protein Kinase. 

PLC: Phospho Lipase C 

PLL: Poly(2,2-Bis(Hydroxymethyl)Propionic Acid (Bis-MPA),  

pM: picomolar 

PMAM: Poly(AmidoAMine) 

PP2A: Protein Phosphatase 2A  

PPAR: Peroxisome Proliferator-Activated Receptor. 

PPI: Polypripylenimine  

PRAS40: Proline-Rich Akt Substrate of 40 kDa 

Pre: Precursor 

Pri: Primary 

Prrs: Pattern Recognition Receptors 

PTEN: Phosphatase and Tensin Homolog  

PTGS: Post-Transcriptional Gene Silencing  

PYK2: Protein Tyrosine Kinase 2 

qPCR: quantitative PCR 

RAF: Rapidly Accelerated Fibrosarcoma 

RAS: Rat sarcoma virus 

RIG-I: Retinoic Acid-Inducible Gene I 

RISC: RNA-Induced Silencing Complex 

RNAi: RNA interference 

ROCK1: Rho-associated protein kinase 1  

ROS: Reactive Oxygen Species  

RS18: Ribosomal subunit 18 

RSK: Ribosomal S6 Kinase  

RSKL2:  Ribosomal Protein S6 Kinase-Like 2  

RTK Receptor Tyrosine Kinase 

RT-qPCR: Reverse Transcriptase – quantitative Polymerase Chain Reaction 

SBNO2: Strawberry Notch homologue 2 

SCID: Severe Combined Immunodeficiency  

SEAP: Secreted Embryonic Alkaline Phosphatase 

SENP1: SUMO Specific Protease 1  

Ser: Seine 
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SGK1: Serine/threonine-protein kinase SGK1  

SH2: Src Homology 2  

shRNA: short-hairpin RNA 

siRNA: small interfering RNA 

SMAD: Small Mothers Against Decapentaplegic  

Sol: Solution 

SOX: Sex-Determining Region X Box  

SPARC: Secreted Protein Acidic An Rich In Cysteine  

Src: Sarcoma 

SREBP1: Sterol Regulatory Element-Binding Protein-1  

STAT: Signal Transducers And Activators of Transcription  

TAM: Tumor Associated Macrophage 

TANs: Tumor-Associated Neutrophils  

TAP1: Transporter associated with antigen processing 1 

Tcl1: T-Cell Leukemia 1  

TCR: T cell receptor 

TGF-β: Transforming Growth Factor  

Th: T-helper 

Thr: Threonine 

TLR: Toll-Like Receptor  

TME: Tumor Microenvironment 

TNF-α: Tumor Necrosis Factor Alpha  

Tpl2: Tumor Progression Locus 2  

Tregs: T regulatory cells 

TSC1/2: Tuberous Sclerosis 1/2 

TTP: Time To Progression 

Tyr: Tyrosine 

UKA: Upstream Kinase Analysis 

UTR: UnTranslated Region 

VEGF: Vascular Endothelial Growth Factor 

VEGFR: Vascular Endothelial Growth Factor Receptor 

VEGFR-2: VEGF Receptor 2 

WDR7: WD Repeat Domain 7 

WNK1: Lysine Deficient Protein Kinase 1 

WNK1: Lysine deficient protein kinase 1 

Wnt: Wingless -related integration site   

YAP: Yes- Associated Protein 

μM: micromolar 
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V. INTRODUCTION 

 

1. Hepatocellular carcinoma 

Liver cancer encompasses two major types: Hepatocellular Carcinoma (HCC) and 

Intrahepatic Cholangiocarcinoma (ICC), along with angiosarcoma, 

hemangiosarcoma and hepatoblastoma [1], see Figure 1 & Figure 2 for worldwide 

information on mortality and incidence. HCC is the most common type of liver 

malignancy (75–85%), and it ranks fourth among the causes of cancer-related 

deaths worldwide [2]. However, its global incidence differs among men and 

women with a 2.8:1 ratio [3]. Even though it ranks ninth in the rate of cancer 

incidence in women, it ranks fourth in the cancer-related deaths in women, 

stressing on its high mortality rate [4]. HCC generally emerges from a chronic 

inflammation of the hepatic environment caused by various reasons and has few 

treatment options.   

 

 
Figure 1: Global distribution of incidence of liver cancer. The incidence of liver cancer varies 

geographically, and is most prominent in East Asia and Sub-Saharan Africa. HCC comprises 90% of liver cancers. 

Numbers are per 100,000 person-year. Adapted from Yung J. et al, Nature Reviews [5].   
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Figure 2: Global distribution mortality rate of liver cancer. The mortality rate due to liver cancer varies 

geographically. It is most prominent in East Asia and Sub-Saharan Africa where medical resources are scarce. Adapted 

from Yung J. et al, Nature Reviews [5].  

 

1.1. Etiology of HCC 

The complexity of HCC pathogenesis stems from the involvement of molecular 

failures affecting various functions of the cell (cell cycle deregulation, DNA 

methylation alteration, chromosomal instability, immunomodulation, Epithelial-

to-Mesenchymal transition, among others…). Although the progression into HCC 

depends on the etiology, most of the etiologies converge into the following 

sequence of events: liver injury, chronic inflammation, fibrosis, cirrhosis and 

finally HCC [6].  Various immune responses are fired due to the liver damage to 

attain an inflammatory state. Damaged or necrotic cells secrete Damaged-

Associated Molecular Patterns (DAMPs) whereas viruses secrete Pathogen-

Associated Molecular Patterns (PAMPs). The aforementioned molecular patterns 

activate Pattern Recognition Receptors (PRR) like Toll-like receptor (TLR), C-type 

lectin Receptors, Nucleotide-binding Oligomerization Domain (NOD)-like 

receptors and Retinoic acid-Inducible Gene I (RIG-I)-like receptors leading to the 

activation immune cells [7]. Liver injury could be of viral origins, like hepatitis C 

and B viruses (HCV, HBV), or caused by metabolic disorders leading to Non-

Alcoholic Fatty Liver Diseases (NAFLD) and Non-alcoholic Steatohepatitis 

(NASH). Moreover, it could be due to chronic consumption of alcohol or 

consumption of toxins (such as aflatoxins) and hereditary diseases such as 

hemochromatosis [6], see Figure 3. 
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Figure 3: Etiology of HCC. Various factors drive hepatocellular carcinogenesis, among which are: chronic 

alcohol consumption, acute viral infection, secondary insult to a genetically predisposed liver, obesity and Type II 

Diabetes Meletus (DM), and aflatoxins. The liver passes through different phases, indicated above, depending on the 

etiologic background. Adapted from Chidambaranathan-Reghupa S. et al., Advanced Cancer Research [1]. 

 

1.1.1.  HBV and HCC 

HBV, as the name suggests, is a hepatotropic virus. It is a blood-borne pathogen 

possessing a 3 kb DNA genome with 4 overlapping Open Reading Frames (ORFs) 

[8]. Infection with HBV leads to HCC in direct and indirect ways.  

On one hand, the direct ways are due to: the insertion of the viral DNA into the 

host DNA, causing chromosomal instability and mutations, and by the interaction 

of the HBV proteins with the host proteins. The oncogenesis mechanism of the 

integration of the HBV genome into the host’s genome is dependent upon the site 

of integration. For instance, integration in close proximity to the human 

Telomerase Reverse Transcriptase (hTERT) enzyme gene leading to its 

reactivation and granting the cells a death evasion mechanism cell proliferation 

gene, cell cycle genes or metabolism genes could grant the cells malignant 
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properties [9]. Also, the interaction of HBV proteins like HBx with various anti-

apoptotic pathways to counteract the apoptotic signals of the cells favoring 

survival. Among these pathways: p53 [10], Phosphatidyl inositol 3-Kinase 

(PI3K)/Akt/Bad pathway [11], p38/mitogen-activated protein kinase (MAPK) [12] 

or Wnt/β-catenin pathway [13].  

On the other hand, the indirect ways can be summarized by establishing a chronic 

inflammatory environment and oxidative stress thus resulting in the accumulation 

of genetic and epigenetic modifications along with chronic hepatitis, fibrosis, and 

finally cirrhosis. The chronic stage of the infection is defined as a persistence of the 

HBs Antigen (Ag) in the patient’s blood for over 6 months [14]. Combating HBV 

infection is done by the efforts of both the innate and the adaptive immunity. The 

formerly mentioned response is dampened due to the quiescent state of the HBV 

during the first weeks of infection. Furthermore, the later plays a major role in the 

clearance, a process attributed to the T-cells activation against specific HBV 

antigens. However, there seems to be an improper maturation of memory T-cells 

that hinders the proper immune response. Thus, favoring a chronic inflammatory 

background which creates a niche for HCC [15]. 

 

1.1.2. HCV and HCC  

HCV is a hepatotropic virus, which displays a genetic polymorphism. It possesses 

7 genotypes with several subtypes. When compared to the other genotypes, HCV 

genotypes 1 and 3 have an 80% higher incidence rate of HCC [16]. Patients with 

genotype 1 seem to have a specific oncogenic mechanism, while sometimes 

surpassing the cirrhotic stage [17], whereas patients infected by genotype 3 have a  

risk of end-stage liver disease with a high HCC incidence rate even after the 

clearance of the virus [18]. The mechanism through which HCV induces HCC is 

similar to that of HBV only in the indirect approach stated earlier. Aside from the 

effects on the metabolism, proliferation and survival, oxidative stress and genomic 

instability and angiogenesis, HCV has been shown to affect the complement 

system; inhibiting the complement components leading to the dampening of the 

immune response, paving the way for cell growth ability [19]. On that note, people 

co-infected with HIV and HCV show a higher incidence of HCC [20].  

To state a few examples of the ways chronic HCV infection favors HCC; on the 

metabolic level HCV has been shown to affect glucose and lipid metabolism [21]. 
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HCV leads to insulin resistance and accumulation of glucose affecting the 

Akt/mammalian target of rapamycin (mTOR pathway. Moreover, the steatosis 

state of the liver driven by HCV has been shown to be due to an increased 

synthesis of lipids, a decreased lipogenesis and disrupted lipid transportation. 

HCV upregulates the expression of the enzyme responsible for de novo lipid 

synthesis (fatty acid synthase) while decreasing the expression of Perixosome 

Proliferator-Activated Receptor (PPAR)-α/ϒ which in turn plays a major role in the 

transportation of lipids [22-24]. Concerning the cell proliferation, HCV tends to 

fire up the signaling cascades leading to an increase in the proliferation and 

survival of hepatocyte cells [25]. Due to the chronic HCV infection, the 

inflammatory response triggers hepatocarcinogenesis, indirectly, by acting on 

various pathways including DNA repair, apoptosis, and ROS production, among 

others [26, 27] . The degree of inflammation directly correlated with HCV infection 

induces changes in the liver morphology and promotes the sequential events of 

fibrosis, cirrhosis and finally HCC [28].  

 

1.1.3. Alcohol and HCC  

In the language of numbers, 30% of HCC cases come from the background of 

Alcohol-related Liver Diseases (ALD) including those co-existing with other risk 

factors. The degree of ALD is directly related to the amount of alcohol consumed 

[29]. Alcohol abuse leads to Alcohol-associated Fatty Liver (AFL), an 

asymptomatic state of liver disease that is usually reversible upon the decrease in 

the alcohol consumption. The deposition of fat in hepatocytes due to an increase 

in lipogenesis and/or a decreased fatty-acid oxidation [30]. A steatotoic liver favors 

Alcoholic Hepatitis (AH) or liver inflammation, thus favoring HCC. Alcohol 

dehydrogenase (ADH) and Aldehyde Dehydrogenase (ALDH) enzymes are 

responsible for the processing of alcohol in the liver. Polymorphisms of ADH and 

ALDH genes lead in some cases to the accumulation of acetaldehydes which tend 

to interact with DNA and/or proteins forming adducts that deregulate their 

functions and/or lead to the induction of immune responses [31]. In fact, alcohol 

metabolites disrupt the barrier between the gut and the liver leading to the 

infiltration of bacteria (Lipopolysaccharide (LPS)) which in small amount can be 

cleared by the liver harmless however with a higher infiltration rate, leads to the 

activation of resident macrophages and migratory monocytes leading to 

inflammation [32]. AH is also reversible once alcohol intake is stopped. On the 
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other hand, chronic alcohol hepatitis leads to fibrosis and cirrhosis and finally, 

HCC.  

 

1.1.4. NAFLD and HCC 

NAFLD comprises 25% of liver injury cases and is associated to several risk factors 

such as obesity and diabetes. Moreover 20% of patients suffering from NAFLD 

manifest the advanced stage of the disease: NASH among which 2.6% further 

advance into HCC [33].  

The literature diverges when it comes to the etiology of NAFLD into NASH. 

Firstly, the two-hit hypothesis proposes the simple accumulation of fat in the 

hepatocytes, and is followed by a mounted immune response leading to NASH, 

cirrhosis and then HCC. Secondly, the multi-hit hypothesis, is similar to the former 

but with the addition of genetic and environmental factors.; accumulation of fat in 

the liver cells in this scenario can be due to increase lipolysis of visceral adipose 

tissue and its import to the liver, excess de novo lipogenesis (DNL), or high-fat diet 

consumption. As a result, the cells experience an organelle-damage, leading to cell 

injury and death, an increased reactive oxygen species (ROS) production, 

supporting inflammatory signals, and a direct activation of hepatocyte TLR4, 

further supporting an inflammatory reaction. The previous events are all added 

up into the classical sequence of events – fibrosis, cirrhosis and finally HCC [34, 

35]. 

 

1.1.5. Aflatoxins and HCC  

Aflatoxins are mycotoxins produced by fungal species and are known to be 

hepatotoxins. Nuts and grains are the major carriers of aflatoxins, an incident that 

might occur upon their harvest or storage. They are known to cause acute or 

chronic poisoning [36]. Aflatoxins are known to result in liver failure and can be 

fatal. Mycotoxins, on the other hand, progresses into HCC. Metabolic processing 

of aflatoxin leads to the production of metabolites which form DNA adducts 

leading to DNA damage. In addition, it is capable of causing chromosomal 

alteration and chromosomal strand breaking in human cells [37]. Aflatoxin B1 

(AFB1) is the most potent aflatoxin. AFB1-related HCC is attributed to a missense 

mutation in the p53 gene and thus affecting differentiation and metastasis [38]. 
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1.1.6. Genetic predisposition and HCC 

Genetic factors often play a role in the etiology of HCC. An array of genetic 

predispositions, when added to other factors, have been shown to support the 

HCC initiation and progression. To name some: Alpha 1-Antitrypsin Deficiency 

(A1AD), Autoimmune hepatitis (AIH), Hereditary Hemochromatosis (HH), 

Glycogen Storage Disease (GSD), porphyria, and tyrosinemia type 1.  

 

alpha 1-antitrypsin deficiency (A1ATD) 

Alpha 1-antitrypsin inhibits the serine protease neutrophil elastase which in turn 

cleaves a number of connective tissue substrates. The latter plays a role in the anti-

inflammatory response (blocking Tumor Necrosis Factor (TNF)-α) against tissue 

injury and inflammation [39]. People with A1ATD have been shown to have a 

higher risk of cirrhosis and HCC [40].  

 

Autoimmune hepatitis (AIH) 

As the name suggests, the disease manifests in an immune response against the 

host’s liver cells. A variety of mutations are attributed to this disease: a mutation 

in the Human Leukocyte Antigen (HLA) class II DR (HLA-DR) (involved in the 

expression of antigens to the CD4+ T-cells), a mutation in the fas cell surface death 

receptor and TNF-α and cytotoxic T lymphocyte associated protein 4 (CTLA4) 

[41]. The phenomenon of “molecular mimicry” is also a player in this disease. For 

instance, autoantigen cytochrome P450IID6 shows a molecular similarity to HCV 

antigens, thus anti-Liver/Kidney microsomal antibody 1 (LKM1) antibody cross-

reacts the before mentioned antigens [42]. Thus, fostering an inflammatory 

environment in the liver. 

 

Hereditary Hemochromatosis (HH) 

As the name suggests, HH is a genetically inherited disease characterized by the 

increased uptake of iron into the cells and their deposition in various organs: heart, 

pancreas, joints and liver. The effects of iron deposition can be summarized by: 

increased cell proliferation, DNA damage by increasing ROS levels, and 

dismantling of subcellular organelles’ membranes through peroxidative damage 

[43]. Cirrhosis incidence in HH patients is 10-25% while that of HCC is 8-10% with 

a 20-fold increase in the latter’s incidence in comparison to healthy people [44, 45]. 
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Glycogen storage diseases (GSD) 

The liver is the prime site of glycogen anabolism and catabolism and thus the most 

affected by errors occurring in this pathway. GSD forms a group of hereditary 

diseases affecting the glycogen pathway. There are 12 types of GSD, each with a 

defect in a different enzyme. The most prominent ones are types I, II, III, and IV 

whilst type I is the most common of them all. It is characterized by a deficiency in 

the glucose-6-phosphatase enzyme [46]. Numerically speaking 57% and 8% of 

people suffering from GSD type I develop hepatocellular adenoma and HCC 

respectively. Several functional consequences on the liver cells can lead to 

oncogenesis: autophagy impairment, mitochondrial dysfunction, metabolic 

reprogramming, oncogene activation and downregulation of tumor suppressors 

[47].  

 

Porphyria  

Porphyria is a rare genetic disease fostering a deficiency in the enzyme involved 

in heme biosynthesis and consequently leading to the accumulation of porphyrin 

and porphyrin metabolites in the cells [48].  Of great relevance is the Acute Hepatic 

Porphyria (AHP) type that is associated with an increases risk of HCC. However, 

the manifestation of HCC cannot be accomplished by AHP, alone, it requires the 

addition of other risk factors. However, AHP patients have been shown to have a 

35-fold higher incidence rate of HCC than healthy people [49].  

 

Tyrosinemia type1 

Hereditary Tyrosinemia type 1 (HT1) is an autosomal recessive genetic disorder. 

It affects an enzyme, fumarylacetoacetate hydrolase, which upon its dysfunction 

leads to the accumulation of 4-fumarylacetoacetate (FAA) and its toxic metabolites 

in the liver. HT1 can be treated by medication and a specific diet regimen [50]. 

However, due to the lack of screening and the asymptomatic feature of the disease, 

HCC manifests in people having HT1 in 25-75% of the cases. This is due to:  

oxidative stress, inhibition of DNA repair enzymes, endoplasmic reticulum (ER) 

stress, Golgi complex disruption, and apoptosis resistance [51].  
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1.2. Treatment options of HCC 

HCC faces obstacles in diagnosis and has limited therapeutic options. Patients 

suffering from HCC often remain asymptomatic until the disease reaches an 

advanced stage. This hinders its diagnosis. Alpha Fetoprotein (AFP), the most 

widely used biomarker for HCC surveillance and diagnosis, is ineffective in 

accurately detecting early HCC [52, 53]. At an early stage of the disease, HCC can 

be treated by surgical resection, percutaneous ablation, or liver transplantation. 

However, at a later stage, the therapeutic options are limited and vary according 

to the stage of the disease. During the last decade, the therapeutic options have 

been limited to Sorafenib (a multikinase inhibitor) [54, 55]. Recently, other first‐

line treatments such as Lenvatinib and second‐line treatments such as regorafenib 

and Cabozantinib have been proposed for treatment. However, these drugs 

demonstrate no superior efficacy compared to Sorafenib [56]. In 2020, 

immunotherapy re‐shuffled the cards with the combination Atezolizumab (an 

anti‐Programmed Death‐Ligand 1 (PDL‐1) antibody) plus Bevacizumab (an anti‐

Vascular Endothelial Growth Factor (VEGF) antibody), that considerably increase 

tumor response and survival outcomes thus becoming the new first line therapy 

of advanced HCC [57]. Nevertheless, only a minority of HCC patients benefit from 

this therapy, and alternative strategies are needed to augment host immune 

response [58]. The treatment options are further illustrated below. 

 

1.2.1. First-line treatments 

Sorafenib 

Also termed Nexavar, Sorafenib has been the first systemic treatment option to be 

approved for HCC treatment after 30 years of research. It showed an increased 

Overall Survival (OS) of Sorafenib over the placebo by approximately 3 months 

(10.7 vs 7.9 months).  It was approved by the Food and Drug Administration (FDA) 

in December 2007 [59]. Mechanistically speaking, Sorafenib is a multi-tyrosine 

kinase inhibitor. It inhibits a variety of intracellular kinases: c-RAF, B-RAF and 

mutant B-RAF, along with cell surface kinases: Fms-related tyrosine kinases, 

vascular endothelial growth factor receptors (VEGFR)-1,2,3, and Platelet-Derived 

Growth Factor Receptor (PDGFR)-β [60]. The efficacy of Sorafenib as a treatment 

option can be inferred from the roles played by the kinases it inhibits. They play 

an impeccable role in the various cell signaling pathways supporting malignancy: 

cell proliferation, survival and apoptosis. Despite the fact that Sorafenib has been 
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the sole standard therapy for the last decade, it failed to dampen the development 

of HCC and showed relatively high levels of systemic toxicity along with the 

emergence of resistant tumors [61]. Hence the emergence of novel therapies is 

much needed.  

 

Lenvantinib 

In July 2018, the FDA approved Lenvantinib as another first-line treatment 

strategy against HCC. It is also a multiple-receptor tyrosine kinase inhibitor 

targeting VEGFR1,2,3 in addition to Fibroblast Growth Factors (FGF) and 

receptors: FGFR1,2,3 and 4. A comparative study between the efficiency of 

Lenvantinib and Sorafenib, as first-line treatments, was done. The data showed an 

OS non-inferior to Sorafenib (13.6 vs12.3 months) however with a better 

progression free survival (PFS) (7.4 vs 3.7 months), and in the median time to 

progression (TTP) (8.9 vs 3.7 months), in the Lenvantinib group compared to the 

Sorafenib [62]. 

 

Atezolizumab and Bevacizumab 

In May 2020, and following the advances done in the field of immunotherapy, a 

combination of Atezolizumab and Bevacizumab was approved by the FDA. 

Atezolizumab is a fully humanized, monoclonal IgG1 isotype against PDL-1; 

whereas Bevacizumab is a humanized antibody which binds to VEGF. The efficacy 

of combination of the previously mentioned antibodies as a treatment for HCC 

was shown by the randomized portion of phase 1b GO30140 trial with an overall 

response rate of 27%. Further, its superiority over Sorafenib was shown in the 

phase III randomized trial (IMbrave150). The data demonstrated longer median 

OS of 19.2 months compared with the 13.4 months for Sorafenib, and higher PFS 

(6.8 vs 4.3 months) [57]. 

 

1.2.2. Second-line treatments  

Regorafenib 

Also known as Stivarga, is also a multi-kinase inhibitor. It was approved by the 

FDA after Sorafenib in April 2017 as a second-line treatment for patients showing 

progression following Sorafenib treatment. Similarly, to the first-line treatments it 

acts by inhibiting VEGFRs 2 and 3, PDGFR and Raf kinases and thus leading to 



31 

 

the inhibition of tumor cell proliferation and angiogenesis. The median OS of the 

group treated with Regorafenib after a course of Sorafenib treatment was 10.6 

months which is higher than that of the placebo group (7.8 months). However, 

given the structural similarity between Sorafenib and Regorafenib, possible toxic 

effects are expected. Indeed, Regorafenib has showed higher toxicity when 

compared to sorafenib and its use was restricted to patients tolerating Sorafenib 

treatment whilst those intolerant to Sorafenib were not considered eligible [63, 64].  

 

Cabozantinib 

In January 2019, Cabozantinib was approved by the FDA as a treatment for 

advanced HCC who has been treated with at least one first-line systemic 

treatment. It is a multi-kinase inhibitor which inhibits VEGFR2, c-Met, TIE-2 and 

AXL. This approval was issued following the CELESTIAL study which revealed a 

better OS in the group treated with Cabozantinib vs the group treated with placebo 

(10.2 vs 8.0 months) in HCC patients that are refractory/intolerant to Sorafenib 

treatment, regardless the duration of the treatment, along with a better PFS. 

Unfortunately, Cabozantinib showed serious side effects, the most common being 

palmar-plantar erythridysesthia (17%), hypertension (16%) and increased 

aspartate aminotransferase level (12%) [65]. 

 

Nivolumab 

In September 2017, Nivolumab a fully human immunoglobulin-G4 (IgG4) 

neutralizing Programmed cell Death protein (PD)-1 and thus inhibiting its binding 

to its corresponding receptors Programmed Death Lingand-1 (PD-L1) and PD-L2  

was approved by the FDA. This was after the CheckMate-040 and the CheckMate-

459 studies. The CheckMate-040 study, a phase I/II study, done on patient pre-

treated with Sorafenib showed promising response rate of 15%, a median OS of 15 

months and median PFS of 4 months. However, the CheckMate-459 study did not 

show a survival benefit of Nivolumab compared to Sorafenib therapy naïve 

patients. Thus, Nivolumab was recommended majorly as a second-line treatment 

and in some instances as a first-line treatment i.e. patients ineligible or intolerant 

to other first-line treatments [66].  
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In the context of the CheckMate-040 study, the combination of Nivolumab and 

Ipilimumab was studied. Its approval by the FDA came in March 2020 as a second-

line treatment option. Ipilimumab is a human antibody targeting the cytotoxic T-

lymphocyte associated receptor -4 (CTLA-4) which reverses its inhibitory effect on 

the immune response. The study compared the effect of a combined therapy of 

Nivolumab plus Ipilimumab vs a combined therapy followed by a 

monotherapeutic approach by Nivolumab. Data from the study showed a 

response rate of 32% vs 31%, and a median OS of 23 and 12 months, the response 

duration was shown to be 4.6 vs 30.5 months, respectively. Thus, the approved 

course of treatment was the second one attributed to a combined therapy followed 

by a monotherapy [67]. 

 

Pembrolizumab 

In November 2018, Pembrolizumab was approved by the FDA as a second-line 

treatment for advanced HCC. It is an anti-PD-1 antibody. The approval was 

granted following the Keynote-244 trial for efficacy and safety, the median PFS 

and OS were 4.9 and 12.9 months respectively [68]. 

 

Ramucirumab 

In May 2019, Ramucirumab was approved by the FDA as a second line treatment 

for advanced HCC showing an AFP level ≥ 400ng/ml. It is a recombinant 

monoclonal antibody that acts as an antagonist for the VEGFR2. The approval 

came after studying the efficacy of Ramucirumab treatment with Sorafenib. At 

first, no statistical significance of the median OS vs the placebo was shown (9.6 vs 

7.6 months). However, further statistical analysis of a subgroup having 

AFP≥400nf/ml showed a significant increase in the median OS vs the placebo 

group (7.8 vs 4.2 months) [69]. 

It is worth mentioning that many therapeutic approaches are being assessed as 

first or second-line treatments for HCC: Avelumab (NCT03289533), Lenvatinib 

plus Pembrolizumab (NCT03006929), Nivolumab plus Cabozantinib 

(NCT01658878), among others [70].  
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1.3. Signaling pathways altered in HCC  

Chronic liver inflammation often leads to fibrosis followed by cirrhosis and finally 

HCC. The changes in the liver’s state throughout its evolution into being affected 

by HCC are accompanied by a change in the tumor microenvironment (TME), 

which sustains a niche favoring malignancy. The modulations in the status of TME 

affect an array of cells that include immune cells (resident and migratory), 

endothelial cells, hepatic stellate cells and others. This leads to the differentiation 

of cells into those that support tumor's development and progression: tumor-

associated macrophages (TAMs), tumor-associated neutrophils (TANs), and 

cancer-associated fibroblasts (CAFs) [71]. The changes in the phenotypic and 

secretory profile of cells of TME result from the change in the transcriptome and/or 

an altered protein function in the cells accompanied by dysregulation of the 

complex signaling pathways in the cells. The alteration of the signaling pathways 

is common in HCC and is crucial for the progression of the tumor. 

RAS/RAF/MEK/ERK, MAPK, HGF/MET, VEGF, FGF, TGF-β, EGF, IGF, 

JAK/STAT, p53, Wnt/β-catenin, and PI3K/Akt/mTOR [72] are among the altered 

signaling pathways. 

 

1.3.1. RAS/RAF/MEK/ERK, MAPK pathway  

Rat sarcoma virus (RAS) was among the first oncogenes described in humans [73]. 

The signaling pathway RAS/RAF/MEK/ERK (RAS/Rapidly Accelerated 

Fibrosarcoma/ Mitogen-activated ERK-activating Kinase/Extracellular signal-

regulated kinase) controls various cellular processes among which are cell 

proliferation, angiogenesis and apoptosis. The activation of MAPK is initiated 

following external stimuli and the activation of receptor tyrosine kinases (RTK). 

G-proteins (RAS) are then recruited to the plasma membrane and are 

phosphorylated leading to their activation. Thereafter, sequentially, RAF, MEK, 

and finally ERK1 and ERK2 are phosphorylated and thus activated. Following 

their activation, ERK1 and ERK2 translocate into the nucleus and ensure the 

activation of c-Jun and c-Fos transcription factors. In HCC, an increased 

phosphorylation of MEK1/2 has been shown when compared to adjacent non-

tumoral tissues. Moreover, there is a constitutive activation of the MAPK pathway 

due to the oncogenic mutations of RAS, an overexpression of the ligands and 

dysregulated epigenetic modification [74]. 
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1.3.2. HGF/Met pathway 

The mesenchymal-epithelial transition factor (c-Met) is a RTK having one known 

binding ligand: Hepatocyte growth factor (HGF). As its name implies, it plays a 

role in the epithelial-to-mesenchymal transition (EMT), a process very crucial in 

oncogenesis. In accordance with its role in the EMT, c-Met influences many 

cellular processes: cell proliferation, survival, motility, invasiveness [75]. 

Following its activation, c-Met mediates the phosphorylation of adaptor proteins 

(GRB2 and GAB1) [76] which consequently activate MAPK [77], PI3K [78], STAT 

and NFkB pathways. The deregulation in this pathway in HCC has been shown in 

50% of HCC patients due to: mutations (4%), genetic amplification (24%) and 

overexpression (50%) [79]. 

 

1.3.3. Growth factor-associated signaling pathways 

The following growth factors: VEGF, FGF, Transforming Growth Factor (TGF)-β, 

Epithelial Growth Factor (EGF), and Insulin-Like Growth Factor (IGF), among 

others, are known to play a prominent role in HCC [80]. This is attributed to their 

binding to their corresponding receptors on the cells leading to a cascade of 

activation of various signaling pathways, ultimately leading to the modulation of 

various cellular processes including cell proliferation, survival, metabolism, 

angiogenesis… 

 

VEGF 

VEGF has received a lot of attention when searching for a treatment for HCC thus 

most of the FDA approved drugs for HCC treatment target the VEGF receptor 2 

(VEGFR2) signaling pathway. It plays an important role in the growth and 

migration of HCC cells [81]. It is worth mentioning that 5-7% of HCC patients 

show a high DNA amplification of VEGFA – a member of the VEGF family. The 

increase in the VEGF levels correlates with tumoral vascular invasion and a poor 

prognosis [82, 83]. 

 

FGF 

FGF, on the other hand, and upon their binding to the FGFR has been shown to 

activate the RAS/RAF pathway along with the PI3K/Akt pathway. The main role 
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played by this pathway is wound healing and angiogenesis [84]. The correlation 

between the FGF with HCC has been established due to the evident increase in the 

expression of various FGFRs in HCC patients, and their consecutive effects: FGFR2 

overexpression signifies poor clinical outcomes, FGFR4 plays a role in the cell 

proliferation and secretion of alpha-fetoprotein [85]. Furthermore, FGF19 and 

FGF4 exhibited high levels of DNA amplifications (8% of HCC patients) [82]. 

 

TGF-β 

TGF-β exhibits a dual role in HCC, depending on the context, it acts a tumor 

promotor or a tumor suppressor. Its array of control spans various cellular 

processes including proliferation, apoptosis, differentiation, migration and 

invasion. Interestingly, its role is not restricted to that of tumor cells but surpass 

them into regulating the stroma and the inflammatory processes in the liver – 

regulating cytokine and matrix metalloprotease secretion. Upon its binding to the 

EGFR receptor, it fires the Small Mothers Against Decapentaplegic (SMAD) 

signaling pathway along with the PI3K-Akt pathway and MAPK [86]. In addition, 

it is associated with c-Myc-mediated HCC initiation and progression [87]. 

Moreover, a study showed that in a cohort of 488 HCC patients, 40% of them 

showed genomic alterations in the TGF-β signaling pathway [88].  

 

EGF 

EGF along with other ligands like amphiregulin, epiregulin, beta-regulin, heparin-

binding EGF and epigen are among the growth factors that bind to the EGFR [89]. 

Interestingly, the signaling pathway activated by EGFR is cell dependent. Its 

overexpression has been shown in cirrhotic and HCC tissues, endothelial cells, and 

has been correlated with HCC recurrence [90]. Additionally, EGF has been shown 

to be implicated in the inflammatory background of HCC [91].  

 

IGF  

The association of IGF to its corresponding receptor IGFR has been shown to 

activate the PI3/Akt/mTOR and MAPK pathways. The consecutive activation of 

the previously mentioned signaling pathways leads to a modulation in the cell 

proliferation and the inhibition of apoptosis [92]. A cohort of 288 HCC patients 
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showed a > 20-fold overexpression of genes of the IGFR family, thus asserting the 

role played by IGF in HCC (reducing apoptosis and favoring proliferation) [93]. 

 

1.3.4. JAK/STAT pathway 

Janus kinases (JAKs) are proteins attached to the cytoplasmic domain of receptors 

on the surface of the cells – mainly cytokine receptors. Upon the binding between 

the ligand and the receptor, JAKs are activated, leading to phosphorylation events 

on the receptor. The ducking sites created by the phosphorylation events allow the 

recruitment of Signal Transducers and Activators of Transcription (STATs). Upon 

the recruitment, STATs are further phosphorylated by JAKs. Then phosphorylated 

STATs dimerize and translocate to the nucleus leading to the transcription of 

target genes [94]. JAK/STAT pathway has been shown to regulate cell 

proliferation, stem cell maintenance, differentiation and immune system 

regulation. This pathway has been shown to be overactivated in HCC. This is 

mainly due to the loss and/or downregulation of the JAK/STAT inhibitors as a 

cohort of 80 HCC patients showed a promoter hypermethylation and loss of 

heterozygosity of JAK/STAT inhibitors [95]. Interestingly, the Interleukin-6(IL-

6)/JAK/STAT branch of the pathway has been shown to be activated at a higher 

rate in steatohepatitic HCC [96].  

 

1.3.5. P53 

A key event in cancer initiation and progression is the aberrations (genetic 

mutations and deletions) occurring in the tumor suppressor gene TP53 encoding 

the P53 protein [97]. P53 stands in the center of regulating cell cycle, apoptosis, 

senescence, and maintenance of genetic integrity among other functions. In HCC, 

the various etiologies affect the TP53 gene: 45% of patients with HBV-related HCC 

showed a mutation in the TP53, aflatoxin consumption is directly correlated with 

a characteristic mutation in TP53 [98].  

 

1.3.6. Wnt/β-catenin 

The Wingless -related integration site (Wnt)/β-catenin pathway is divided into two 

branches: the canonical and the non-canonical branches, depending on the 

presence or absence of β-catenin upon its activation. The activation of the pathway 
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is characterized by the accumulation of β-catenin in the cytoplasm where it is 

ubiquitinylated and degraded. In the absence of the fired cascade, β-catenin 

translocates into the nucleus where it interacts with DNA binding T-cell factor, 

Hypoxia-Inducible Factor 1α (HIF1α), Forkhead box protein O (FOXO) and Sex-

determining region X box (SOX) leading to the transcription of genes related to 

cell proliferation and differentiation [99].  Normally, the pathway is inactive in 

adult differentiated cells, however, it is activated in HCC [100]. In 30% of HCC 

cases the β-catenin gene by itself is mutated and in 5-10% of HCC cases the 

regulators of β-catenin are mutated [101].  

 

1.3.7. PI3K/Akt/mTOR pathway 

The PI3K/Akt signaling pathway has been receiving a lot of attention in cancer 

research as it has been shown to be hyper-activated in different types of cancer. 

The PI3K/Akt hyper-activation appears often due to the activating mutations in 

the effector molecules often upstream of Akt rather than in Akt itself – except for 

the E17K mutation in the PH domain of Akt. The common activating mutations, 

see Figure 4,  include the following[102]:  

i) a mutation hitting the catalytic subunit of PI3K rendering it 

constitutively active, 

ii) loss of PTEN whose role is to deactivate Akt), reported in up to 53% of 

HCC patients  

iii) activation mutations of RAS and growth factor receptors 

iv) gene amplification mutations of Akt and/or its effectors. 
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Figure 4: Aberrant activation of PI3K/Akt pathway in cancer. Driving mutations for the hyperactivation 

of Akt in cancer: RAS activation mutation, activation mutation of p110 subunit of PI3K, and loss of function mutation 

of PTEN (negative regulator of Akt). Rarely, a mutation of Akt itself: “E17K” occurs. It is a substitution of the 17th 

glutamine residue (E) by a Lysine (K). Adapted from Wang Q. et al, British Journal of Cancer[102].  

 

Activation of the Akt signaling pathway is closely related to the occurrence and 

development of liver inflammation and fibrosis – up to 40% of early-stage HCC 

patients show an overactivation of PI3K/Akt/mTOR pathway [103-105] and is 

associated with a poor prognosis for HCC patients [106]. Importantly, a 

bioinformatic study analyzed 331 candidates for HCC prognostic factors among 

which all the three Akt isoforms were selected for further clinical validation, and 

the results showed a correlation between tumor aggressiveness and poor 

prognosis [107].  

In the following section Akt will be detailed.  

 

2. Protein Kinase B (Akt) 

Akt (also known as Protein Kinase B) is a serine/threonine protein kinase family 

member discovered in 1991 [108]. The ~56kDa protein exists in mammals in three 

isoforms translated from 3 distinct genes: Akt1 (PKB α), Akt2 (PKB β), and Akt3 

(PKB γ). While the first two isoforms are constitutively expressed throughout the 

body – with a preference for insulin-sensitive tissues for Akt2 – Akt3 is said to be 

expressed in the brain and the testes. On the structural level, Akt consists of the 

following 3 domains: 1) the amino-terminal pleckstrin homology (PH) domain, 2) 
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a central domain sharing homology with other cAMP-dependent protein kinases 

(AGC kinases), and 3) a carboxyl-terminal domain serving as a regulatory domain, 

see Figure 5. These three isoforms share homologies in their catalytic domains, but 

they diverge in the PH and regulatory domains [109].  

 
Figure 5: Isoforms of Akt. Akt has three isoforms: Akt1 (Protein kinase-B (PKB) alpha), Akt2(Protein kinase-

B (PKB) beta), and Akt3 (Protein kinase-B (PKB) gamma). They show homology in their structure (shown on the top 

panel of the figure), constituted of a Pleckstrin Homology (PH) domain, a kinase domain and a regulatory domain. They 

differ in their expression patterns: Akt1 is constitutively expressed in the human body; Akt2 is mainly expressed in 

insulin-sensitive tissues like muscles, pancreas and adipose tissue; Akt3 is mainly expressed in the brain and the testes. 

 

AKT is considered as a master regulator serving as the center point in the PI3K/Akt 

pathway, which regulates several cellular processes encompassing cell survival, 

cell size/growth, survival, proliferation, glucose metabolism, transcription, protein 

synthesis, genome stability, and neovascularization. Thus, any disturbance in this 

pathway has drastic effects on the cellular homeostasis [109].  

Regulation of this pathway is done at two instants: activation and inhibition. 

Activation of this pathway is mediated by a cascade of events exerted by the action 

of several proteins. One of the classical ways for the activation is through the 

induction of the RTKs due to their subsequent activation by external stimuli: 

PDGF, insulin, EGF, basic Fibroblast Growth Factor (bFGF) and IGF-1 [110]. The 

beforementioned induction of the RTKs leads to the activation of PIP3Ks. It is of 

importance to mention that the PIP3Ks are heterodimeric enzymes harboring a 

catalytic subunit classified into 2 classes Ia and Ib and a regulatory subunit.  Class 

Ia of the catalytic subunit encompasses 110-kDa catalytic subunits: p110α and 

p110β, which bind to five kinds of regulatory subunits: 85α, p55α, p50α, p85β, and 

p55ϒ. However, class Ib encompasses only the p110ϒ isoform which binds only to 

the p101 regulatory subunit. The regulatory subunits contain either a Src 



40 

 

homology 2 (SH2) domains (the 5 kinds of regulatory subunits binding class Ia), 

or a trimeric GTP binding protein site (P101 regulatory subunit).  Once PI3Ks are 

activated they mediate the conversion of phosphatidyl inositol 4,5-bisphosphate 

(PIP2) into phosphatidyl inositol-3,4,5-triphosphate (PIP3), by phosphorylating 

the former. The recruitment of various Akt isoforms to the plasma membrane is 

crucial for their activation. The PIP3 acts as a docking site. The PH domain binds 

to the PIP3 at the plasma membrane. In some instances, the activation of Akt 

surpasses the PIP3 checkpoint and can be activated by actin, heat shock protein 

(Hsp) 90, Hsp27, and Posh [109, 111]. Akt is prone to 2 phosphorylation events at 

the following threonine (Thr) and serine (Ser) residues: Thr 308 and Ser 473 for 

Akt1, Thr 309 and Ser 474 for Akt2, and Thr 305 and Ser 472 for Akt3. The Thr 

phosphorylation events are executed by phosphoinositide-dependent kinase-1 

(PDK-1), whereas the Ser phosphorylation events are achieved by other kinases 

like the mammalian target of rapamycin complex 2 (mTORC2) and integrin-linked 

kinases (ILK). These two phosphorylation events are essential for Akt to attain its 

full function, see Figure 6.  However, it remains functional only with the threonine 

phosphorylation. Recently, Tyrosine (Tyr) residues in the Akt have been shown to 

be prone to phosphorylation events, however these seem to be stimulus 

dependent. EGF mediated activation led to the phosphorylation of Tyr31 and 326 

residues and IGF-1 stimulus led to the Tyr474 residue phosphorylation [112]. The 

inhibition of this pathway is mediated by a negative feedback loop mediated by 

protein phosphatase 2A (PP2A), PH domain leucine-rich-repeat-containing 

protein phosphatase 1/2 (PHLPP2), and phosphatase and tensin homolog (PTEN), 

carboxyl-terminal modulator protein, Grb10, keratin K10 and T-cell leukemia 1 

(Tcl1) [113].   
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Figure 6: Activation of the PI3K/Akt pathway. Schematic representation of the common activation cascade 

of Akt by growth factors and receptor tyrosine kinases (RTKs). Following the binding of the growth factors to the RTK 

receptor, they are subject to an autophosphorylation and hence activation. Once activated, they in turn activate 

phosphatidyl inositol 3 kinase (PI3K). Once activated it mediates the conversion of phosphatidyl inositol – 4,5 

bisphosphate (PIP2) into phosphatidyl inositol-3,4,5-triphosphate (PIP3). The Akt is then recruited to the plasma 

membrane by binding to PIP3. Once there, Akt is subject to activating phosphorylations by phosphoinositide-dependent 

kinase-1 (PDK1), and target of rapamycin 2 (TORC2) at the Seine (S) and threonine (T) residues. Adapted from Garcia-

Echeverria C. et al., Oncogene [114].  

 

Various substrates are prone to phosphorylation by Akt, and are downstream 

effectors of this pathway to regulate the various cellular processes. Some of these 

that can be highlighted: proline-rich Akt substrate of 40 kDa (PRAS40), cyclin-

dependent kinase (CDK) inhibitors P21 and P27, paladin and vimentin, Inhibitors 

of KappaB Kinase alpha (IKKα), and Tumor progression locus 2 (Tpl2). Moreover, 

Akt-mediated phosphorylation of tuberous sclerosis (TSC)1/2 complex and 

mTORC1 regulate cell growth. Survival has also been found among the cellular 

processes controlled by Akt through the direct inhibition of pro-apoptotic proteins 

like Bad or the inhibition of pro-apoptotic signals fired by the transcription factors 

such as FoxO1 [111]. Metabolism-related proteins like Glycogen Synthase Kinase 

(GSK) 3β are also among the substrates for Akt, see Figure 7. 
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Figure 7: Overview of the PI3K/Akt pathway. Schematic representation of the Akt pathway and its 

downstream effector molecules. The black arrows signify an activation, the red arrows signify an inhibition Akt pathway 

is implicated in the cell growth, protein synthesis, cell survival/apoptosis, cell cycle, cell metabolism, and cross-talks with 

other signaling pathways, either directly (by one protein intermediate) or indirectly (by one or more protein 

intermediates). The pathway is fired by the activation of the receptor tyrosine kinase by extracellular signals mediated by 

growth factors. The subsequent activation of the receptor mediates the phosphorylation and thus the activation of the 

Phosphatidyl inositol 3 kinase (PI3K), which is made up of 2 subunits P85 and p110. The PI3K mediates the 

phosphorylation of phosphatidyl inositol-3,4-diphosphate (PIP2) and the production of Phosphatidyl inositol-3,4,5-

triphosphate (PIP3). Once produced, it mediates the recruitment of the Akt to the cell surface where its 

activated/inhibited. Protein serine/threonine kinase Phosphoinositide-Dependent Kinase-1 (PDK1), is recruited to, and 

activated at the cell surface and is responsible for phosphorylating and activating Akt, along With Integrin-Linked Kinase 

(ILK) And Mammalian Target Of Rapamycin 2 (mTORC2), among others. In contrast, Phosphatase and Tensin 

Homolog (PTEN) is the main negative regulator of the pathway. Phosphorylation of Tuberous Sclerosis (TSC)1/2 by Akt 

releases the inhibitory effect on Mammalian Target Of Rapamycin 1 (mTORC1). The latter activates p70S6K and 

inhibits 4E-BP1, resulting in the regulation of protein synthesis and cell growth. Phosphorylation events on the following 

proteins leading to their activation/inhibition mediates the regulation of the cell survival/apoptosis: Lysine Deficient 

Protein Kinase 1 (WNK1), BCL2-Antagonist of Cell Death (BAD), Forkhead box protein O1 (FoxO1), and P53 regulated 

via the activation of Murine Double Minute 2 (MDM2). The role of Akt in the regulation of cell cycle is mediated via 

the regulation of cell-cycle-related proteins such as P21/27 and Cyclin D. As far as the cell metabolism is concerned, 

among the Akt regulated proteins are: Glycogen Synthase, endothelial Nitric Oxide Synthase (eNOS), and cAMP-

Response Binding Element (CREB). It is worth mentioning that the Glycogen Synthase Kinase 3 (GSK) exerts its role 

in the regulation of both the cell cycle and metabolism axes.  The PI3K/AKT/mTOR signaling intertwines with other 

signaling pathways like: c-Jun N-terminal Kinase (JNK) Extracellular Signal Regulated Kinase (ERK), and Janus Kinase 

(JAK), among others. This is mediated through the interaction of Akt with  the  Rat Sarcoma virus (RAS) and Apoptosis 

Signal-Regulating Kinase 1 (ASK1).  
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2. Protein Kinase B (Akt) 

2.1.Roles of Akt1, Akt2 and Akt3 in HCC progression 

The contribution of the various Akt isoforms in the progression of HCC has been 

explored by research carried out over the years.  

 

2.1.1. Akt1 

As far as Akt1 is concerned, a study in 2019 showed that the Akt1-mediated 

phosphorylation of mTORC2 is crucial for triggering hepatocarcinogenesis in 

humans and mice as it contributes to cellular growth through c-Myc activation 

[115]. Further, the altered metabolic state of the liver in HCC commonly exhibits a 

marked up-regulation of aldose reductase. Interestingly, aldose reductase has 

been shown to interact with the catalytic domain of Akt1 leading to an activation 

of the Akt/mTOR pathway [116]. Moreover, the TME components can lead to an 

activation of Akt. For instance, an in vitro study mimicking the augmented TME 

polyamine levels in HCC showed a subsequent increase in the levels of Akt1 along 

with those of ornithine decarboxylase, spermidine/spermine N1 acetyl transferase, 

hypoxia inducing factor 1α, matrix metalloproteinase 9, VEGF, and 

downregulated p27. The previous fluctuations resulted in an increase in the 

proliferation and the migration of HepG2 cells (HCC cell line) [117]. To further 

stress the role of Akt1 in HCC progression, a study demonstrated that the 

overexpression of myriostylated Akt1 – and thus constitutively active Akt1 – led 

to a liver tumor development in mice, and its combination with S-phase kinase-

associated protein overexpression exacerbated the phenotype [118]. Interestingly 

a real-time imaging study of Akt1 in HCC cells demonstrated that the nuclear 

translocation of Akt1 is independent of the phosphorylation events at the Thr308 

and Ser473 [119]. In contrast, a study showed that a decrease in β-catenin levels in 

the HepG2 cell line showed no change in the Akt1 expression level, while it 

decreased the phosphorylation and consequently decreased cell growth. This 

stresses the cross-communication between the different signaling pathways 

activated by the signals from TME, which converge onto the Akt1 activity and its 

effect on HCC progression [120].  
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2.1.2. Akt2  

Akt2 has also been shown to be a contributor to HCC progression, and some 

researchers argue that its role in HCC prognosis surpasses that of Akt1. A study 

by Xu and colleagues detected overexpression of Akt2 in 38% of the HCC tissues 

of the studied cohort with a moderate or less expression of Akt1 in all the cases. 

The high expression of Akt2 correlated with the histopathological differentiation, 

portal invasion, and the number of tumor nodules, while Akt1 did not correlate 

with any of these clinicopathological features [121]. An in vitro study conducted to 

investigate the role of Akt2 in the proliferation and migration of HCC cells showed 

that Akt2 was regulated by STAT3. The ablation of STAT3 by small-interfering 

RNA (siRNA) led to a decrease in the phosphorylated form of Akt2 and led to a 

subsequent decrease in the proliferation and migration of HCC cells. Moreover, 

the in vivo transfection with siRNA against STAT3 decreased the pace of the 

tumor’s growth, a process that was reversed by Akt2. This points to the significant 

role of Akt2 in the growth of the tumor [122]. Another in vivo study stressed the 

importance of Akt2 in the process of hepatic steatosis and carcinogenesis. In this 

study, the hydrodynamic transfection of a mutated form of PI3K subunit α alone 

into mouse livers led to hepatic steatosis, whereas the hydrodynamic transfection 

of mouse livers with a mutated form of PI3K subunit α combined with either 

NRASV12 or c-Met in the mouse liver led to the development of tumor nodules, 

which exhibited an increase in the activation of Akt/mTOR and RAS/MAPK 

signaling pathways. The ablation of Akt2 in mouse livers inhibited both the 

hepatic steatosis in the former case and tumorigenesis in the latter one [123]. 

Interestingly, a study of zebrafish (Danio rerio) showed that the induced 

expression of oncogenic Kras led to the development of HCC having great 

resemblance to the human tumors with an elevated Akt2 activation [124].  

 

2.1.3. Akt3 

Despite the previous knowledge about the focused expression of Akt3 in the testes 

and brain, some studies have shown the implication of Akt3 in HCC. A series of 

studies on micro-RNA (miRNA) profiles in HCC revealed the downregulation of 

miRNA-144, and miRNA-582-5p. The downregulation of the previously 

mentioned miRNAs resulted in a sustained expression of their downstream 

targets. Both the aforementioned miRNAs showed Akt3 among their targets, and 
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their subsequent downregulation supported tumor progression and growth. This 

indicates the contribution of Akt3 in HCC progression [125, 126]. 

 

2.2. Role of Akt1 and Akt2 in the modulation of the immune cells  

In addition to direct anti-tumor activity, there is growing evidence that targeting 

the Akt pathway has an indirect anti-tumor activity that is mediated by the 

response of immune cells [127]. In fact, TME, which is generally 

immunosuppressive and metabolically stressed, can be modulated by Akt as this 

pathway is essential to the differentiation, maturation, and functioning of many 

immune cells. At present, the immunomodulation by Akt is best characterized at 

the level of T cells and macrophages. 

 

2.2.1.  Akt regulates the functions and fate of T cells 

The regulation of the nutrient metabolism in the T cells is important for the control 

of their differentiation as it shapes their function and survival. Quiescent T cells 

require oxidative catabolic metabolism and use low amounts of nutrients. T-cell 

activation through T cell receptor (TCR) induces a metabolic switch to aerobic 

glycolysis and anabolic metabolism to sustain cell division and differentiation. 

Then, different subsets of activated T cells adopt fine-tuning of metabolism 

homeostasis according to their functions and fate [128]. For example, the glycolytic 

rates are higher in Th1, Th2, and Th17 than in the T regulatory cells (Tregs). Tregs 

use fatty acid oxidation for their energy demand while memory T cells use 

mitochondrial oxidative phosphorylation and fatty acid oxidation for their long-

term persistence [129].  

The PI3K-Akt pathway orchestrates the nutrient uptake and utilization within the 

cell. Thus, it is a key pathway to regulate the functions and fate of T cells. The TCR 

and CD28 co-stimulation by their respective ligands is known to engage the 

PI3K/Akt/mTOR cascade [130]. The differentiation into effector T cells and 

memory T cells is achieved, in part, by asymmetric division where daughter cells 

contain different amounts of active mTORC1. Thus, the high levels of active 

mTORC1 in effector T cells increase glycolytic activity, and the low levels in 

memory T cells increase lipid metabolism. This event is achieved by RagC 

mediated translocation of mTOR to the lysosomes through a CD98 and leucine-

dependent mechanism [131]. The mTOR inhibition in T cells induces tolerance 
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through the T cells’ energy, and blocks the differentiation to effector T cells leading 

to the generation of FoxP3+, Tregs, and CD8+ memory T cells [132]. This is 

associated with the lower activation of the transactivation factors STAT4, 6, and 3 

in response to IL12, 4, and 6 stimulations. Interestingly, the Akt-dependent 

induction of mTORC1 activity in the T cells does not require mTORC2 for their 

differentiation into T-helper (Th)1 and Th17. Which is not the case with 

hepatocytes and the T cell differentiation into Th2 which require functional 

mTORC2 [133]. TCR can induce the mTOR activation through upstream PI3K/Akt 

activation, which is the signaling that is enhanced by costimulatory receptors (e.g., 

CD28) [130], see Figure 8. 

 
Figure 8: Role of PI3/Akt in the fate of T-cells. The fate of T-cells upon their activation by antigen 

presenting cells (APCs) and the applied stimuli is mediated by the state of the mammalian target of rapamycin 

(mTORC)1/2 regulated by the PI3/Akt pathway.IL: interleukin; Th: helper T-cell; Treg: regulatory T-cell. Adapted from 

Chi H. et al., Nature Reviews Immunology [134] 

 

CTLA-4 and PD-1 can antagonize the mTOR activity via Akt and PI3K inhibition. 

Indeed, the CTLA-4 mediated inhibition of Akt is dependent on PP2A. The PD-1-

induced Akt inhibition involves a blockade of the CD28 cytoplasmic tail function 

(probably through SHP1/2), thus, preventing the synthesis of PI3P by PI3K. In 

addition, the PD-1-induced PI3K/Akt pathway inhibition is more potent to block 

T cell differentiation than the CTLA-4-induced PI3K/Akt inhibition [135]. Notably, 

the PI3K/Akt/mTOR pathway also regulates lymphocyte trafficking through the 

modulation of CD62L and CCR-7 expression [136]. 
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Regarding the Akt isoform dichotomization in T cell activation, recent 

publications suggest a divergence in Akt1, 2, or 3 functions. The Akt1 isoform 

downregulates proliferation of the thymus-derived Tregs, thus, facilitating Ag-

specific Th1/Th17 responses. On the other hand, Akt2 increases the proliferation 

of Tregs and suppresses the Ag-specific Th1/Th17 responses. Furthermore, the 

treatment with a specific Akt1 inhibitor suppresses disease progression in a mouse 

model of autoimmune encephalomyelitis [137]. The Akt3 signaling in T cells, and 

not in neurons, is necessary for maintaining the central nervous system’s integrity 

during an inflammatory demyelinating disease (in vivo model of myelin-

oligodendrocyte glycoprotein-induced experimental autoimmune 

encephalomyelitis) [138]. Clearly, further studies are needed to clarify the role of 

each Akt isoform in the T cell activation process and antitumor activity. 

In conclusion, the Akt pathway is at the epicenter of the T cell 

activation/differentiation process. This needs to be taken into consideration while 

choosing the therapeutic targeting of this pathway. 

 

2.2.2. Akt plays a role in macrophage polarization  

Macrophages are a heterogeneous population of cells arising from the myeloid 

lineage and are involved in innate immunity.[139] The roles of these cells during 

pathogen encounters are broad, and they encompass antigen processing, 

presentation, orchestration of inflammatory response, clearance, and repair. A 

dichotomy between “classically activated macrophages” and “alternatively 

activated macrophages” depending on different stimuli has been described and 

led to the emergence of an “M1” versus “M2” terminology. As simple as this 

classification sounds, in reality, such clear division was challenged by the 

discovery of TAMs that do not fit in the classification system for which different 

subsets of M2 macrophages (M2a, M2b, M2c, and M2d) were brought into the 

spotlight in accordance with their transcription profiles and responses to the 

different stimuli. Importantly, the presence of TAMs is generally associated with 

a poor prognosis in solid tumors [140]. 

The different polarization states of the macrophages result in different modes of 

action according to the tissue environment based on the signals that they receive 

from the surrounding cells. M1 macrophages exhibit a pro-inflammatory function 

along with a microbicide activity and resistance to pathogens. M2 macrophages 
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predominantly mount an anti-inflammatory response, parasite control, tissue 

remodeling, and immune modulation. The macrophage polarization fate is 

dictated by the regulation of cytokine production, phagocytosis, autophagy, 

apoptosis, and metabolism. All of these pathways seemed to have Akt as the 

converging node. In fact, signaling cascades controlled by PI3K-Akt largely 

contributed to macrophage polarization [141], see Figure 9.  

 
Figure 9: Role of PI3K/Akt in the fate of macrophages. Schematic representation of the converging node 

of the PI3k/Akt pathway in the regulation of the polarization state of macrophages into M1 and M2. Such a fate decision 

is mediated through the Akt pathway control of the various processes of: cytokine production, phagocytosis, autophagy, 

apoptosis, and metabolism. Adapted from Vergadi E. et al., The Journal of Immunology [141].  

 

The PI3K/Akt pathway plays a key role in the increase of anti-inflammatory 

markers such as arginase-1 (Arg1) and IL-10 and inhibition of the production of 

pro-inflammatory cytokines [142, 143]. It has been described that activation of the 

PI3K-Akt pathway results in increased polarization of M2 macrophages [141], and 

BMP7 and SMAD 1/5/8 might play a major role in these events [144]. Expectedly, 

published data also suggest that the inhibition of either PI3K or mTOR results in 

M1 macrophage polarization [145, 146]. For example, rapamycin treatment has 

been found to promote M1 polarization [147]. Nevertheless, the Akt pathway can 

also be triggered in macrophages by TLR4 activation [148], activating downstream 

NFkB [149], and mTORC1 [150] which are responsible for the transcription of M1 

genes.  
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While differences in the PI3K/Akt pathway involvement upon macrophage 

activation might arise from distinct tissue environments or macrophage origins 

between studies, the differences in the Akt isoforms (Akt 1, 2, or 3) play an 

important role in this matter [141]. Double and triple knockout studies support 

evidence that each Akt isoform possesses non-overlapping functions. Indeed, in a 

study using dextran sodium sulfate-induced colitis, the genetic ablation of Akt1 

isoform exacerbated the disease; however, the ablation of Akt2 in these mice 

protected them. This difference was due to the M1 profile and M2 profile in these 

two cases respectively [151]. Moreover, studies have shown that knocking down 

of the Akt1 expression promotes the upregulation of Induced Nitric Oxide 

Synthase (iNOS) and IL-12β (M1 activation) and suppresses TLR4-induced M1 

macrophage activation. In contrast, as reviewed previously, the knockout of Akt2 

resulted in an M2 phenotype along with elevated M2 markers (Arg1, Ym1, and 

Found in inflammatory zone protein-1  (Fizz1)), endotoxin tolerance, and elevated 

levels of IL10 [141].  

Still, the importance of the subcellular localization of Akt isoforms in macrophages 

has been poorly documented, and a further level of complexity exists based on the 

acute vs chronic activation of Akt that remains to be tested in terms of macrophage 

fate. 

 In conclusion, activation of macrophages is highly dependent on the Akt 

pathway, but the full picture of Akt involvement in macrophage polarization 

remains to be completed, especially concerning the role of each Akt isoform in 

TME of HCC. 

 

2.2.3. Akt modulates other cells in the tumor microenvironment 

Neutrophils present in the tumor, termed as Tumor-associated neutrophils 

(TANs), are major players in the TME of HCC. They recruit both macrophages and 

Tregs to promote the progression of HCC [152]. Akt signaling cascade is involved 

in migration, degranulation, and oxygen production, and the Akt2 isoform has a 

predominant role in regulating neutrophil functions [153].  

Besides, mast cells modulate the immune response and mediate angiogenesis. It 

has been demonstrated that the recruitment of mast cells increases angiogenesis 

by PI3K-Akt-Glycogen Synthase Kinase (GSK3) β-AM signaling, which can be 

reversed by Akt inhibition [154]. 
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2.3. Targeting Akt in the management of HCC.  

As the search for therapies for HCC continues, several researchers are trying to 

pinpoint specific effector proteins that could be targeted. Akt (also known as 

Protein Kinase B) is showing growing interest as a therapeutic target for HCC, see 

Figure 10. The Akt inhibitors that are capable of inhibiting the PI3K/Akt/mTOR 

pathway have been tested as an anti-tumor treatment in several preclinical studies 

and early clinical phase trials, mostly in the case of gynecologic and prostate 

cancers, but the data from preclinical and clinical studies are also available in HCC. 

(As summarized in Table 1).  

 
Figure 10: Possible impact of chemical Akt inhibition on HCC and its TME . Schematic representation 

of the targets of chemical inhibition of Akt which encompass the tumor cells as well as tumor microenvironment (TME) 

constituents, namely, CD8+ T-cells, regulatory T-cells (T-regs), mast cells, neutrophils and macrophages. Adapted from 

Mroweh M. et al., International Journal of Molecular Sciences [70]. 

 

Classical ATP-competitive Akt inhibitors such as Ipatasertib (GDC-0068) and 

Capivasertib (AZD5363) are currently in phase-I and phase-II clinical trials for 

mono- or combination-therapies. However, because the ATP-binding pocket of 

Akt is highly conserved among kinases, the selectivity of these inhibitors is 

limited, and their use is associated with side effects during treatment and lack of 

efficacy. The efforts to identify more specific and selective small molecules have 

resulted in the development of allosteric inhibitors such as MK-2206, ARQ092, and 

ARQ751 [155, 156]. 
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Table 1: Akt inhibitors in the management of HCC 

Inhibitor 
Mechanism 

of action 

Experiment 

setup 

Antitumor 

effect 
Effect on TME 

 Clinical trial 

GDC-

0068 

[157-159] 

ATP 

competitive 

AKT 

inhibitor 

Combination of 

GDC-0068 with 

sorafenib in 

HepG2 and 

Huh7 sorafenib-

resistant cell-

lines 

- synergistic 

antitumor 

effect 

- promotion of 

apoptosis 

- induction of 

autophagic cell 

death 

Not 

investigated 

Phase I/II including 

multiple solid 

tumors treated by 

GDC-0068 in 

monotherapy or in 

association with 

abiraterone + 

prednisolone: safe 

and tolerable in 

monotherapy or in 

combination 

AZD5363 

[160, 161] 

ATP 

competitive 

AKT 

inhibitor  

Single agent in 

Hep-G2 and 

Huh-7 HCC cells 

Combination 

with FH535  (β-

catenin inhibitor) 

in THH, Hep3B 

and HepG2 

- inhibition of 

tumor 

proliferation 

- induction of 

cell-cycle arrest 

- promotion of 

apoptosis 

- promotion of 

autophagy 

through p53 

activation 

Not 

investigated 

Phase I, AZD5363 in 

monotherapy, in 

multiple advanced 

solid tumors 

including liver 

cancer 

(NCT01895946): safe 

and tolerable, no 

data on antitumor 

response 

Phase I including 

multiple solid 

tumors harboring 

AKT mutations 

(NCT02465060) 

ARQ092 

[162, 163] 

allosteric 

pan-AKT 

inhibitor 

Single agent and 

in combination 

with sorafenib in 

a DEN-induced 

cirrhotic rat 

model of HCC 

and in Hep3B, 

HepG2, Huh-7, 

PLC/PRF, and 

- inhibition of 

tumor 

proliferation 

- promotion of 

apoptosis 

- synergistic 

antitumor 

effect when 

- anti-

angiogenic 

effect, 

- improved 

liver fibrosis 

- decrease of 

intrahepatic 

neutrophils 

No clinical trial 
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HR4 HCC cell 

lines 

combined with 

sorafenib 

and 

macrophages 

 

ARQ 751 

[164] 

allosteric 

pan-AKT 

inhibitor 

Single agent and 

in combination 

with sorafenib in 

DEN-induced 

cirrhotic rat 

model of HCC 

- inhibition of 

tumor 

proliferation 

- synergistic 

antitumor 

effect when 

combined with 

sorafenib 

- Improved 

liver fibrosis 

Phase Ib 

(NCT02761694) 

in solid tumors with 

PIK3CA/AKT/PTEN 

mutations including 

HCC: ongoing 

MK-2206 

[165, 166] 

allosteric 

pan-AKT 

inhibitor 

Single agent in 

Human Huh7, 

Hep3B, and 

HepG2 HCC cell 

lines 

- Promotion of 

apoptosis 

- Inhibition of 

cell 

proliferation 

- Induction of 

cell cycle arrest 

Not 

investigated 

Phase II trial, MK-

2206 in monotherapy 

in advanced HCC 

previously treated 

(NCT01239355) : 

discontinued due to 

discouraging results 

 

 

First, an ATP-competitive Akt inhibitor GDC-0068 showed promising antitumor 

activity ranging from tumor growth delay to regression in multiple tumor 

xenograft models as a single agent to the potentialized antitumor activity of classic 

chemotherapeutic agents [157]. A high basal level of phospho-Akt, PTEN loss, and 

PIK3CA kinase domain mutations were predictive of a better response to GDC-

0068 [157]. More specifically, in an in vitro model of Sorafenib-resistant HCC cells, 

the exposure to GDC-0068 combined with Sorafenib restored sensitivity to 

Sorafenib by switching autophagy, one of the known resistance mechanisms, from 

a cytoprotective role to a death-promoting mechanism. This association induced a 

synergistic antitumor effect suggesting, at the time, that GDC-0068 represents a 

good candidate for further clinical trials in combination with Sorafenib [158]. In 

clinics, to this day, GDC-0068 was tested in a phase-1 basket trial with multiple 

solid tumors including only one HCC patient without any further study carried 

out in this pathology [159]. This compound is currently mostly studied in prostate 

and breast cancers in combination with other anticancer agents. 
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AZD5363, also known as Capivasertib, is another Akt inhibitor that binds to and 

inhibits all Akt isoforms. In a large number of cancer cell lines, it has been shown 

to decrease FOXO3a phosphorylation thought Akt inhibition leading to FOXO3a 

translocation to the nucleus where it can “switch on” the expression of genes, such 

as p27, FasL, and BIM by inducing cell-cycle arrest and promoting apoptosis [167]. 

Moreover, AZD5363, suppresses the proliferation of human HCC cell lines, 

HepG2 and Huh-7, by inhibiting the phosphorylation of downstream molecules 

in the Akt signal pathway in a dose- and time-dependent manner [160]. AZD5363 

was studied in combination with the β-catenin inhibitor (FH535) in vitro. This 

combination induced a stronger effect on cell death and displayed 

antiproliferative effects on transformed human hepatocytes through inhibition of 

cell-cycle progression, enhanced autophagy marker protein expression, and 

autophagy-associated death. An enhanced p53 expression was also observed due 

to modulation of murine double minute 2 (MDM2) activation, and it led to cell 

proliferation inhibition and promotion of autophagy. The importance of p53 was 

confirmed on Hep3B cells, which do not express p53. While the combination did 

not induce a significant autophagy-dependent death on wild-type cells, and this 

was reversed after transfection with the wild-type p53 gene. These promising 

results suggest that inhibiting both Akt and β-catenin pathways may represent a 

new therapeutic way of treating HCC that would, however, require further 

preclinical and clinical investigations [168]. AZD5363 was tested in a phase-I trial 

in multiple advanced solid tumors including HCC, and it showed acceptable 

safety and tolerability profiles [161]. Moreover, it is still under investigation in a 

large phase-1 study, the MATCH screening trial, that includes multiple solid 

tumors harboring druggable mutations including Akt mutations (NCT02465060). 

ARQ092 (also named Miransertib) is a small allosteric pan-Akt inhibitor that 

showed interesting results in a diethylnitrosamine- (DEN) induced rat model of 

HCC developing on cirrhosis, which was assessed by MRI. The ARQ092 treatment 

induced downregulation of the mTOR pathway with a decrease in the active 

phosphorylated form of Akt and its downstream actors. ARQ092 improved the 

tumor response, normalized the vascularization, and significantly decreased the 

fibrosis of the surrounding liver [162]. A combination of ARQ092 with Sorafenib 

synergistically decreased the tumor progression with the promotion of apoptosis 

and reduction of tumor proliferation and angiogenesis [163], and similar effects 

were observed when ARQ 751, a next-generation allosteric pan-Akt inhibitor, was 

used [164]. ARQ 751 is now tested in clinics, in a phase-1b basket trial, as a single 
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agent or in combination with other anticancer drugs in the case of solid tumors 

with PIK3CA/Akt/PTEN mutations including HCC (NCT02761694). 

MK-2206, another allosteric Akt inhibitor, that has been studied in vitro and in vivo 

in many cancers has shown interesting in vitro activity resulting in cell-cycle arrest, 

inhibition of cancer cell proliferation, and promotion of apoptosis in human HCC 

cell lines [165]. It was, later, studied in a phase-2 trial including patients with 

advanced HCC that was previously treated but was prematurely arrested due to 

discouraging results (NCT01239355). Another phase-2 trial in the case of advanced 

biliary cancer was also stopped after 8 inclusions due to the absence of clinical 

efficacy as a single agent but with an acceptable safety profile (NCT01425879) 

[166]. Further trials may be needed on this front in combination with other 

targeted therapies. 

The data concerning Akt inhibitors in HCC are still preliminary and future clinical 

development may have to involve combinations with other targeted therapies 

such as β-catenin inhibitor or immune checkpoint inhibitors to improve the care 

of HCC patients. 

 

2.3.1.  The impact of Akt inhibition  

Although the Akt inhibitors have been intensively studied during the past decade 

in the context of cancer, their effect on TME has received less attention until very 

recently. Interestingly, recent studies suggest that apart from their direct anti-

tumor activity, the Akt inhibitors have the capacity to modulate TME and switch 

it from pro-tumoral to anti-tumoral. The inhibition by AZD8835 in pre-clinical 

mouse tumor models directly increased CD8+ T-cell activation, while Tregs, 

macrophages, and myeloid-derived suppressor cells were strongly suppressed 

[169]. Similarly, in several different tumor-bearing mice, the Akt pathway 

inhibitor, MK-2206, caused the selective depletion of suppressive Tregs, which 

was associated with enhanced cytotoxic CD8 responses [170]. The Akt inhibitor, 

AZD5363, was administered as an adjuvant after radiotherapy in tumor-bearing 

mice which was associated with marked reductions in tumor vascular density, a 

decrease in the influx of CD11b+ myeloid cells, and a failure of tumor regrowth 

[171]. Similarly, in the rat model of HCC, which accurately recapitulated the 

scenario and TME of human HCC [172], the Akt inhibition by ARQ092 was 
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associated with the modulations of TME mainly in the form of a decrease in the 

accumulation of intrahepatic neutrophils and macrophages [163].  

Recent studies have also demonstrated the effect of the Akt inhibitors on TME in 

cancer patients. For instance, in Human Epidermal growth factor Receptor 2 

(HER2) negative breast cancer patients, two oral doses of the Akt inhibitor, MK-

2206. were associated with a favorable immune profile in TME including increased 

CD3+CD8+ density and greater expression of interferon genes [173]. However, 

there are no studies that assess the impact of Akt inhibition on TME in HCC 

patients.   

Despite being widely developed for treating HCC, all these Akt kinase activity 

inhibitors lack specificity. To further target Akt isoform, we aim at developing 

more specific therapeutic candidate, using especially RNA-interference (RNAi) 

strategy. Indeed, the use of the RNAi strategy has been already widely explored 

as a treatment strategy for HCC, especially to inhibit the crosstalk between the 

TME and HCC.  

 

3. RNA interference overview  

The Nobel Prize in Physiology and Medicine was awarded in 2006 to RNA 

interference (RNAi) discoverers: Andrew Z. Fire and Craig C. Mello [174]. RNAi 

involves a double-stranded ribonucleic acid that interferes with a specific 

messenger RNA (mRNA) and prevents its translation or leads to its degradation, 

therefore decreasing expression levels of the corresponding protein. This 

mechanism censors the output of the genome and dictates the fate of a specific 

transcript, inhibiting its translation into the final active form, the protein. Due to 

the aberrant activities of a variety of proteins in cancers, RNAi introduces itself as 

a promising tool in cancer therapy. Moreover, as RNAi interrupts the gene of 

interest (and can be specific to a mutated version of a gene), mRNA, protein flow, 

it can modulate the secretory profile of the cells leading to disrupted 

crosstalk, which is empirical for the tumor progression [175].  

RNAi is a regulatory mechanism involving small regulatory RNAs (belonging to 

non-coding RNAs (ncRNA)) that are not translated into proteins. The RNAi 

mechanism is one way of inducing post-transcriptional gene silencing (PTGS) and 

can participate as a natural process of resistance to the presence of pathogenic 

exogenous double-stranded RNA (dsRNA)[176]. The presence of dsRNA in the 
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cell is termed to be “abnormal” and is degraded by the cellular machinery upon 

recognition through TLR activities. dsRNAs can be of viral origin, but could also 

be from endogenous genes such as transposons [177]. Therefore, by mimicking 

this process, i.e., the introduction of RNA molecules with the ability to bind to the 

target mRNA and thus labelling it for degradation, it is possible to control the 

expression of specific genes for treatment purposes. Diverse studies have shown 

in vitro the efficiency of this mechanism in numerous pathologies, specifically in 

inflammatory diseases as well as cancer [178, 179]. RNAi comprises three different 

types of RNA molecules: microRNAs (miRNA), short hairpin RNAs (shRNA) and 

small interfering RNAs (siRNA), see Figure 11. 

 
Figure 11: Scheme of three RNAi different pathways: miRNA, shRNA and siRNA. Scheme of the three 

different RNA interference (RNAi) pathways: micro(mi)RNA, short hairpin(sh)RNA and small interfering (si)RNA. 

shRNA and miRNA mediated silencing are based on a modification of the genomic content within the nucleus whereas 

siRNAs act directly in the cytoplasm of cells and do not require nuclear import. shRNAs and miRNAs are introduced 

into the cell in the form of DNA, and it is essential that they are transported into the nucleus to be transcribed into double 

stranded (ds)RNAs with a hairpin-like structure and are thus termed primary (pri)-shRNAs and pri-miRNAs, 

respectively, which are further cleaved in the nucleus by the DROSHA enzyme. The resulting transcripts are termed 

precursor (pre)-shRNAs and pre-miRNAs, respectively, and are exported to the cytoplasm via Exportin 5. siRNAs, on 

the other hand, are introduced in the form of dsRNA sequences and are not delimited by a nuclear transport step; they 

are cleaved by DICER enzyme to attain their final form. In the cytoplasm, the three pathways converge as they are all 

loaded to the RNA induced silencing (RISC) complex. After that, they diverge again in their mechanism of action to 

silence a target gene: a miRNA-RISC complex inhibits translation, whereas sh/siRNA-RISC complexes bind to mRNA 

sequences resulting in their degradation. Adapted from Mroweh M. et al, International Journal of Molecular Sciences 

[71]. 
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Biogenesis and gene silencing mechanism of microRNA 

MicroRNA (miRNA) is an endogenous single-stranded RNA molecule of 19–22 

nucleotides (nt) derived from a double-stranded region of 60–70nt RNA hairpin 

precursor. The miRNA gene is usually in the form of clusters at different sites 

within the genome, commonly in intergenic regions and introns of protein-coding 

genes. Biogenesis of miRNA takes place in both the nucleus and cytoplasm. 

Depending on the DNA region, the miRNA gene is transcribed by either RNA 

polymerase II or III (generally the latter). The resulting primary miRNA (pri-

miRNA) is then processed to give the precursor miRNA (pre-miRNA), which 

assumes a loop structure and is exported into the cytoplasm by the help of 

Exportin-5. Further maturation occurs in the cytosol to give a mature miRNA that 

binds to the target mRNA. The silencing of the target mRNA is initiated by a 

partial hybridization of the miRNA–RISC (microRNA–RNA-induced silencing 

complex) on the 3’Untranslated region (UTR) of mRNA through a base pairing 

[180]. The induction of miRNA, therefore, implies nucleus modification.  

  

Biogenesis and gene silencing mechanism of shRNA    

Another form of RNAi is short hairpin RNA (shRNA). These are engineered RNA 

sequences that can be produced within the cell from a DNA vector. The 

transfection of DNA that expresses shRNA into the nucleus of the target cell can 

be achieved by using different vectors such as lentivirus, adenovirus, plasmids, 

PCR amplicons or small circular DNA sequences [181] [182]. The first transcripts 

of shRNA known as pri-shRNA with hairpin-like structures are transcribed 

within the nucleus [183] and then processed to give a precursor (pre-shRNA) of 

50–70nt in length, which is then exported to the cytosol through Exportin-5. After 

cytosolic maturation, the pre-shRNA is then cleaved to generate double-stranded 

fragments of 21–22nt shRNAs. Finally, the silencing mechanism is similar to that 

of siRNAs, as described below [184]. The strong expression of shRNA may be less 

beneficial as it can alter the endogenous RNAi pathway thus increasing the 

saturation of the miRNA pathway. Furthermore, DNA-based shRNA faces several 

obstacles, especially the activation of innate immune responses that can reduce 

cellular protein synthesis [185]. In addition to the off-targets, the lack 

of an efficient delivery system poses a major challenge of shRNA-based therapy 

[186]. Also, nonspecific binding of RNAi molecules to cellular components, such 

as non-targeted mRNAs, can increase the immune- and toxicity-related response. 
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Moreover, the use of viral vectors for delivery forces a margin of toxicity, 

insertional mutagenesis and immunogenicity, thus limiting their clinical 

application [187].  

  

Biogenesis and gene silencing mechanism of siRNA  

RNAi technology has evolved over time, with the easiest approach being 

delivering chemically synthetized siRNAs. Primarily siRNAs were thought to be 

exogenous in origin, however, several studies have identified endogenous siRNAs 

arising from genomic loci [188]. siRNAs have been conserved among eukaryotes 

and have been involved in gene expression regulation and cell proliferation[175], 

[189]. siRNAs are produced from a long double-stranded RNA (200–500 bp) 

precursor that is cleaved by Dicer via two RNAse III domains. The resulting 

dsRNA fragments are unwound by helicase enzymes, and the antisense strand 

known as guide strand is associated with RISC to form siRISC. This complex is 

then directed to the target mRNA, and the cleavage of the latter is induced by the 

active site residues in the P-Element Induced Wimpy Testis (PIWI) domain of the  

Domain Of The Argonaute (AGO) protein [190].  

 

3. RNA interference overview 

3.1. Clinical application of RNAi 

The first RNAi-based therapeutics have been introduced into clinical practice 

recently. Indeed, Patisiran, the first-ever therapeutic based on RNAi, was 

approved by the FDA in August 2018. This siRNA specifically blocks the 

expression of an abnormal form of the transthyretin protein in patients with 

hereditary transthyretin amyloidosis (ATTRh) [191]. The next-ever drug that was 

developed based on RNAi, Givlaari, has been approved by the FDA in November 

2019 for the treatment of acute hepatic porphyria [192]. Both drugs were 

developed by Alnylam Pharmaceuticals, the RNAi pioneer company that 

managed to encase its synthetic siRNA in a lipid-based nanoparticle and deliver it 

into the liver. Moreover, many studies have validated the use of siRNA to treat 

various viral infections, including Ebola, in non-human primates in a very specific 

way as siRNAs can be tailored for each epidemic strain [193]. These studies 

highlight the therapeutic potential of siRNAs, a potential that is currently 

exploited to propose innovative solutions.  
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3.1.1. RNAi and cancer  

So far, there is no RNAi-based drug approved for anticancer therapy, but several 

therapeutics are currently undergoing clinical trials. Originally, RNAi-based 

anticancer therapy was proposed to target oncogenes. In fact, proto-oncogene 

activation can occur through genetic alterations including gene fusion, 

translocation, mutation or chromosomal rearrangement [194]. Therefore, the 

imbalance between proto-oncogenes and tumor suppressor genes can sustain 

cancer development [195]. RNAi could be used to inhibit mRNA translation of 

oncogenic genes and improve chemotherapy efficiency by reducing the activity of 

multidrug resistance-related genes within cancer cells [196], [197].  

The potential anticancer effects of RNAi technology showed that the gene 

silencing of overexpressed genes in tumor cells, involved in tumor growth, 

proliferation, signaling pathways, drug resistance or tumor metastasis, could 

provide curative benefits and reduce HCC development [198]. Moreover, RNAi 

could target other cells in the liver and thereby modify the crosstalk between the 

tumor and its surrounding microenvironment to limit the potentiation effects of 

either of the cells on each other [199].   

 

3.1.2. RNAi-mediated therapeutic intervention in the context of HCC  

The key to cancer progression and thriving is the presence of a milieu that sustains 

the cancer multiplication and helps in combating the various stresses that come its 

way; among them are the hypoxia and the immune response that attempts to 

combat the cancer. The microenvironment status is a key point in evading these 

stresses and creating coping mechanisms for the cancer to thrive. As it was 

explained above, inflammation drives HCC development. This suggests the key 

role of immune cells in the vicinity of the tumor before the emergence of HCC. A 

change in the status of the tumor microenvironment from a “combating” one to a 

“permissive” one is crucial. This is established by changes in the 

tumor microenvironment of the liver including many effectors: Extracellular 

Matrix (ECM) components, CAFs, endothelial cells, hepatic stellate cells and 

immune cells (migratory and resident). All of these mediate a crosstalk with the 

tumor via a profile of secretome ranging from chemokines, cytokines and growth 

factors to extracellular vesicles (e.g., exosomes) harboring effector molecules 

(nucleic acids and/or proteins) that aid in the tumor progression and the 
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conversion of the milieu into a pro-tumorigenic one. This back-and-forth 

communication serves as a feedback loop to ensure a sustained adaptation 

according to the tumor status [200]. RNAi can be used to disrupt this loop, see 

Figure 12. For instance, in that context, the FDA has granted in 2020 an orphan 

drug designation to the therapeutic candidate, STP705, a siRNA targeting both the 

TGFβ and Cyclooxygenase (COX)-2 gene for the treatment of HCC [201].Further, 

studies about the use of RNAi mediated tackling of various effector molecules in 

an array of cells involved in HCC initiation and progression are detailed below.  

 

 
Figure 12: RNAi in HCC. Schematic representation of the tumor microenvironment and its various 

constituents and the use of RNAi strategy in HCC. Such a strategy can result in the targeting of a variety of cells aside 

from the tumor cells themselves; these are: CAFs: Cancer associated fibroblasts; TAM: tumor associated macrophages; 

HSC: hepatic stellate cell; T-regs: T-regulatory cells; CTLs: cytotoxic T-Lymphocytes; TANs: tumor associated 

neutrophils; DC: dendritic cell; ECM: extracellular matrix; siRNA: small interfering ribonucleic acid. Adapted from 

Mroweh M. et al, International Journal of Molecular Sciences [71] 
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Tackling communication with extracellular components  

Extracellular matrix (ECM)  

The ECM is a mesh of an interstitial matrix and basal membrane composed of 

proteoglycans and hyaluronic acid that hold the organ together. However, this 

mesh is not the sole matrix witnessing the evolution of the tumor in HCC; rather, 

itfacilitates the interactions between the affectors and their corresponding 

effectors. It acts as a bridge in the crosstalk between the tumor and the different 

cells in the tumor vicinity and faces many changes due to hepatocarcinogenesis 

[202].    

Heparin Sulfate (HS) plays an important role in HCC and mediates the binding 

of the growth factors to their respective RTKs. Heparin-degrading endosulfatases 

SULF1 and SULF2 in the ECM regulate such a process [203]. As crosstalk 

mediators and potentiators of HCC, RNAi approaches have been developed to 

target the different growth factors in the vicinity of HCC.   

Besides heparin sulfate, a heparan sulphate proteoglycan Glypican 3 (GPC3) is 

located at the extracellular side of the cell membrane through a 

glycosylphosphatidylinositol (GPI) anchor. It has recently emerged as a potential 

biomarker and/or therapeutic target for HCC. Silencing GPC3 in CP-Hep cells and 

human HCC cells, by a targeted siRNA, showed a decreased proliferation and a 

boost in the apoptosis along with a decrease in the invasive profile Furthermore, 

another study exploited the synergistic effect of the siRNA-mediated knockdown 

of GPC3 along with Sorafenib to combat HCC. Liposomes harboring GPC3 siRNA 

along with Sorafenib were delivered to HepG2 cells. The results showed a 

hindered proliferation, possibly due to the decrease in Cyclin D1 expression 

following GPC3 knockdown and Sorafenib administration, along with an increase 

in the apoptosis rate. In vivo subcutaneous xenografts of HepG2 cells in nude mice 

yielded results consistent with those obtained in vitro[204].  

Heparanase, another important component of the ECM, plays a prominent role in 

tumorigenesis. It contributes to the cleavage of HS side chains of heparin sulfate 

proteoglycans (HSPGs), releasing sequestered bioactive molecules. In the context 

of HCC, heparanase has been shown to promote metastasis by two 

means: the degradation of the ECM components and a non-enzymatic alteration 

of the adhesive properties of HCC [205] Reducing the heparanase expression 

utilizing siRNA could efficiently inhibit tumor metastasis[205]  
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Growth factors (GFs) such as VEGF, epidermal growth factor receptor (EGF) and 

hepatocyte growth factor (HGF) have been observed to be overexpressed in many 

cancers including HCC, as they play a crucial role in different mechanisms 

involving tumor proliferation, metastasis and angiogenesis[206-208]. A shRNA 

targeting VEGF was designed to inhibit VEGF expression of HCC cells and liver 

tumor tissues. The latter was administrated intratumorally or via intravenous 

injection into orthotopic allograft liver tumor-bearing mice. Results demonstrated 

a more effective suppression of tumor angiogenesis and tumor growth in different 

HCC models studied [209]. Moreover, a study designed a multiple targeting 

siRNA which could simultaneously suppress three genes: NET-1, EMS1 and 

VEGF. This co-silencing reduced tumor proliferation and growth and induced 

tumor cell death [210], [211].  Similarly, simultaneous silencing of VEGF and KSP 

using siRNA cocktail in Hep3B cells inhibited cell proliferation, migration and 

invasion and also promoted tumor apoptosis [210]. In another study, a siRNA was 

used to suppress migration inhibitory factor (MIF) cytokines that play an 

important role in HCC proliferation. Upon MIF knockdown, the tumor growth 

rate was reduced in both HCC cell lines and in in vivo xenograft model along with 

an increased expression of apoptosis-related proteins[212]. As growth factors have 

an impact on the proliferation of HCC, RNAi targeting proliferation mediators in 

HCC have been utilized. Cyclin E and Cyclin-Dependent Kinase 2 (Cdk2) are 

essential actors in cell cycle and initiation of DNA replication [213], and an 

overexpression of cyclin E has been found in 70% of the HCC cases. Accordingly, 

a siRNA targeting the coding region of cyclin E was designed, this showed a 

suppression of Cyclin E expression up to 90% in HCC cell lines and also inhibited 

HCC tumor growth in nude mice [214].   

Another group of matricellular proteins involved in HCC is CCN, core regulatory 

proteins – named according to its first 3 members: CYR61 (cysteine-rich angiogenic 

protein 61 or CCN1), CTGF (connective tissue growth factor or CCN2), and NOV 

(nephroblastoma overexpressed or CCN3) – that modulate cell-matrix interaction 

to modify the cellular phenotype. CCNs play a role in differentiation, adhesion, 

migration, mitogenesis, chemotaxis and angiogenesis. The first four members of 

this family are shown to play a role in HCC: CCN1 to 4. CCNs induce the secretion 

of chemokines and cytokines to establish an inflammatory milieu and orchestrate 

the recruitment of immune cells to the tumor microenvironment. For instance, 

platelet-derived CCN1 increases the percentage of reactive oxygen species (ROS) 

in hepatocytes leading to macrophage activation and immunosuppression. CCN1 
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has also been shown to increase the expression of several proinflammatory signals 

through the activation of integrin-Nuclear Factor κB (NFκB) signaling in 

macrophages [215], [216]. Moreover, fibronectin, laminin, collagen and elastin in 

the ECM are involved in the chemotaxis and cell–cell interactions. Additionally, 

laminin-5–dependent overexpression of integrins α3β1 and α6β4 positively 

correlates with the invasive and metastatic potentials of HCC cells. Changes are 

introduced in the adhesive and migratory characteristics of HCC cells by the α3β1 

integrin by mediating the interaction between the ECM and the cells [217]. 

Silencing β1 and αv integrin subunits using a nanoparticle delivery of siRNAs in 

mouse liver reduced tumor proliferation and increased tumor cell death without 

harming the healthy liver tissue [218] . 

 

Extracellular vesicles (exosomes)  

Exosomes are small membrane vesicles that are released by many different cell 

types, in both normal and pathological conditions. These small nanoparticles bleb 

out of the origin cells and have the ability to fuse with the membrane of recipient 

cells. Their role in crosstalk lies in the cargo they carry within them. Exosomes play 

important roles in the exchange of biological information as substance transport 

carriers and in regulation of the cellular microenvironment by delivering a variety 

of biological molecules, including mRNAs, miRNAs and proteins.  

The shuttling of exosomes between the different effectors has been shown to 

reshape the TME in order to support carcinogenesis. Among the effects of 

exosomes are suppression of the immune response, favoring angiogenesis, 

remodeling of the ECM and changes in the stromal cells [219-221]. Exosomes have 

been shown to transfer genetic material from cancerous cells to normal ones 

mediating tumor progression, traverse the blood stream to distant areas to elicit a 

metastatic site for the tumor, and modulate the anti-tumor immunity. On the level 

of the nucleic acid content of exosomes, extensive research has been done on the 

miRNA of HCC-derived exosomes. Studies over the years provided a panel of 

miRs that are transported from the tumor to the adjacent cells, some of which are 

as follows: miR-584, miR-517c, miR-378, miR-520f, miR-142-5p, miR-451, 

miR-518d, miR-215, miR-376a, miR-133b and miR-367, miR-21, miR-192, miR-221, 

miR-122, miR-423-5p, miR-21-5, plet-7d-5p, let-7b-5p, let-7c-5p, miR-486-5p and 

miR-10b-5p, miR-519d and miR-1228. The different miRNAs modulate the gene 

expression in the recipient cells favoring metastasis, tumor progression, drug 
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resistance and recurrence [222]. Techniques to exploit miRNA to tackle the 

crosstalk between tumor cells and their vicinity have recently emerged. For 

instance, microRNA-320a (miR-320a) which is downregulated in several cancers, 

was found to inhibit c-Myc expression in HCC tissues and cell lines. Therefore, 

upregulation of miR-320a by transfecting the cells with miR-320a mimics inhibited 

tumor proliferation and invasion by decreasing the expression c-Myc in HCC cells 

[223].  

A study in 2016 described that exosome alter drug sensitivity by releasing 

molecules such as mRNAs and miRNAs into neighboring cells. This study sheds 

the light on the activation of HGF/c-Met/Akt signaling pathway via HCC-cell 

derived exosomes resulting in the inhibition of Sorafenib-induced apoptosis, thus 

emphasizing on the role of exosomes in Sorafenib resistance in liver cancer 

[224]. Wang and colleagues in 2018 described that HCC cell line HepG2-derived 

exosomes could be actively internalized by adipocytes differentiated from 

mesenchymal stem cells (MSCs) and caused significant transcriptomic alterations, 

in particular induced inflammatory phenotype in adipocytes [225]. Additionally, 

14-3-3 zetta protein in T lymphocytes induces their exhaustion by evident 

expression of PD-1, TIM-3, LAG3 and CTLA-4. Tumor-derived exosomes mediate 

the transfer of 14-3-3 zetta protein to the tumor-infiltrating lymphocytes leading 

to their exhaustion and/or their differentiation into T-regulatory cells (T-regs) 

[226].  

Aside from miRNAs, exosomes have been shown to shuttle mRNAs and long non-

coding RNAs (lncRNAs). Many studies have shown that HCC cell lines with a 

great metastatic potential secrete exosomes carrying proto-oncogenes, in the form 

of mRNA, such as Met S100 family members and caveolin [227]. Oncogene c-Myc 

abnormal expression boosts the proliferative, invasive and migration capabilities 

of HCC HepG2 cells, and therefore a plasmid-based polymerase III promoter 

system was used to deliver and express siRNA targeting to silence c-Myc in 

HepG2 cells. The results showed that the siRNA-based knockdown of c-Myc 

significantly decreased its expression in HepG2 cells up to 85%. Consequently, a 

significant decrease in migration, invasion and proliferation of HepG2 cells was 

recorded [228]. Another study demonstrated that the overexpression of c-Jun, a 

proto-oncogene involved in MAPK signaling, was associated with Sorafenib HCC 

resistance; hence using siRNA tool, c-Jun downregulation was correlated with a 

significantly enhanced Sorafenib-induced tumor apoptosis [229]. Another 

oncogene in HCC is Bmi-1, which facilitates DNA repair and promotes survival. 
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A recent study correlated the resistance to Cisplatin treatment (CDDP) to elevated 

Bmi-1 expression levels. CDDP alone or in combination with other drugs is used 

to combat HCC especially in non-resectable or Sorafenib-refractory HCC  [230-

232]. On that basis, Li and colleagues developed in 2019 a nanoparticle delivery 

system incorporating both nanoplatine cores and a calcium phosphate (CaP)–

coated siRNA targeting Bmi-1. The efficiency of the delivery and the silencing was 

tested first in vitro on HepG2 cells, and then in vivo on mice xenograft model. The 

results showed highest tumor inhibition in the mice treated with nanoparticles 

loaded with CaP–Bim-1 siRNA and nanoplatine cores in comparison to the control 

groups[233].  

Furthermore, a study showed that CD90+ Huh7 cells (HCC cell line) secreted 

exosomes harboring H19, a lncRNA, and once in the target cells, it upregulated 

the expression and release of VEGF, thus stimulating angiogenesis and adherence 

of CD90+ Huh7 cells with endothelial cells [234], further stressing on the 

importance of VEGF as a target for RNAi. A study was conducted in 2018 utilizing 

a galactose-derivative-modified nanoparticle harboring VEGF siRNA for an 

attempted knockdown. The results showed that VEGF siRNA loaded in ASGPR-

targeted nanoparticles silenced VEGF both in vitro and in vivo, demonstrated 

potent anti-angiogenic activity in HCA-1 tumors and suppressed primary HCC 

growth and distal metastasis [235]. A more recent study focused on attaining a 

synergistic effect by co-loading Ph-sensitive liposomes with a siRNA targeting 

VEGF and Sorafenib. The system was tested in two-dimensional cultured HepG2 

cells, three-dimensional HepG2 tumor spheroids and tumor regions of H22 tumor-

bearing mice. The results showed a successful uptake of the system and decreased 

VEGF expression in all models along with an induction of apoptosis [236]. 

Moreover, and due to its role in drug resistance, a chemokine receptor (CXCR)4-

targeted lipid-based nanoparticle along with a modified antagonist of CXCR4, 

AMD3100, was designed to specifically deliver VEGF-siRNA[237]. Results 

showed that efficient downregulation of VEGF expression both in vitro and in 

vivo and together with Sorafenib led to the synergistic tumor growth inhibition 

compared to Sorafenib only, suggesting that the use of siRNA in cancer therapy 

could increase drug efficacy[238]. 
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Tackling Cellular components 

Cancer-Associated Fibroblasts (CAFs)  

CAFs are cells that trans-differentiate from different resident cells in the 

liver, mainly fibroblasts, but they can also derive from epithelial cells, endothelial 

cells, local mesenchymal cells, smooth muscle cells, pre-adipocytes and bone-

marrow–derived progenitors [239-242].Their trans-differentiation can be 

mediated by TNF-α and PDGF secreted by the macrophages [243]. HCC derives 

from a cirrhotic background, which involves a strong activation of fibroblasts, the 

main precursor of CAFs[243],[244]. TNF-αwas shown to upregulate the expression 

of the transcription factor AATF via its regulatory element site of sterol regulatory 

element-binding protein-1 (SREBP1) in both HepG2 and Huh-7 cell lines via 

siRNA targeting SREBP1. Furthermore, the knockdown AATF in HCC cell line 

QGY-7703 inhibited proliferation, migration, anchorage-independent growth, 

invasion and colony formation. A decrease in the tumorigenicity was also shown 

in the QGY-7703 xenograft model of NSG mice harboring AATF knockdown. This 

study stresses the importance of TNF-α in HCC thriving [245]. 

On the level of TME priming, CAFs intercalate in the ECM and secrete ECM 

components. Among these, it is worth mentioning type 1 collagen fibers, 

fibronectin, tenascin and secreted protein acidic and rich in cysteine (SPARC). 

Immune modulation wise, CAFs secrete cytokines (Interleukin (IL)-1, IL-6...) and 

chemokines (monocyte chemoattractant protein-1 (MCP-1), SDF-1/CXCL12...). By 

the secretion of SDF-1, CAFs also recruit endothelial progenitor cells to the tumor 

vicinity, thus supporting tumor vascularization [243]. To further support the 

tumor growth, CAFs produce and secrete growth factors (EGF, FGF, HGF and 

TGF-β) [246], [247]. In addition, CAFs have been shown to secrete CCl-2,-5,-7 and 

CXCL-16 thus promoting metastasis to bone, brain and lung in severe combined 

immunodeficiency (SCID) mice via activation of the TGF-β pathway [248],thus 

stressing on the wide array of pathways activated by the crosstalk between CAFs 

and the tumor. These pathways are the focus of RNAi interventions. 

  

Endothelial cells  

Endothelial cells are important for the tumor as they are the nutrient and oxygen 

suppliers. In addition, they mediate a crosstalk with the tumor via a change in the 

expression profile of receptors, rendering them responsive to signals derived from 
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the tumor microenvironment and the tumor itself, while also secreting a variety of 

cytokines to communicate with the tumor [249]. The phenotype changes can be 

summarized by an upregulation of the expression of endoglin (CD105) along with 

the various angiogenic receptors: VEGFR, EGFR, PDGFR, and CXCR [246]. RNAi-

based gene silencing delivered by an optimized immunoliposome showed an 

effective EGFR gene knockdown in mice bearing orthotopic HCC, thereby 

showing the potential of this promising therapy [210]. The role of CD105 is 

prominent as it is activated by a variety of TGF-β superfamily members. It 

facilitates the extravasation of leukocytes into the site of inflammation, and 

induces the “leaking” of chemotaxis factors into the bloodstream. Moreover, they 

exhibit a greater migration capacity and accelerated cell cycle, along with an array 

of secretions: tissue plasminogen activator, IL-6, IL-8, MCP-1 and growth-

regulated oncogene alpha (GRO-α), among others [239]. Several studies 

underlined the importance of IL-8-mediated inflammation in metastatic HCC 

through the activation of the transcription factor forkhead box C1 (FOXC1) or via 

integrin αvβ3 [250]. Silencing of IL-8 with siRNA showed that it could be used to 

reduce tumor metastasis mediated by IL-8 [251]. 

 

Hepatic Stellate Cells (HSCs) 

HSCs are normally non-proliferating cells residing in the liver, ready to be 

activated upon injury. These cells are primarily activated by signals from injured 

Kupffer cells, injured platelets or any other type of injured cells in the vicinity. In 

the context of HCC, HSCs are activated during the fibrogenesis process that 

precedes the tumorigenesis and carry on to secrete ECM components. HSCs can 

be activated by HBV, HCV, cathepsins B and D, PDGF, TGF-β1, MMP-9, 

JNK and IGFBP-5, and they can infiltrate into the HCC stroma. Once there, they 

stimulate tumor vascularization through the secretion of VEGF-A and MMP-2 

[203]. They are known to secrete laminin-5, increase cytokine production, and 

exhibit liver-specific pericyte properties [243]. Various studies have been done to 

stress on the importance of the reciprocal crosstalk between HSCs and the tumor. 

A recent study showed that the crosstalk between HSCs and HCC via PDGF-β 

induced the increase in the expression of REG3A in HCC cells. Furthermore, the 

silencing of REG3A via siRNA led to a decrease in the proliferation of LX-2 HCC 

cells when cocultured with HSC cell line MH134. This is shown to be a result of 

the modulation of the p42/44 pathway [252].   
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A study showed an increase in the proliferation rate of rat HSCs following 

culturing with conditioned tumoral hepatocyte media, accompanied by an 

increase in α-SMA expression, and desmins, PDGFR and Gelatinase A secretion – 

markers of CAFs [253]. Another study showed the reciprocal priming of HSCs to 

the tumor. It showed that the conditioned media of HSCs increased the growth 

and invasiveness of HCC. Similar results were obtained upon the co-implantation 

of HSCs and HCC cells in nude mice, which appears to a the result of activated 

NFκB and Erk signaling pathways [254],[255]. In that context, gene silencing of 

Erk1 and Erk2 using siRNAs developed Fluorouracil (5-FU) sensitivity and 

increased 5-FU-induced apoptosis in HCC HepG2 cell line [256].  

  

Immune cells   

The landscape of the TME of HCC comprises a complex set of immune cells with 

their intricate cytokine and chemokine secretions.The immune responses 

sustained against HCC include the CD8+ Cytotoxic T-cells (CTLs), which produce 

perforin and granzymes to kill the cancer cells upon activation. The frequency of 

CTLs in the tumor vicinity is correlated with better survival. However, the 

crosstalk in the tumor vicinity between the tumor and these cells, along with 

effector molecules and immunosuppressive cells, namely T-regs, hinders 

the function of CTLs [200]. The TME plays a pivotal role in the immune evasion 

by establishing an immunosuppressive profile. The preferential activation of 

subsets of immune cells and their subsequent secreted chemokines and cytokines 

are the means for such process. The crosstalk mediated between the immune cells 

and the tumor via the different secretory components plays a major role in the 

tumor progression.  

  

 Macrophages   

As HCC is a result of a chronic inflammation, the persistent inflammatory signal 

drives the constant recruitment of monocytes into the inflammatory site along 

with an alteration in the bone marrow signal to favor the increased output of 

myeloid cells [257]. Thus, the pool of macrophages in the tumor site results from 

the invasion of circulating macrophages added to the pre-existing macrophages in 

the liver, termed as Kupffer cells. The pool is heterogenous in terms of macrophage 

subtypes: M1, M2 or Tumor Associated Macrophages (TAMs) [258]. It has been 
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shown that macrophages display a plasticity between the two major types of M1 

and M2 macrophages. However, the line to discriminate between the two subtypes 

is not yet crystal clear. Principally, M1 macrophages (classically activated) are pro-

inflammatory and are associated with anti-tumorigenic activity, whilst M2 

macrophages (alternatively activated) are anti-inflammatory and favor 

tumorigenicity. The cell fate is decided by extrinsic factors ranging from growth 

factors, cytokines and chemokines to microenvironment stress. M1 macrophages 

are stimulated by interferon-gamma (IFN-γ) along with a TLR agonist such as 

LPS. M2 macrophages on the other hand are stimulated by IL-4, IL-10 and IL-13. 

The differentiation implicates phenotypical, genetic, epigenetic, metabolic and 

secretome changes. Of major importance in the context of cancer is the profile of 

secretion of each macrophage subtype. On the level of M1 macrophages, they 

exhibit a typical pro-inflammatory cytokine and chemokine profile: TNF alpha, IL-

1, IL-6, IL-12, IL-18, IL-23, MCP-1, CXCL9, CXCL10. As for M2 macrophages they 

are known for the secretion of IL-10, IL-12low, CC chemokine ligand (CCL)17, 

CCL22, CCL24 [258],[259]. M2 macrophages are active effectors in the context of 

HCC. A clinical study in 2014 showed a poor prognosis for patients exhibiting an 

increased expression of CD-163 and Scavenger A macrophages (markers for M2 

macrophages). This was accompanied with increased tumor nodules and venous 

infiltration in HCC, along with an increased EMT potential via M2 macrophage 

CCL22 secretion [259]. Another study showed that M2 macrophages accumulated 

more in Sorafenib-resistant HCC tumors than Sorafenib-sensitive ones, and confer 

Sorafenib resistance by secreting HGF, which sustains tumor growth and 

metastasis by activation of HGF/c-Met, ERK1/2/MAPK and PI3K/AKT pathways 

in tumor cells [260].   

Several targeting mediators of tumor cells are secreted by macrophages and have 

been studied in the development and progression of HCC. In the context of 

targeting MAPK signaling, which is overexpressed in HCC and associated with 

tumor growth, the downregulation of MAP4K4 using shRNA led to reduced cell 

proliferation, S-phase cell cycle blockade and increased tumor apoptosis 

[261]. Another signaling pathway targeted by RNAi is HGF/c-Met. A study 

showed that SUMO specific protease 1 (SENP1) silencing resulted in a 

downregulation of HGF-induced proliferation and migration of HCC cells 

through effects on the HGF/c-Met pathway [262]. Additionally, in order to inhibit 

the proliferation of HCC cell lines (HepG2 and Huh7), siRNA targeting a tyrosine 

kinase receptor known as RON showed an efficient suppression of tumor cell 
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migration and invasion and enhanced apoptosis by activating cleaved caspase-3 

and PARP through the modulation of Akt, c-Raf and ERK signaling pathway 

[263]. A study in 2019 by Zhang and colleagues evaluated the expression of sirtuin 

6 (SIRT6) in a variety of HCC cell lines and its effect on the Erk1/2 signaling 

pathway favoring proliferation and inhibiting apoptosis. The results showed an 

elevated expression of SIRT6 in 9 HCC cell lines in comparison to a normal liver 

cell line. Moreover, knockdown of SIRT6 via an siRNA approach in Huh-7 cell line 

resulted in a decrease in the proliferation rate along with an increase in the 

apoptosis rate with a downregulation of Bcl-2, and an upregulation of Bax and 

cleaved-caspase 3. This was accompanied by a decrease in the phosphorylation of 

Erk1/2 [264]. Epithelial cell transforming sequence 2 (ECT2) has been shown to be 

implicated in early HCC recurrence via the activation of the Rho/Erk signaling. 

The downregulation of ECT2 by siRNA entailed the suppression of Erk, thereby 

enhancing apoptosis and reducing the metastatic ability of HCC cells [265]. 

Further focusing on Rho, RhoC overexpression and metastatic potentials of HCC 

have been correlated as enhancing invasion and migration of HCC cells. Inhibition 

of RhoC resulted in inhibition of invasion and migration without reducing cell 

viability in HCCLM3 cells. In addition, silencing of the RhoC expression in an 

HCC metastatic mouse model showed a significant inhibition of tumor metastasis 

[266]. 

Another subset of macrophages termed “TAMs” was found in the tumor vicinity 

of HCC. Studies have shown that the presence of TAMs in the tumor vicinity 

correlates to poor prognosis in HCC. These cells exhibit an M2-like phenotype and 

express both M1 and M2 macrophage hallmarks. They secrete pro-inflammatory 

cytokines e.g., IL-1β, IL-6, IL-23 and TNF-α. A recent study demonstrated that the 

interaction of TNF-α and angiotensin II (Ang II) in HCC cells could enhance tumor 

proliferation, migration and invasion via the regulation of G protein-coupled 

receptor kinase (GRK2). Therefore, GRK2-siRNA was used to examine the 

molecular interactions of TNF-α in tumor growth, and the obtained results 

suggested that TNF-α could serve as a new potential therapeutic target in HCC 

[267]. TAMs also secrete a variety of growth factors such as TGF-β, VEGF, FGF, 

PDGF, angiogenic factor thymidine phosphorylase, angiogenesis-modulating 

enzyme cyclooxygenase-2, MMP-9 and MMP-12 [268]. On the level of immune 

response modulation, TAMs have been shown to suppress CD4+CD25- T cells, 

activate T-regs and contribute to the expansion of Th-17 cells, which in turn favor 

the expression of immune-suppressing antigens PD-1, CTLA-4, GTIR [152, 269]. 
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Moreover, TGF-β in the tumor microenvironment triggers the expression of Tim-

3 on the surface of TAMs and the subsequent IL-6 secretion; the TAM-derived IL-

6 further activates the IL-6/STAT3 pathway in the tumor sustaining survival and 

proliferation [270]. When HCC cell lines (SMMC7721 cells and QGY-7703 cells) 

were transfected with siRNA targeting STAT3 and AKT2, a significant 

decrease in mRNA level of AKT2 and STAT3 was observed. Furthermore, nude 

mice were used to verify the correlation and a decreased ability of HCC cell 

proliferation, migration and invasion has been since concluded [122].  

  

 Neutrophils   

As it is the case with macrophages, TANs in the tumor microenvironment 

exhibit two polarizations: N1 neutrophils that are said to be anti-tumorigenic and 

N2 neutrophils that are said to be pro-tumorigenic [271]. Their activation is 

governed by type 1 IFNs and TGF-β. Their main role in tumors is to suppress 

CD8+ T-cells, thus helping the tumor evade the immune response. Nitric oxide 

production by TANs, induced by TNF-α in the tumor microenvironment, 

promotes CD8+ T-cell apoptosis [272]. In the context of HCC, TANs exhibit the 

same role as in different cancers, associating with poor prognosis and driving 

tumor progression. The neutrophil–lymphocyte ratio (NLR) is of great significance 

in patients subject to immunotherapy (PD-1/PDL-1) and correlates with the tumor 

progression [273], [274]. On the clinical level, NLR has been shown to be an 

indicator of survival after hepatectomy [275], [276]. Recent studies have shown 

that the accumulation of TANs via HIF-1/RANTES upregulation in NASH drives 

the initiation and progression into HCC [277]. While in the tumor vicinity, TANs 

secrete chemokines such as CCL2 and CCL17 which in turn recruit TAMs and T-

regs, thus contributing to HCC progression, metastasis and resistance to Sorafenib 

treatment [278]. Interestingly, downregulation of CXCL5 a direct chemoattractant 

for neutrophils by shRNA in HCC cells reduced tumor growth, metastasis and 

intratumoral neutrophil infiltration [279].   

  

 Dendritic cells  

Dendritic cells (DCs) in a healthy liver play the role of bridging the innate and 

adaptive immunity as antigen-presenting cells (APCs) as well as of instructing 

lymphocytes. The most prominent role of DCs in HCC is mediating immune 
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tolerance. Thus, the crosstalk between DCs, the tumor and its tumor vicinity is 

mediated by the secretion of various cytokines leading to immune tolerance and 

tumor progression. At first hand, the activation of DCs is mediated by IFN-γ 

secretion by the tumor or effector cells in the vicinity. Upon activation, DCs tend 

to secrete IL-10 and IL-12. IL-12 leads to impaired activation of allogenic T-cells. 

IL-10 depotentiates the immune response against the tumor and excludes APC 

from the tumor mass [280]. It is important to mention that the DCs are emerging 

targets for immune therapy in the context of HCC, thus further stressing on the 

fact that the crosstalk between DCs, immune cells and the tumor is crucial for the 

tumor progression [281]. A study demonstrated that efficient shRNA-based 

suppression of interferon regulatory factor-1 (IRF-1) inhibited IFN-γ mediated 

tumor thus promoting cell death of HCC cell line, opening a new therapeutic 

strategy to tackle autophagic cells [282]. On another note, IFN-stimulated gene 15 

(ISG15) is a ubiquitin-like molecule that has been identified as an intrinsic actor 

that elicits HCC tumorigenesis and metastasis; the former is overexpressed in 

HCC patients. Using cell lines and xenograft model, siRNA-mediated knockdown 

of ISG15 showed a significant inhibition of tumor growth [283].  

  

 Natural killer cells  

Natural killer (NK) cells are prominent in the liver and are the first responders 

against viral infections (HBV and HCV). NK cells are also in charge of maintaining 

a proper immune function as they regulate the tuning of the immune response 

between the defensive and tolerance modes [258], [284]. The effect of NK cells in 

HCC is majorly by their inhibited function. Growing evidence suggests that the 

hypoxic conditions inducing the activation of HIF1α, along with immune 

modulators in the tumor microenvironment disrupt the regulating ability of NK 

cells, resulting in the exhaustion of the anti-tumor response and poor prognosis 

[285]. Interestingly, RNAi‐mediated suppression of HIF1α expression in the liver 

inhibited metastatic tumor growth in the hepatoma cell line (SMMC-7721) and 

tumor‐bearing mouse liver [286, 287]. NK cells can be inhibited by HCC cells as 

HCC cells express MICA, a specific NK cell ligand that inhibits NK cell interaction 

[258]. Another mechanism of depotentiating NK cells by HCC cells is the 

impairment of IL-12 secretion by DCs by HCC cell-derived alpha fetoprotein A 

more direct effect of alpha fetoprotein has been shown on NK cells and is dictated 

by a time frame [288, 289]. T-regs play a role in the attenuation of the NK cell 
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function, either by the release of cytokines like IL-8, TGF-ß1 and IL-10, which then 

decrease the expression of NKR ligands on HSCs suppressing them from binding 

to NKG2D on NK cells, or by their competition with NK cells over the available 

IL-2 in the tumor microenvironment [290]. Moreover, the attenuated production 

of TNF-α and IFN-γ by NK cells mediated by CAF-derived IDO and PGE2 has 

been shown to be among the reasons of sustained fibrosis in HCC and immune 

cell evasion [291].   

 

3.2. Delivery vectors for RNAi 

Nanoparticles have received considerable attention due to their ability to protect 

RNAi molecules from enzymatic degradation and their capacity to be associated 

to specific peptides, increasing their selectivity to tumor cells [292],[293]. In 

addition, chemical modifications involving sugar and phosphate and chemical 

structure modifications in the oligonucleotide backbone of RNAi have been 

proven efficient as they considerably reduce toxicity, off-targets, as well as the 

degradation by nucleases [294]. The use of RNAi comprises the RNAi molecule 

and its vector, and the success of such an intervention is dependent on the 

efficiency of the delivery system along with the RNAi efficiency. Recently, non-

viral vectors, especially nanoparticle carriers such as polymers:  polyethylene 

glycol (PEG), polyethylenimine (PEI), poly-l-lysine (PLL), dendrimers and 

chitosan; lipids: lipid nanoparticles, liposomes, micelles, etc.; and inorganic 

nanoparticles: carbon nanotubes, gold, mesoporous silica nanoparticles (MSNs); 

have shown multiple advantages in the field of RNAi delivery [295]. Of particular 

interest are dendrimers.  

The name “dendrimer” comes from the Greek word “dendron” meaning “tree” 

thus signifying their structure: a tree branching from a single central point. 

Dendrimers are polymeric nanoparticles that have an array of usage in biomedical 

research as vectors or as acting molecules per se. They possess a highly branched 

three-dimensional (3-D) structure along with their unimolecular, monodisperse, 

and micellar macromolecular properties. They are composed of 3 main 

components: the core, interior and the surface. The morphology of the dendrimer 

is dictated by the number/type of internal branching units. Thus, the core manages 

the three dimensional (3D_ architecture of the dendrimer granting either a 

spherical, an ellipsoid or a cylindrical scaffold [296]. The surface can be altered by 

polymerization with peripheral functional groups. Their polymeric structure 
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varies and the name attributed to the dendrimer often corresponds to the polymer 

on the surface along with the modifications. A dendrimer contains either one or 

more polymers: Poly(AMidoamine) (PMAM), PLL, poly(2,2-

bis(HydroxyMethyl)Propionic Acid (bis-MPA), PolyPrIpylenimine (PPI), and 

Poly (Glycerol Succinic Acid) (PGLSA-OH). Their synthesis is either a convergent 

or a divergent process; beginning from the surface and proceeding to add 

monomers to the surface unit which eventually attach to the core or starting at the 

reactive center and construction of branching units towards the surface, 

respectively. Dendrimers’ span of use includes many fields in the biomedical 

research; that of which is impacted by their generation process, core composition 

and peripheral modification [297].  

Dendrimers have shown an antimicrobial potential, despite their overall charge. 

The PPI dendrimers, with a cationic charge, harboring quaternary ammonium 

groups on their periphery showed notable antimicrobial activity [298]. Similarly, 

anionic amphiphilic dendrimers showed potent antimicrobial activity [299]. Along 

with their antimicrobial potential, dendrimers are also studied in for their antiviral 

effect. VivaGel, a sulfonated polysine dendrimer, is well-known for its use as an 

antiviral agent against HIV-1. Moreover, they have been used as contrast agents 

for Magnetic Resonance Imaging (MRI) specifically using dendrimer-based metal 

chelates [300]. 

Immunomodulation has been shown as an additional application for the 

dendrimers. The use of a modified dendrimer in a mouse model of arthritis 

showed a prominent inhibition inflammation and bone erosion. A process that 

involved the inhibition of monocyte-derived osteoclast differentiation and activity 

[301]. Vaccination also exploits the dendrimer as a delivery vector [302]. Various 

other applications of the dendrimer have been reported, such as burn treatments 

[303], prion research [304], photodynamic therapy [305], among others.  

More importantly, dendrimers are also used as transfecting agents. Many variants 

of the dendrimer have been used as vectors for RNAi: PMAM, PPI, PLL, 

carbosilane dendrimers, triazine dendrimer, polyglycerol dendrimers, 

amphiphilic dendrimers, among others. The use of amphiphilic dendrimers (AD) 

in RNAi is illustrated in detail below.  
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Amphiphilic Dendrimer: a vector for RNAi  

The amphiphilic dendrimer (AD) is said to be a hybrid between the lipid and the 

polymer; thus, taking advantage of both the dendrimer and the lipid aspects of a 

delivery vector. Thus, rendering it a safer and improved delivery vector. The AD 

is synthesized by Click chemistry [306], bearing a hydrophobic long alkyl chain 

with a low-generation hydrophilic PAMAM dendron. An added advantage is of 

the AD self assembles upon its association with the siRNA. Upon contact with the 

siRNA, it spontaneously undergoes structural rearrangement into smaller 

spherical micelles which in turn maximize the interaction between the AD and the 

siRNA and has been shown to successfully deliver siRNAs both in vitro and in vivo  

[307], [308].  In addition to the self-assembly property, the AD possesses the ability 

to be complexed to a peptide (E16RGDK) which binds to the nrp-1 receptor on the 

surface of various cells, thus favoring receptor-mediated endocytosis which could 

increase the efficiency of the delivery as well as allow a targeted delivery approach 

[309].  
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VI. HYPOTHESIS AND OBJECTIVES 

Despite the advancements made in the field of HCC therapy, the current 

therapeutic options remain poorly efficient and some patients remain ineligible for 

the currently available treatments. Thus, spurs the need for better understanding 

of the molecular mechanisms behind HCC carcinogenesis to pinpoint new targets 

for therapy. 

Akt inhibitors are showing prominent outcomes as a therapeutic target in HCC, 

However, they fail to show a specificity towards the Akt isoforms. The isoform-

specific roles of Akt1 and Akt2 in HCC remain ambiguous. For that, in this study, 

the objective was to: 

i) Develop an RNAi strategy, specifically siRNAs, as a tool to specifically 

modulate the expression of Akt1 and Akt2 in HCC.  

ii) Decipher the roles played by either of the isoforms in the carcinogenesis 

of HCC. 

Which could ultimately pave the way for a novel treatment option.  
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VII. MATERIALS AND METHODS 

1. In silico design of Akt1 and Akt2 siRNAs cross-reacting humans and 

rodents. 

Designer of siRNA (DSIR) algorithm ( http://biodev.cea.fr/DSIR/DSIR.html ) was 

used to generate 21-nucleotide sequences of siRNA candidates targeting Mus 

musculus Akt1 (NM_009652.3) and Akt2 (NM_001110208.2) genes. DSIR is based 

on a linear model which combines particular nucleotides based on a given gene 

sequence to ensure specificity and high rates of RISC binding and/or Ago2- 

mediated cleavage of the target mRNA complementary strand[310]. Within the 

DSIR algorithm are tools that allow the fine tuning of the candidate selection 

process. The set threshold for siRNA selection was set to a 90% with a mismatch 

tolerance of 3. A built-in option in the DSIR algorithm is that it ensures that the 

guide strand of the siRNA to have a perfect match with the mRNA target. In 

addition, during the design pro-inflammatory signals like those that activate the 

toll-like receptor (TLR) are automatically removed [310]. Next, in order to decipher 

the cross-reactivity of the siRNA candidates to human and rat Akt1 and Akt2 

genes and to unravel possible off-target effect, NCBI blasting 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) bioinformatic tool was used. As the word 

“BLAST: basic local alignment search tool” signifies, the NCBI blasting system is 

an algorithm which scans primary biological sequences (amino acids, DNA, or 

RNA), termed “query” for homologies within an assigned database. In our case, 

the query was the Akt1 and Akt2 siRNA candidates generated by the DSIR, against 

the Homo sapiens and Rattus norvegicus genome databases. Custom synthesis of the 

siRNA sequences selected was done by Dharmacon company with an addition of 

a 5’P motif to ensure the siRNAs’ processing by RISC complex.   

 

2. Cell culture  

Throughout this study 4 human cell lines were used, currently available in the 

team: HepG2, Hep3B, Huh7 and Phospho Lipase C (PLC)ϒ/PRF/5, and one mouse 

cell line: Hepa1.6. In addition to MV4-11 cell line provided by Inovotion (detailed 

in later sections) 

The human cell lines are representative of different types of human liver cancer 

and the different status of p53. Hep3B, Huh7 and PLCϒ/PRF/5 cell lines are HCC 

cell lines whilst HepG2 cell line is a hepatoblastoma cell line. Concerning the p53 

http://biodev.cea.fr/DSIR/DSIR.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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status, Hep3B cell line is p53-depleted, Huh7 and PLC/PRF/5 cell lines present p53 

mutations and HepG2 cell line expresses wild-type p53. No mutations in Akt were 

reported in any of the cell lines (COSMIC database) [311].  

All the cell lines were cultured at 37°C and 5% CO2. HepG2 and Hep3B cells were 

cultured in Modified Eagle medium (MEM) + Glutamax (Gibco cat #41090-028) 

supplemented with 10% fetal bovine serum (FBS) (Gibco cat #10270) and 1% 

Penicillin - Streptomycin (Gibco cat #P11-010). On the other hand, PLCϒ/PRF/5 and 

Huh7 were cultured in Dulbecco’s Modified Eagle medium (DMEM) + Glutamax 

(Gibco cat #61965-026) supplemented with 10% FBS and 1% Penicillin-

Streptomycin. Additionally, PLCϒ/PRF/5 medium is supplemented with 1% 

Sodium Pyruvate (Gibco cat #11360-039).  

Hepa1.6 cell line was also used in the in vitro studies. It is a mouse hepatoma cell-

line derived from a spontaneous BW7756 tumor in a C57L mouse. Culture 

conditions were also 37°C and 5% CO2.  The culture media used was DMEM with 

L-Glutamine (ATCC cat #30-2002) supplemented with 10% FBS and 1% Penicillin 

- Streptomycin.  

 

3. Transfection of the different cell lines by siRNA 

The designed siRNAs were custom-designed by Dharmacon according to the 

sequence, and introduced with a 5’P modification. The mock siRNA was also 

ordered from Qiagen (cat#1027281). 

3.1. Lipofectamine-mediated transfection 

PLCϒ/PRF/5, Huh7, Hep3B or HepG2 cells were cultured in a 12-well plate 24 

hours prior transfection (105 cells/well). LipofectamineRNAiMAX (Invitrogen cat 

#13778075) and Opti-MEM medium (Gibco cat #11058-021) were used. According 

to the manufacturer’s instructions, 0.8μl of LipofectamineRNAiMAX was mixed 

with the desired siRNA concentration. The time of transfection was a pulse 

transfection of 6 hours, after which the media was changed to the respective 

culture medium for each cell line.  
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3.2.  Amphiphilic Dendrimer (AD)-mediated transfection 

Cells were seeded as mentioned in the Lipofectamine-mediated transfection 

section 24 hours before transfection. The transfection mixture was prepared 

depending on the desired N/P ratio according the following equation: 

N/P = (Cdendrimer × Number of terminal amine) / (CsiRNA × Number of phosphate 

group) 

“N” the mole of terminal amine in the dendrimer 

“P” the mole of phosphate group in nucleic acid 

“Cdendrimer”: Concentration of Dendrimer,  

“CsiRNA”: Concentration of siRNA 

The N/P ratio as the equation determines the amount of the dendrimer versus the 

amount of the siRNA in the transfection mix. Once the desired N/P ratio is set, a 

mixture of siRNA and optiMEM and a separate AD and OptiMEM mixture were 

prepared, mixed together thoroughly and left at RT for 10 minutes. Then, the AD 

mixture was added to the siRNA mixture, mixed thoroughly and left for 30 

minutes at room temperature – to allow the complexation of the siRNA and the 

self-assembly of the AD. The mixture was then added to the cells, cultured in 

OptiMEM, and left for 6hours, after that the media was removed and changed into 

complete media, until the end-point of the experiment.  The AD was generously 

supplied by Dr Ling Peng (Aix-Marseille Université, Center Interdisciplinaire de 

Nanoscience de Marseille, CNRS UMR 7325). AD was produced, associated with 

siRNA and use for transfection as already described in detail [306].  

 

4. Treatment with Sorafenib and ARQ092 

Cells were seeded in at a concentration of 105 cells/well in a 12-well plate and 5000 

cells/well in a 96-well plate. Sorafenib Tosylate (Bay 43-9006, Sigma-Aldrich, 

Germany) and ARQ092, also known as Miransertib, (MedChem Express cat #HY-

19719) were dissolved in pure dimethyl sulfoxide (DMSO, Sigma-Aldrich). 5 mM 

stock solutions of these reagents were stored at - 20°C temperature and protected 

from light. The cells were treated with these compounds, similarly to the 

transfection procedure, for a 6hour pulse before changing the media into complete 

cell media, depending on the cell line.  
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5. Gene expression analysis 

RNA was extracted using Paris Kit (Life Technologies cat #AM1921) according to 

the manufacturer’s instructions. Quantification of the RNA was done using 

Nanodrop ND-1000 spectrophotometer. Reverse transcription was done by 

SuperscriptIV Vilo mastermix with EZDNASE cDNA synthesis kit (Invitrogen cat 

#11766050) according to the manufacturer’s instructions. cDNA was stored at -

20°C before further analysis. Quantitative PCR (qPCR) was done using sequence-

specific primers, see Table 2 designed on Integrated DNA technologies (IDT) 

(https://eu.idtdna.com/) primer quest tool. The primers were chosen according to the 

following conditions: length of 21 nucleotides, GC content around 50%, melting 

temperature around 62°C and a binding site nearer to the 3’ end of the gene. 

Afterwards, custom-designed primers were ordered from Eurogentec 

(https://www.eurogentec.com/) and verified before use. iTaqTM Universal SYBR 

Green Supermix (Biorad cat #1725122) and Hard-shell 384-well PCR plates (Biorad 

cat #HSP3805) compatible with the CFX Connect real-time PCR (Biorad) were 

used. The analysis was done by the Bio-Rad CFX manager software. The mean fold 

change of the expression of the gene was calculated after normalization to the three 

housekeeping genes: Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), 

Ribosomal subunit 18 (RS18), and Hypoxanthine Phosphoribosyltransferase 1 

(HPRT1).  

  

https://eu.idtdna.com/
https://www.eurogentec.com/
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Table 2: RT-qPCR primers. HPRT1: Hypoxanthine Phosphoribosyltransferase 1; GAPDH: Glyceraldehyde-

3-Phosphate Dehydrogenase; RS18: Ribosomal subunit 18; MTNR1B: Melatonin Receptor 1B; SBNO2: Strawberry 

Notch homologue 2; MYCBP2: MYC-Binding Protein 2; FUBP1: Far Upstream Element Binding Protein 1; CEP70: 

Centrosomal Protein 70; TAP1: Transporter associated with antigen processing 1; WDR7: WD Repeat Domain 7. 

Target  Sequence 5’ 3’ (forward) Sequence 5’ 3’ (reverse) Role  

AKT1 CAGCACGTGTACGAGAAGAA GCCGTGAACTCCTCATCAA Akt family 

AKT2 GCATCATAGGGAGACCTTCATC CACCTCAGCCTTCCAAGTTA 

HPRT1 TTCTGTGGCCATCTGCTTAG GTTTAGGAATGCAGCAACTGAC House-

keeping 

genes 
GAPDH CAAGAGCACAAGAGGAAGAGAG CTACATGGCAACTGTGAGGAG 

RS18 CAGAATCCACGCCAGTACAA GAGCTTGTTGTCCAGACCAT 

MTNR1B TCTCCACCTAGCATGGACTAA TAGTACCTCCCTCTCAGGATTG Off-target 

D2Akt1 

siRNA 

SBNO2 CCAGTACTTCTCAGACACCTTC TCCTCGTAGATCTCCTCGATAC Off-target 

D11Akt1 

siRNA 
MYCBP2 GAACCACCATCACTGGAACA CTTTCACCTCGTCGGAGATAAC 

FUBP1 GCACCTCAGGGCCAATAATA TCATCAAGTCGTCTGCATCC 

CEP70 CTGAAGACCTCCAGAGCATTATC CCATCACCACCAGAGATCTTAC Off-target 

D15Akt2 

siRNA 

TAP1 GGACAAGAGCCACAGGTATTT CAGCTGTGATTTCCTCCATAGT Off-target 

D27Akt2 

siRNA 
WDR7 GGATCTTCTCGTGGAGGTTATG GATGGCTGGGAAACATTCTTG 

 

6. Protein immuno-detection 

The protein immuno-detection was done using the apparatus named “Jess” 

developed by Biotechne (https://www.proteinsimple.com/). It uses a capillary-

based system to execute a gel migration of protein lysates and specific-antibody 

mediated detection.  It follows the same principle of a conventional western blot 

encompassing the process of migration of the reduced protein samples, blocking, 

primary antibody priming, secondary antibody priming (conjugated to either a 

peroxidase enzyme or a fluorescent conjugate in the Infrared or Near-Infrared 

region) and revelation. The difference with conventional western blot resides I the 

immuno-detection step, which is achieved within the gel without transfer of the 

proteins on a membrane for immuno-detection. The whole process takes place 

https://www.proteinsimple.com/
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within a plate and a 25-cappilary system (Biotechne cat # SM-W004) with a size 

range of 12-230kDa to be placed in Jess. The plate is prefilled with stacking gel and 

loading gel and is filled according to the manufacturer’s instructions in the 

designated wells. Afterwards, the plate and the capillary system in Jess, the 

machine is launched and 3 hours later, bands are visualized on the lanes and 

quantified automatically by a Jess built-in algorithm.  

Protein Extraction was done by EZ buffer made fresh prior to each protein 

extraction from the following chemicals at the designated concentrations: 200mM 

Tris HCL, 100mM NACL, 1mM EDTA, 0.5% NP40, 10% Glycerol and 

supplemented with protease inhibitor cocktail (Alpha Complete Roche cat #04693 

24 001) and anti-phosphatase cocktails (Phosstop Roche cat #4906837001). 

Quantification of the protein concentration was done using BCA Protein Assay kit 

(Fisher Scientific cat #10741395) according to the manufacturer’s instructions, in 

order to normalize the loading. Protein samples were reduced and denatured 

before loading using reagents that are supplied by the manufacturer in the form 

of miniature tubes of Dithiothreitol (DTT) reducing agent and an additional 

fluorescent 5X mastermix which come in an EZ pack along with the biotinylated 

ladder (Biotechne cat # SM-W004). The fluorescence harbor bands in the mix that 

allow the tracing of the migration in the capillary. Following the mixing of the 

dissolution of the DTT and the 5X fluorescent mastermix powders according to the 

manufacturer’s instructions, the protein samples are into the desired concentration 

by 0.1X sample buffer (Biotechne cat # SM-W004) and 1/5 of 5X fluorescent 

mastermix to a final volume of 8μl (5μl for loading and the rest as dead volume).  

The advantage of using Jess is that it allows multiplexing. That is, within the same 

capillary, 2 different proteins could be detected simultaneously, taking advantage 

of the different channels that Jess could use for detection. The two proteins should 

be detected by 2 different antibodies from 2 different species and their respective 

secondary antibodies should be coupled to either Horse Raddish Peroxidase 

(HRP) enzyme, fluorescent particles in the near-infrared (NIR) range or 

fluorescent particle in the infrared-range (IR). The usage of antibodies on Jess 

needs to be optimized taking into account the dosage to detection range and the 

linearity of the signal upon changing the protein concentration. The dilution to be 

taken was the one before the plateau with a concentration within the linear range, 

in this case (0.25 mg/ml). The primary antibodies that were used were monoclonal: 

rabbit Akt1 antibody (Cell Signaling cat #2938) at 1/10 dilution, rabbit Akt2 

antibody (Cell Signaling cat #3063), rabbit phospho-Akt1 Ser473 antibody (Cell 
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Signaling cat #9018) and rabbit phospho-Akt2 Ser474 antibody (Cell Signaling cat 

#8599) both at 1/5 dilution, and mouse monoclonal β-actin antibody clone 937215 

(Biotechne SAS cat #MAB8929) at a dilution 1/500. The multiplexation was always 

one of the rabbit antibodies with the mouse β-actin antibody as a house keeping 

gene. Consequently, the secondary antibody mix were selected from the panel of 

antibodies custom-made for Jess. These were: ready to use HRP-coupled anti-

rabbit antibody (Biotechne cat #DM-001) and 20X NIR-coupled anti-mouse 

antibody (Biotechne cat #DM-009). Additionally, a solution of Luminol-peroxide 

(supplied with the HRP-coupled anti rabbit antibody) is prepared in a 1:1 ratio. 

Finally, the plate is filled according to the manufacturer’s instructions as shown in 

Figure 13, and placed in Jess along with the capillary system.  

  

 

 

 

 

 

 

 

 

 

7. Toll-like receptors (TLR) activation monitoring  

THP1-XBlue-MD2-CD14 cells (Invitrogen cat #thpx-mdcdsp) was used to monitor 

the activation status of TLR receptors: TLR1/2/3/4/5/9. It is an engineered human 

monocyte cell line characterized by a stable expression of the TLRs and NF-κB and 

AP-1-inducible Secreted Embryonic Alkaline Phosphatase (SEAP) reporter gene. 

It thus allows the detection of a specific TLR activation through measurement of 

SEAP in the supernatant. As controls Human TLR1-9 Agonist kit (Invivogen cat 

#tlrl-kit1hw) was used. In brief, 107 cells were incubated with 1 ng/ml Pam3CSK4, 

Figure 13: Jess plate. Diagram showing the plate structure of Jess and the order in which each lane is filled. (Adopted 

from the website: http://www.proteinsimple.com . 

http://www.proteinsimple.com/
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107 cells/ml HKLM, 10 μg/ml HMW poly(I:C), 10 μg/ml LMW poly(I:C), 10 ng/ml 

LPS-EK, 10 ng/ml FLA-st, 10 ng/ml FSL-1, 5 μg/ml Imiquinode, 10 μg/ml ssRNA50, 

or 10 μg/ml ODN2006 to respectively activate TLR1/2, TLR2, TLR3 (for both the 

HMW and LMW poly(I:C)), TLR4, TLR5, TLR6/2, TLR7, TLR8, and TLR9. 

Following 24 hours of incubation, supernatants were incubated with Quanti Blue 

Solution (Invitrogen cat #rep-qbs) for 1 hour. The readout was by measuring the 

SEAP activity by CLARIOstar® Microplate Reader at an absorbance of 655 nm. 

 

8. Cell-death analysis 

LDH assay  

During cell death cytoplasmic enzymes like Lactate Dehydrogenase (LDH) are 

released into the culture media due to the loss of the integrity of the plasma 

membrane. The CytoTox-One kit (Promega #G7890) is used, according to the 

manufacturer’s instructions, to detect the levels of LDH in the supernatant thus 

giving an indication about the death of the cells in the different transfection 

conditions. In brief, 100μl of CytoToxONE reagent is added to 100μl of the 

supernatant, incubated for 10 minutes at RT, then 50μl of stop solution is added. 

A positive control was used using a cell lysis solution supplied with the kit that 

induced cell death. The incubation with the CytoToxONE mediates a reaction with 

LDH leading to the generation of a fluorescent product measured on 

CLARIOstar® (excitation 560nM and emission of 590nM). 

 

9. Metabolism analysis 

ViaLight® Plus Cell Proliferation and Cytotoxicity Bioassay kit (Lonza cat #LT07-

121) was used, according to the manufacturer’s instructions, to study the ATP 

levels in the cells which reflect the cell metabolism, mirroring the cell proliferation 

and viability of the cells. Briefly 5000 cells were seeded in a flat-bottomed 96-well 

plate and transfected using LipofectamineRNAiMAX or treated with Sorafenib or 

ARQ092. After 24 hours, 25μl/well of lysis reagent was added followed by 50 μl of 

AMR PLUS reagent. The Quantification of the Adenosine Triphosphate (ATP) 

levels was then done by measurement of Luminescence on ClARIOstar® 

Microplate Reader (BMG LABTECH). As a positive control, DMSO 1000μM, 

inducing cell death, was used. 
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10. Cell proliferation analysis 

Cell Titer 96® Non-Radioactive Cell Proliferation Assay (Promega cat #112) was 

used, according to the manufacturer’s instructions, in order to assess the effect on 

the proliferation of the cells upon transfection or treatment with Sorafenib or 

ARQ092. Briefly, the cells are incubated with a premixed optimized dye solution 

in a 96-well plate for 4 hours at 37°C. During this time the alive cells convert the 

tetrazolium in the dye into formazon. The stop solution was then added and 

incubated overnight at 37°C in order to solubilize the formazon product. After 

that, the absorbance was measured at 577 nm on ClARIOstar® Microplate Reader 

(BMG LABTECH). As a control DMSO at 1000μM was used to kill the cells. 

 

11. In ovo assessment of the Dendrimer-mediated delivery of designed 

Akt1/Akt2 siRNAs   

The in ovo study was done by Inovotion (https://www.inovotion.com/), a company 

that established the egg model as a valid type of in vivo model situated between in 

vitro testing and the classical preclinical studies in rodents. The results obtained 

by such an approach gives insights into the efficiency and the cytotoxicity of a 

given drug. The viability of the embryo growing inside the egg and its degree of 

mutagenesis is said to give an insight into the cytotoxicity. Simultaneously, 

monitoring the size of the tumor grafted on the egg is said to give an insight into 

the efficacy of the used drug. In the case of this study, the delivery of the 

dendrimer coupled to the designed siRNAs D2Akt1 and D15Akt2 was assessed 

for its cytotoxicity and effect on tumor growth. In brief human cell lines (HepG2 

cells and MV4-11 cells) were grafted on growing chick embryos in eggs. The 

grafted eggs were afterwards treated with the dendrimer at N/P ratio 5 and 

concentration of siRNA 50nM prepared as specified in the dendrimer-mediated 

transfection section and administered at 2 doses: 0.05 mg/kg and 0.025 mg/kg.  

A schematic diagram of the study is presented in Figure 14 and the details of the 

study are described below.  

https://www.inovotion.com/
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Figure 14: Scheme of in ovo study.  Schematic diagram detailing the in ovo study. 1) The cancer cells are 

grafted into the egg through a hole in the chorioallantoic membrane (CAM), on day 9 of embryonic development (E9, in 

blue on the timeline), and marked as day 0 of tumoral development (in violet on the timeline). 2) The different egg groups 

are treated with the AD-siRNA complexes via 4 injections at 2 doses described in Table 3, while following the survival 

of the embryos. 3) On day E18, the tumors are collected, fixed and weighed. Figure adapted from study report presented 

in Annexes.  

 

Preparation of chicken embryos 

Fertilized White Leghorn eggs are incubated at 37.5°C with 50% relative humidity 

for 9 days. At that moment (E9), the chorioallantoic membrane (CAM) is dropped 

down by drilling a small hole through the eggshell into the air sac, and a 1cm² 

window is cut in the eggshell above the CAM. At least 15 eggs are grafted for each 

group. 

 

Amplification and grafting of tumor cells 

MV4-11 tumor cells are cultivated in Iscove's Modified Dulbecco's Medium 

(IMDM) supplemented with 10% FBS and 1% penicillin/streptomycin. On day E9, 

cells are detached with trypsin, washed with complete medium and suspended in 

graft medium. An inoculum of 3.106 MV4-11 cells is added onto the CAM of each 

egg (E9) and then eggs are randomized into groups.  
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HepG2 tumor cell line is cultivated in MEM medium supplemented with 10% FBS, 

1% Glutamine, 1% Pyruvate and 1% penicillin/streptomycin. On day E9, cells are 

detached with trypsin, washed with complete medium and suspended in graft 

medium. An inoculum of 0,5.106 cells is added onto the CAM of each egg (E9) and 

then eggs are randomized into groups 

 

Treatments  

Before the first treatment, viability of each egg is checked and surviving eggs are 

randomized in groups. All eggs of a group are treated with a volume of 100μl of 

the working solution of compound (freshly prepared), as detailed in Table 3. 

Table 3: Description of Egg groups. Neg Ctrl: negative control; Sol.: Solution; E: Embryo Day. 

 

 

Quantitative evaluation of tumor growth and embryonic tolerability 

On day E18, the upper portion of the CAM (with tumor) is removed, washed by 

PBS buffer and then directly transferred in PFA (fixation for 24 hours). After that, 

tumors are carefully cut away from normal CAM tissue and weighed. Embryonic 

viability is checked daily. The number of dead embryos is also counted on E18, to 

evaluate treatment-induced embryo toxicity. The final death ratio and a Kaplan-

Meyer curve are provided for all groups along with any visible abnormality 

observed during the study is also shortly described in the results section. 
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12. Proteome profiling of Akt kinase activity  

Proteome Profiler Human Phospho-Kinase Array Kit (R&D cat #ARY003C) was 

used in order to assess the phosphorylation of a list of 37 kinase phosphorylation 

sites with 2 related total proteins, see Table 4. The assay is constituted of 2 

membranes A and B which harbor capture and control antibodies, spotted in 

duplicate. Cell lysates were prepared according to the manufacturer’s instructions 

using Lysis Buffer 6 (supplied with the kit) and supplemented with Halt™ 

Phosphatase Inhibitor Cocktail (100x) (Thermo Fischer Scientific cat #78428) and 

Halt™ Protease Inhibitor Cocktail, EDTA free (100x) (Thermo Fischer Scientific cat 

#78437) diluted 1/100. BCA protein quantification was done. Membranes were first 

blocked using a blocking solution supplied with the kit (Array buffer 1) and each 

membrane was then incubated with 200μg of protein lysate overnight. The next 

day, the membranes were washed 3 times (10 minutes each wash), to remove 

excess unbound proteins. Afterwards, the membranes were incubated with a 

cocktail of biotinylated detection antibodies for 2 hours at room temperature. After 

that, the membranes were washed again and Streptavidin-HRP and 

chemiluminescent detection reagents were applied, and a signal is produced at 

each capture spot corresponding to the amount of phosphorylated protein bound. 

The images of the membranes were taken using Vilber Fusion FX. The 

quantification of the spots was done using ImageJ giving the mean pixel intensity 

of each spot. 
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Table 4: List of 37 tested proteins in the phospho-array. S: Serine; T: Threonine; Y: Tyrosine. Abbreviations of the 

proteins are in the table.  

 

 

 

Targeted Protein Abbreviation Phosphorylated site 

CREB  cAMP-response element binding protein S133 

EGF R Epidermal Growth Factor -Receptor Y1086 

eNOS Endothelial Nitric Oxide Synthase S1177 

ERK1/2 Extracellular Signal-Regulated Kinase 1/2 T202/Y204, T185/Y187 

Chk-2 Checkpoint kinase-2 T68 

c-Jun/AP-1 Activator Protein-1 S63 

Fgr/v-Fgr Gardner-Rasheed feline sarcoma viral  Y412 

GSK-3α/β Glycogen Synthase Kinase 3 α/β S21/S9 

GSK-3β Glycogen Synthase Kinase 3 β S9 

HSP27 Heat Sock Protein 27 S78/S82 

P53 Protein 53 S15 

P53 Protein 53 S46 

P53 Protein 53 S392 

JNK 1/2/3 c-Jun N-terminal Kinase 1/2/3 T183/Y185, T221/Y223 

Lck Lymphocyte-specific Protein tyrosine Kinase Y394 

Lyn Lck/Yes-related novel protein tyrosine kinase Y397 

MSK1/2 Mitogen-and Stress-activated protein Kinases1/2 S376/S360 

P70 S6 Kinase Ribosomal Protein S6 Kinase T389 

P70 S6kinase Ribosomal Protein S6 Kinase T421/S424 

PRAS40 Proline-RIch Akt Substrate of 40 kDa T246 

P38α Protein 38 T180/Y182 

PDGF Rβ Platelet-Derived Growth Factor – Receptorβ  Y751 

PLC-γ1 PhosphoLipase-C γ1 Y783 

Src Sarcoma Y419 

PYK2 Protein Tyrosine Kinase 2 Y402 

RSK1/2 Ribosomal S6 Kinase 1/2 S221/S227 

RSK1/2/3 Ribosomal S6 Kinase 1/2/3 S380/S386/S377 

STAT2 Signal Transducer and Activator of Transcription 2 Y689 

Stat5a/b Signal Transducer and Activator of Transcription5a/b Y694/Y699 

WNK1 Lysine Deficient Protein Kinase 1 T60 

Yes Tyrosine-protein kinase  Y426 

STAT1 Signal Transducer and Activator of Transcription 1 Y701 

STAT3 Signal Transducer and Activator of Transcription 3 Y705 

STAT3 Signal Transducer and Activator of Transcription 3 S727 

β-Catenin - - 

STAT6 Signal Transducer and Activator of Transcription 6 Y641 

HSP60 Heat Sock Protein 60 - 
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13. Kinase profiling on Pamstation®12  

The serine threonine kinase assay performed on PamChip® arrays on the 

PamStation®12 (Pamgene cat #31500) is a high-throughput flow-through 

microarray assay to determine the activity of serine threonine kinases. The 

phosphorylation activity is determined using peptides immobilized on the 

PamChip® (Pamgene cat #32501) arrays. The phosphorylation activity is detected 

with a fluorescently labelled antibody and recorded by a CCD-camera in the 

PamStation®12. The PamStation®12 is specifically intended for the processing of 

one up to three PamChip®4 microarrays. Both the instrument and the PamChip® 

microarrays are products of PamGene International B.V 

(https://www.pamgene.com/). A schematic diagram of the assay is shown in Figure 

15. During the assay, the assay mix is pumped up and down through the porous 

3D arrays.  

 
Figure 15: Pamgene principle. Representative diagram of the principle of function of the Pamchip (to the 

left), and a brief summary of the protocol (on the right). Abbreviations: STK: Serine/Threonine kinase; ATP: Adenosine 

triphosphate; ADP: Adenosine diphosphate. Figure adapted from protocol on Pamgene website 

(http://www.pamgene.com/). 

 

The cell lysate was prepared by lysing the cells in M-PER™ Mammalian extraction 

buffer (Thermo Fischer Scientific cat #78503) supplemented with Halt™ 

Phosphatase Inhibitor Cocktail (100x) (Thermo Fischer Scientific cat #78428) and 

https://www.pamgene.com/
http://www.pamgene.com/
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Halt™ Protease Inhibitor Cocktail, EDTA free (100x) (Thermo Fischer Scientific cat 

#78437) according to the protocol advised by Pamgene. A protein dosage by BCA 

was done before snap freezing the samples on dry ice. The day in which the 

Serine/Threonine kinase assay is performed, the cell lysates are defrozen on ice, 

diluted with M-PER mammalian extraction buffer supplemented with the anti-

protease and anti-phosphatase cocktails stated before to attain 1 μg of protein.  

The reagents used from are all supplied by the STK reagent kit (Pamgene cat 

#32201) and follow the protocol supplied by Pamgene. In brief, first, the chips were 

loaded into the PamStation®12 and blocked using 1% BSA. Just before loading the 

samples were mixed with the reaction mix encompassing the diluted primary 

antibody. One hour and a half later, the detection mix is added onto the chips. At 

the end of the run, the images obtained by the PamStation®12 were sent to 

Pamgene for analysis. 

 

14. Statistical analysis  

All the statistical analysis were done with the specialized computer software 

Prism® (GraphPad Software). For each represented figure, the statistical test used, 

along with the significance (p-value) are specified in the legends. 
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VIII. RESULTS 

1. Designing and screening of siRNAs simultaneously targeting 

human and rodent Akt1 and Akt2   

Human and rodent Akt1 and Akt2 isoforms share 81% nucleotide sequence 

similarity thus spurred the idea of designing siRNAs that simultaneously target 

human and rodent Akt isoforms [312]. The computation model Designer of siRNA 

(DSIR) bioinformatics tool was used to generate 21-nucleotide sequences of 

siRNA. For each siRNA exists 2 strands: the sense strand (SS) (or passenger) and 

the antisense strand (AS) (or guide). 

 

1.1 Preliminary Akt1 siRNA design and screening  

As a first step, sequence of Mus musculus Akt1 (NM_009652.3) was used as a 

template for the generation of the 21-nucleotide siRNA sequences targeting Akt1 

mRNA. DSIR gave a list of 21 candidates for Akt1 siRNA. The candidates were 

named according to the order they were generated in by the DSIR. For instance: 

the first candidate given by the DSIR for a siRNA against Akt1 was named D1Akt1 

siRNA, the second was named D2Akt1 and so on. 

 

The screening of the candidates relied first on in silico analysis through NCBI 

blasting bioinformatics tool. The process included first blasting each siRNA 

sequence (SS and AS strands) against the Rattus norvegicus and Homo sapiens 

genome in order to decipher the cross-reactivity. NCBI blasting screens for degrees 

of homology between the given siRNA sequence and genes in the genome of the 

species. The degree of homology is attributed as a percentage of query cover and 

identity, see Table 5. Every siRNA sequence (AS and SS strands) that gave a 

percentage of query cover and identity of 80% or higher to Akt1 gene in each of 

the species was considered as a candidate that cross-reacts the three species. 

Among the 21 Akt1 siRNA candidates, 7 candidates showed a cross-reactivity 

between the 3 species: D2Akt1, D6Akt1, D7Akt1, D8Akt1, D10Akt1, D11Akt1, 

and D15Akt1 siRNAs 
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Table 5: Inter-species reactivity of Akt1 siRNA candidates. The siRNA candidates in bold are the ones that show a 

cross reactivity to the three species. SS: sense strand; AS: anti-sense strand. 

  Mus musculus  Rattus norvegicus Homo sapiens 

siRNA Sequence 
Query 

cover   
Identity  

Query 

cover  
Identity  

Query 

cover  
Identity  

D1Akt1 
SS sequence 100% 100% 100% 95.24% - - 

AS sequence 100% 100% 100% 95.24% - - 

D2Akt1  
SS sequence 100% 100% 90% 100% 90% 100% 

AS sequence 100% 100% 100% 100% 100% 100% 

D3Akt1  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 100% 100% 95% 95% 

D4Akt1  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% 100% 95.24% - - 

D5Akt1  
SS sequence 100% 100% 90% 95% - - 

AS sequence 100% 100% 100% 95% - - 

D6Akt1  
SS sequence 100% 100% 100% 100% 66% 100% 

AS sequence 100% 100% 100% 100% 90% 94.74% 

D7Akt1  
SS sequence 100% 100% 100% 95.24% 90% 100% 

AS sequence 100% 100% 100% 100% 80% 100% 

D8Akt1  
SS sequence 100% 100% 100% 100% 71% 100% 

AS sequence 100% 100% 100% 100% 80% 100% 

D9Akt1  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D10Akt1  
SS sequence 100% 100% 100% 100% 90% 100% 

AS sequence 100% 100% 100% 100% 80% 100% 

D11Akt1  
SS sequence 100% 100% 100% 100% 80% 100% 

AS sequence 100% 100% 100% 100% 80% 100% 

D12Akt1  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 95% 100% - - 

D13Akt1  
SS sequence 100% 100% 80% 100%     

AS sequence 100% 100% 71% 100%     

D14Akt1  
SS sequence 100% 100% 100% 95.24% - - 

AS sequence 100% 100% 100% 95.24% - - 

D15Akt1  
SS sequence 100% 100% 100% 100% 80% 100% 

AS sequence 100% 100% 100% 100% 76% 100% 

D16Akt1  
SS sequence 100% 100% 76% 100% - - 

AS sequence 100% 100% 66% 100% - - 

D17Akt1  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 100% 100% - - 
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D18Akt1  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D19Akt1  
SS sequence 100% 100% - - 90% 100% 

AS sequence 100% 100% - - 80% 100% 

D20Akt1  
SS sequence 100% 100% 95% 100% - - 

AS sequence 100% 100% 85% 100% - - 

D21Akt1  
SS sequence 100% 100% 100% 95.24% 100% 95.24% 

AS sequence 100% 100% 100% 95.24% 100% 95.24% 

 

Afterwards, deep in silico analysis to select the best 4 candidates of siRNA was 

done. Data from the NCBI not only deciphered the cross-reactivity of Akt1 siRNA 

sequences to genes among the species, it also unraveled a possible targeting of 

other genes considered as “mismatches” and referred to as an “off-target effect”. 

In addition, analysis of the degree of the alignment to the seed sequence – (2nd to 

the 7th nucleotides of the AS strand)- was studied for each mismatched gene, since 

it has been shown to dictate the specificity of the siRNA [313]. Genes having a 

percentage of query cover and identity over 55% and/or 3 or more nucleotide 

alignment in the seed sequence were taken into account as an off-target gene effect, 

see Table 6 for the off-target effect in  Homo sapiens, see Table 7 for that in Mus 

musculus, and see Table 8 for that in Rattus norvegicus.  

Table 6: Off-target effect of Akt1 siRNA candidates in Homo sapiens. Seed sequence (from nucleotide 2 

to nucleotide 7) is marked in red. Homology to the siRNA sequence is in bold. 

siRNA Gene name Position on the siRNA sequence 5' -> 3' 
Query 

cover 
 Identities 

D2Akt1 
INTS5   

UUCUUGAGGAGGAAGUAGCGU 
71% 15/15 

MTNR1B  
UUCUUGAGGAGGAAGUAGCGU 

71% 
15/15 

D6Akt1 

CPNE8   
UAGAGUUCUGCAGGACACGGU 

71% 15/15 

CPNE5  
UAGAGUUCUGCAGGACACGGU 

71% 15/15 

HMGCR 
UAGAGUUCUGCAGGACACGGU 

71% 15/15 

D7Akt1 

RPL13A  
UACACCACGUUCUUCUCGGAG 

71% 
15/15 

DNAH1  UACACCACGUUCUUCUCGGAG 66% 14/14 

SIX6 UACACCACGUUCUUCUCGGAG 66% 14/14 

D8Akt1 
WDR72   UGUAGGGUCCUUCUUGAGCAG 95% 19/20 

KDM5D UGUAGGGUCCUUCUUGAGCAG 80% 17/17 

D10Akt1 
RP6KA4  UUGCACAGCCCGAAGUCCGUU 95% 19/20 

FBXL2  UUGCACAGCCCGAAGUCCGUU 66% 14/14 
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TBX20 TV2  UUGCACAGCCCGAAGUCCGUU 66% 14/14 

D11Akt1 

Akt2  UUGUCCUCCAGCACCUCAGGG 95% 20/20 

FUBP1  UUGUCCUCCAGCACCUCAGGG 85% 18/18 

SBNO2  UUGUCCUCCAGCACCUCAGGG 76% 16/16 

MYCBP2  UUGUCCUCCAGCACCUCAGGG 76% 16/16 

ZNF541   UUGUCCUCCAGCACCUCAGGG 80% 17/17 

D15Akt1 
KIAA1841  UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

EEF2  UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

D21Akt1 

SBK2  UUCUCCAGCUUCAGGUCCCGG 100% 20/21 

PRKCG  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

TTC22  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

GNB1L  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

PRKCZ  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

MMP2  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

OR10J1  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

 

Table 7: Off-target effect of Akt1 siRNA candidates in Mus musculus. Seed sequence (from nucleotide 2 

to nucleotide 7) marked in red. Homology to the siRNA sequence is in bold. 

siRNA Gene name Position on the siRNA sequence 5' -> 3' 
Query 

Cover 
Identities 

D2Akt1 

Cfap43  UUCUUGAGGAGGAAGUAGCGU 
76% 16/16 

C4bp  UUCUUGAGGAGGAAGUAGCGU 
95% 19/20 

Rrs1   UUCUUGAGGAGGAAGUAGCGU 
76% 16/16 

Senp3  UUCUUGAGGAGGAAGUAGCGU 
71% 15/15 

D6Akt1 

Zfp655  UAGAGUUCUGCAGGACACGGU 
71% 15/15 

Ctnna3 UAGAGUUCUGCAGGACACGGU 
71% 15/15 

Olfr1377 UAGAGUUCUGCAGGACACGGU 
71% 15/15 

Ligp1 UAGAGUUCUGCAGGACACGGU 
71% 15/15 

Gpr35  UAGAGUUCUGCAGGACACGGU 
71% 15/15 

D7Akt1 

Cdcp3  UACACCACGUUCUUCUCGGAG 
71% 15/15 

ll20ra   UACACCACGUUCUUCUCGGAG 
71% 15/15 

Muc2  UACACCACGUUCUUCUCGGAG 
66% 14/14 

Gfod2 tv4  UACACCACGUUCUUCUCGGAG 66% 14/14 

Grm2  UACACCACGUUCUUCUCGGAG 
66% 14/14 
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SLc52a2  UACACCACGUUCUUCUCGGAG 
66% 14/14 

Gm34507  UACACCACGUUCUUCUCGGAG 
66% 14/14 

D8Akt1  

Mdm4  UGUAGGGUCCUUCUUGAGCAG 
90% 18/19 

Sox14  UGUAGGGUCCUUCUUGAGCAG 
71% 15/15 

Sox1  UGUAGGGUCCUUCUUGAGCAG 
71% 15/15 

Dlgap4 tvX19  UGUAGGGUCCUUCUUGAGCAG 
66% 14/14 

Eif2ak3 tvX2  UGUAGGGUCCUUCUUGAGCAG 
66% 14/14 

Nkiras UGUAGGGUCCUUCUUGAGCAG 
66% 14/14 

D10Akt1 

Mical1 UUGCACAGCCCGAAGUCCGUU 
66% 14/14 

Mical1  UUGCACAGCCCGAAGUCCGUU 
66% 14/14 

LOC115489151 UUGCACAGCCCGAAGUCCGUU 
66% 14/14 

Ap1s2 UUGCACAGCCCGAAGUCCGUU 
66% 14/14 

Rab11b  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Rab11b  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Ksr1  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

ksr1  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

ksr1  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

D11Akt1 

fubp1  UUGUCCUCCAGCACCUCAGGG 85% 18/18 

Majin  UUGUCCUCCAGCACCUCAGGG 76% 16/16 

Strn3  UUGUCCUCCAGCACCUCAGGG 76% 16/16 

Akt2  UUGUCCUCCAGCACCUCAGGG 95% 19/20 

figla UUGUCCUCCAGCACCUCAGGG 76% 16/16 

Mfap2  UUGUCCUCCAGCACCUCAGGG 76% 16/16 

D15Akt1 

Cop1  UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

Rnf216  UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

Syn3  UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

Eef2   UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

D21Akt1 

Nuak1   UUCUCCAGCUUCAGGUCCCGG 100% 20/21 

Plekha7  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

Mmp2   UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

Nup133   UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

Phkg1   UUCUCCAGCUUCAGGUCCCGG 95% 19/20 

Rfwd3  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

Rps6ka4  UUCUCCAGCUUCAGGUCCCGG 100% 21/21 
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Table 8: Off-target effect of Akt1 siRNA candidates in Rattus norvegicus. Seed sequence (from 

nucleotide 2 to nucleotide 7) is marked in red. Homology to the siRNA sequence is in bold.

siRNA Gene name  Position on the siRNA sequence5' -> 3' 
Query 

Cover 
Identities 

D2Akt1  

Senp3   UUCUUGAGGAGGAAGUAGCGU 76% 16/16 

Slc12a6  UUCUUGAGGAGGAAGUAGCGU 71% 15/15 

Ptgis  UUCUUGAGGAGGAAGUAGCGU 71% 15/15 

Ccn4  UUCUUGAGGAGGAAGUAGCGU 71% 15/15 

Trip12  
UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Baz1a  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Rbmy1j  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Arghap32  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Syt7  UUCUUGAGGAGGAAGUAGCGU 76% 16/16 

Loc501116   UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Dot1I  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Strc  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Myo15a  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Tmem151a UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

Arghef10  UUCUUGAGGAGGAAGUAGCGU 80% 14/14 

Hikeshi  UUCUUGAGGAGGAAGUAGCGU 66% 14/14 

D6Akt1  

Tep1  UAGAGUUCUGCAGGACACGGU 66% 14/14 

Cngb3   UAGAGUUCUGCAGGACACGGU 71% 15/15 

Ikbkb  UAGAGUUCUGCAGGACACGGU 66% 14/14 

Cpne5   UAGAGUUCUGCAGGACACGGU 66% 14/14 

Pkdcc   UAGAGUUCUGCAGGACACGGU 66% 14/14 

Cntn6  UAGAGUUCUGCAGGACACGGU 66% 14/14 

Brwd1   UAGAGUUCUGCAGGACACGGU 61% 13/13 

Nhsl2  UAGAGUUCUGCAGGACACGGU 61% 13/13 

P2ry4  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Rgd1565959  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Slc26a10  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Cpne8  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Spats2  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Sync UAGAGUUCUGCAGGACACGGU 80% 16/17 

Gpr63  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Gprin3  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Rgd1560248  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Gfra4  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Sla2 UAGAGUUCUGCAGGACACGGU 61% 13/13 

Ctnna3 UAGAGUUCUGCAGGACACGGU 61% 13/13 
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P4ha1  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Zfp704  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Plch1 UAGAGUUCUGCAGGACACGGU 61% 13/13 

Cd180  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Zfp827 UAGAGUUCUGCAGGACACGGU 61% 13/13 

Loc684327  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Tifab  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Erich1  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Gins4  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Cdca2  UAGAGUUCUGCAGGACACGGU 61% 13/13 

Xpo4 UAGAGUUCUGCAGGACACGGU 61% 13/13 

Mettl13  UAGAGUUCUGCAGGACACGGU 61% 13/13 

D7Akt1  

Akap6  UACACCACGUUCUUCUCGGAG 66% 14/14 

Gfod2  UACACCACGUUCUUCUCGGAG 66% 14/14 

Kdr   UACACCACGUUCUUCUCGGAG 66% 14/14 

Teddm1  UACACCACGUUCUUCUCGGAG 66% 14/14 

Kcnd3  UACACCACGUUCUUCUCGGAG 61% 13/13 

Rilpl1  UACACCACGUUCUUCUCGGAG 61% 13/13 

Gemin5  UACACCACGUUCUUCUCGGAG 61% 13/13 

Mrpl53 UACACCACGUUCUUCUCGGAG 61% 13/13 

Zfp653  UACACCACGUUCUUCUCGGAG 61% 13/13 

Foxc2  UACACCACGUUCUUCUCGGAG 80% 16/17 

Hsp70  UACACCACGUUCUUCUCGGAG 61% 13/13 

Slc46a3  UACACCACGUUCUUCUCGGAG 61% 13/13 

Zfp532  UACACCACGUUCUUCUCGGAG 66% 14/14 

Loc498971  UACACCACGUUCUUCUCGGAG 61% 13/13 

Muc2  UACACCACGUUCUUCUCGGAG 66% 14/14 

Loc684709  UACACCACGUUCUUCUCGGAG 66% 14/14 

Dgkb  UACACCACGUUCUUCUCGGAG 61% 13/13 

Wwp1  UACACCACGUUCUUCUCGGAG 61% 13/13 

Rrh1  UACACCACGUUCUUCUCGGAG 61% 13/13 

Ntng1  UACACCACGUUCUUCUCGGAG 61% 13/13 

Stam UACACCACGUUCUUCUCGGAG 61% 13/13 

Loc681458  UACACCACGUUCUUCUCGGAG 61% 13/13 

Stx4  UACACCACGUUCUUCUCGGAG 61% 13/13 

Scd4  UACACCACGUUCUUCUCGGAG 61% 13/13 

Ceacam18  UACACCACGUUCUUCUCGGAG 61% 13/13 

Loc103692169  UACACCACGUUCUUCUCGGAG 61% 13/13 

Scd Tvx1   UACACCACGUUCUUCUCGGAG 61% 13/13 

D8Akt1 
Akt2  UGUAGGGUCCUUCUUGAGCAG 80% 17/17 

Cubn  UGUAGGGUCCUUCUUGAGCAG 66% 14/14 
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Cdc42ep4  UGUAGGGUCCUUCUUGAGCAG 66% 14/14 

Luzp1  UGUAGGGUCCUUCUUGAGCAG 66% 14/14 

Nkiras2  UGUAGGGUCCUUCUUGAGCAG 66% 14/14 

Sox1  UGUAGGGUCCUUCUUGAGCAG 71% 15/15 

Sox3  UGUAGGGUCCUUCUUGAGCAG 71% 15/15 

Mdm4  UGUAGGGUCCUUCUUGAGCAG 66% 14/14 

Krt40  UGUAGGGUCCUUCUUGAGCAG 66% 14/14 

Vsig1  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Tbc1d2b  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Scn5a  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Stac3  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Pop1  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Prph1  UGUAGGGUCCUUCUUGAGCAG 80% 16/17 

Fbxo33 UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Klhl29 UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Hpca  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Myh7b UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Capn7  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Mtif3  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

Ncor2  UGUAGGGUCCUUCUUGAGCAG 61% 13/13 

D10Akt1 

Rgd1563888  UUGCACAGCCCGAAGUCCGUU 66% 14/14 

Cavin2 UUGCACAGCCCGAAGUCCGUU 66% 14/14 

Igdcc3  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Mical1   UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Ksr1  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Prkca  UUGCACAGCCCGAAGUCCGUU 80% 16/17 

Olr1597   UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Coro1b  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Limk2  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Prkcd  UUGCACAGCCCGAAGUCCGUU 80% 16/17 

Tns3   UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Pkp2  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Slc22a23  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Gsap  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Pdgfc  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Loc103691267  UUGCACAGCCCGAAGUCCGUU 66% 14/14 

Tub  UUGCACAGCCCGAAGUCCGUU 80% 16/17 

Loc102552663   UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Loc102546864  UUGCACAGCCCGAAGUCCGUU 80% 16/17 

Tgfbr2  UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Loc102547118 UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Mob3c UUGCACAGCCCGAAGUCCGUU 61% 13/13 
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Pram1 UUGCACAGCCCGAAGUCCGUU 61% 13/13 

Recql4  UUGCACAGCCCGAAGUCCGUU 66% 12/12 

Tbxa2r  UUGCACAGCCCGAAGUCCGUU 66% 12/12 

Itpk1  UUGCACAGCCCGAAGUCCGUU 66% 12/12 

D11Akt1 

Arvcf  UUGUCCUCCAGCACCUCAGGG 80% 17/17 

Akt2  UUGUCCUCCAGCACCUCAGGG 95% 19/20 

Klhl25  UUGUCCUCCAGCACCUCAGGG 76% 16/16 

Cabin1  UUGUCCUCCAGCACCUCAGGG 71% 15/15 

Trem2  UUGUCCUCCAGCACCUCAGGG 71% 15/15 

Grin2d  UUGUCCUCCAGCACCUCAGGG 71% 15/15 

Tbc1d23  UUGUCCUCCAGCACCUCAGGG 66% 14/14 

Urb2  UUGUCCUCCAGCACCUCAGGG 66% 14/14 

Tmprss12  UUGUCCUCCAGCACCUCAGGG 71% 15/15 

Tecpr2 UUGUCCUCCAGCACCUCAGGG 95% 18/19 

Dga2 UUGUCCUCCAGCACCUCAGGG 71% 15/15 

D15Akt1 

Eef2 UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

Slc15a1  UGAUGGUGAUCAUCUGAGCUG 71% 15/15 

Rcor1  UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Adh1  UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Msx3  UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Fcgbpl1  UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Txndc12   UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Rnf216  UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Ccer1   UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Itpr2  UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Cyp4f18 UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

Sgpp1  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Igf2bp3 UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Klhl15  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Kctn1  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Gpr155  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Arfrp1  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Itpr3  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Rnf180  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Tbl1xr1  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Atp6ap1l  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Schip1  UGAUGGUGAUCAUCUGAGCUG 80% 16/17 

Galnt15  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Slc25a15  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Rgd1561730  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Gemin5 UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Med1  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 
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Bnc1  UGAUGGUGAUCAUCUGAGCUG 61% 13/13 

Loc100365212 UGAUGGUGAUCAUCUGAGCUG 66% 14/14 

D21Akt1 

Rps6ka4  UUCUCCAGCUUCAGGUCCCGG 90% 19/19 

Tmem110  UUCUCCAGCUUCAGGUCCCGG 80% 17/17 

Nuak2  UUCUCCAGCUUCAGGUCCCGG 100% 20/21 

Nuak1  UUCUCCAGCUUCAGGUCCCGG 95% 19/20 

Phkg1  UUCUCCAGCUUCAGGUCCCGG 95% 19/20 

Dst   UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Mks1   UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Cwf19l1   UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Ttc22  UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Aipl1  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Newgene_1305243  UUCUCCAGCUUCAGGUCCCGG 76% 16/16 

Loc102551828  UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Dnah17  UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Ccdc88c  UUCUCCAGCUUCAGGUCCCGG 71% 15/15 

Cdkl5  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Dgkd UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Scn2b  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Cdk4  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Mapk11 UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Krt84  UUCUCCAGCUUCAGGUCCCGG 85% 17/18 

Nr4a3  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Col5a1  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Cttnbp2nl  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Prkaca  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

Alpk2  UUCUCCAGCUUCAGGUCCCGG 66% 14/14 

 

In order to numerically represent the data, the siRNA candidates were ranked 

based on the total number of off-targets in each of the species. The ranking strategy 

was ascending as the sum of mismatched increases as shown in Table 9. The 4 

candidates having the least off-target effect in the 3 species were then chosen for 

further in cellulo analysis. The chosen Akt1 candidates were: D2Akt1, D8Akt1, 

D11Akt1 and D15Akt1. 
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Table 9: Off-target effect ranking of Akt1 siRNA candidates. . In bold are the siRNA candidates showing 

the leas off-target effect in the 3 species. 

 Homo sapiens Mus musculus Rattus norvegicus All species 

siRNA 

Number of 

off-targets 
Rank 

Number of 

off-targets 
Rank 

Number of 

off-targets 
Rank 

Sum of 

Ranks  

D2Akt1  2 1 4 1 16 2 4 

D6Akt1  3 2 5 2 32 8 12 

D7Akt1  3 2 7 4 27 6 12 

D8Akt1  2 1 5 2 22 3 6 

D10Akt1  3 2 5 2 26 5 9 

D11Akt1  5 3 6 3 11 1 7 

D15Akt1  2 1 4 1 29 7 9 

D21Akt1 7 4 7 4 25 4 12 

 

1.1.1. In cellulo assessment of the efficiency of the 4 candidates of Akt1 

siRNA and choice of the best 2 candidates 

The in silico data provided candidates; however, their efficiency should be verified 

upon transfection in cellulo in order to sort out the best among them. For that, 

human hepatocellular carcinoma cell line, HepG2, exhibiting a sustained level of 

expression of Akt1 was chosen for testing the efficiency of the candidates. HepG2 

cells were pulse transfected for 6 hours with the D2Akt1, D8Akt1, D11Akt1 and 

D15Akt1 siRNAs at 3 concentrations (0.1nM, 1nM and 10nM), with mock siRNA 

as a negative control. Protein analysis of the expression of Akt1 was done by Jess 

48 hours later. 

The results showed a dose-dependent decrease in the expression of Akt1 with 

varying efficiencies depending on the candidate, see Figure 16. D2Akt1 siRNA 

showed a 73%, 31%, and 18% decrease in the expression of Akt1 protein at 10nM, 

1nM and 0.1nM siRNA concentrations, respectively. On the other hand, D11Akt1 

siRNA showed a decrease in the expression of Akt1 by 83% at the 10nM 

concentration, 43% at the 1nM concentration, and no decrease of Akt1 expression 

at the 0.1nM concentration. Similarly, D15Akt1 siRNA showed no decrease of Akt1 

expression at the 0.1nM concentration accompanied by a decrease in the 

expression of Akt1 by 62% at the 10nM and 44% at the 1nM concentration. As far 

as D8Akt1 siRNA is concerned, no decrease of the expression of Akt1 was 

observed at any of the tested concentrations, see Table 10. 
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Figure 16: Screening of Designed Akt1 siRNAs in cellulo.. Efficiency of the chosen best 4 candidates of 

designed Akt1 siRNAs: D2Akt1, D8Akt1, D11Akt1 and D15Akt1 siRNAs (0.1, 1 and 10nM). (A) Representative 

protein immuno-detection by Jess 48 hours after transfection. β-Actin was used as a house keeping gene, the red color of 

β-Actin bands is due to their detection by NIR-coupled secondary antibody on Jess. (B) Quantification of the immune-

detection of Akt1 expression, represented as mean ± SD (N = 3 independent experiments) of the ratio of Akt1/β-Actin for 

each condition normalized to its corresponding mock concentration. Ordinary one-way ANOVA statistical analysis was 

done for every concentration versus the same concentration of the mock siRNA. The asterisks, in the order of their 

appearance on the graph from left to right, represent the following: p= 0.0115, 0.0051, and 0.0287.  

 

Given the variability of the efficiency between the tested siRNAs, and the 

significance being only present at the 10nM concentration, the results were again 

numerically represented. First, the weighed efficacy score calculated per siRNA 

candidate and attributed a rank. This was done by attributing a score for the mean 

inhibition at every concentration, followed by the calculation of the mean of all the 

inhibition efficiencies. The scores attributed were 1 for 10nM concentration 

inhibition, 2 for 1nM, and 3 for the 0. 1nM concentration, see Table 10.  
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Table 10: Weighed in cellulo efficacy ranking of Akt1 siRNA candidates. The average of inhibition of 

Akt1 is representative of the mean inhibition in the 3 independent experiments. The red color indicates a degree of 

inhibition and the blue color indicates a degree of expression. 

 

 

Next, in order to present numerically the in silico data, the mean number of off-

targets in all the species together was calculated. And accordingly, each siRNA 

was attributed a rank. Finally, the combination of the in silico and the in cellulo 

ranking was done by summing up the ranking in both cases. The 2 siRNA 

candidates having the highest ranks, and thus the highest efficiency in cellulo and 

least predicted off-target effect in silico, were selected for further analysis. The 

chosen Akt1 siRNA candidates were D2Akt1 and D11Akt1 siRNAs, see Table 11.  

 

Table 11: Combination of in cellulo and in silico data for Akt1 siRNA choice. Highlighted in green are 

the chosen Akt1 siRNA candidates. 

siRNA  

Weighed 

efficacy 

Score of 

Akt1 

inhibition 

Weighed 

Efficacy 

Rank  

Number 

of off-

target 

genes in 

Homo 

sapiens 

Number of 

off-target 

genes in 

Mus 

musculus 

Number of 

off-target 

genes in 

Rattus 

norvegicus 

Mean 

number of 

off-target 

genes in 

all the 

species 

in silico 

Rank 

Sum 

of 

Ranks 

D2Akt1  32% 1 2 4 16 7 2 3 

D8Akt1  -59% 4 2 6 22 10 3 7 

D11Akt1  16% 2 5 6 11 7 2 4 

D15Akt1 4% 3 2 4 29 12 4 7 

. 

 

 

 

 

siRNA
Average % of inhibition of 

Akt1 at 10nM 

Average % of inhibition of 

Akt1 at 1nM 

Average % of inhibition of 

Akt1 at 0.1nM 

Weighed 

efficacy score
Ranking

D2Akt1 73 31 18 32 1

D8Akt1 -23 -67 -64 -59 4

D11Akt1 83 43 -24 16 2

D15Akt1 62 44 -42 4 3
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1.1.2. In cellulo assessment of the specificity and off-target effect of 

D2Akt1 and D11Akt1 siRNAs 

Curation of the choice of the best Akt1 siRNA candidate necessitates its validation 

as a siRNA specifically targeting Akt1 – given the homology between Akt1 and 

Akt2 sequences – and showing no off-target effect to any of the in silico predicted 

genes. For that, HepG2 cells were pulse transfected for 6 hours by 

LipofectamineRNAiMAX coupled to D2Akt1 or D11Akt1 or mock siRNA at 10nM 

concentration. At the 48-hour time point, RT-qPCR was done assessing the 

expression level of Akt1, Akt2 and the respectively predicted off-target genes. 

Additionally, protein immuno-detection by Jess was done to assess Akt1 and Akt2 

protein expression levels, see Figure 17.  

The results for D2Akt1 siRNA candidate at the transcriptomic level showed a 

significant 10-fold decrease in the AKT1 mRNA expression however no change was 

seen with that of AKT2 or the predicted off-target gene MTNR1B, upon 

comparison to the mock condition, see Figure 17A. On the other hand, D11Akt1 

siRNA candidate showed a significant 2-fold decrease in the expression of Akt1 as 

well as Akt2, but without a change in the expression of other predicted off-target 

genes SBNO2, MYCBP2 or FUBP1, at the transcriptomic level compared to mock 

siRNA, see Figure 17B On another note, INTS5 and ZNF541 are also listed as 

predicted off- targets for D2Akt1 siRNA and D11Akt1 siRNA, respectively. 

However, due to very low expression of these genes in HepG2 cells, it could not 

be assessed. Furthermore, the protein immuno-detection for Akt1 and Akt2 

protein expression upon transfection with either of the siRNA candidates showed 

similar results to those obtained at the transcriptomic level. The results showed a 

significant decrease of Akt1 upon the transfection with either D2Akt1 or D11Akt1, 

by 85% and 75%, respectively see Figure 17C., however a significant decrease in the 

expression of Akt2 was only shown in the case of D11Akt1 transfection.by 80%, 

when compared to the mock, see Figure 17D. 
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Figure 17: Specificity of D2Akt1 and D11Akt1 siRNAs. The transcriptomic analysis by RT-qPCR is 

presented at the top of panel, showing the mean ± SD (N=3 independent experiment) of the fold change of mRNA 

expression normalized to the mock for Lipofectamine-mediated transfection using (A) D2Akt1 siRNA tested for the 

expression Akt1 (p<0.001), Akt2, and the predicted off-target gene Melatonin Receptor 1B (MTNR1B); and (B) D11Akt1 

siRNA tested for Akt1 (p=0.0001), Akt2 (predicted off-target; p=0.0091), and the other predicted off-target genes 

Strawberry Notch homologue 2(SBNO2), MYC-Binding Protein 2 (MYCBP2), and Far Upstream Element Binding 

Protein 1 (FUBP1). Representative protein immuno-detection is presented on the bottom panel, showing (C) Akt1 

expression and the corresponding quantification, represented as mean ± SD (N=3 independent experiment) of  the ratio 

of Akt1/β-Actin normalized to that of the mock, in the case of D2Akt1 siRNA (p=0.0002) and D11Akt1 siRNA 

(p=0.0003); and (D) Akt2 expression and the corresponding quantification, represented as mean ± SD of  the ratio of 

Akt2/β-Actin normalized to that of the mock, in the case of D2Akt1 siRNA and D11Akt1 siRNA (p=0.0002). The 

statistical test used was unpaired t-test. 
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These results demonstrate that D2Akt1 siRNA is specific to Akt1 and does not 

show the off-target effect predicted in silico. However, D11Akt1 cross-reacts both 

human Akt isoforms, but shows no off-target effect for any of the other predicted 

genes. 

 

1.1.3. In cellulo assessment of rodent cross-reactivity and specificity of D2Akt1 

and D11Akt1 siRNAs 

As the D2Akt1 and D11Akt1 candidates have been designed to cross the species 

barrier and target rodent Akt1 isoform as well as the human Akt1 isoform and not 

Akt2, the activity of the siRNAs was tested in rodents. The rodent cell line of choice 

was Hepa1.6 cell line. It is a mouse hepatocellular carcinoma cell line expressing 

Akt1 and Akt2. Hepa1.6 cells were pulse-transfected for 6hours with 

LipofectamineRNAiMAX alone or coupled to D2Akt1 or D11Akt1 siRNAs. The 

expression of Akt1 and Akt2 was assessed on the protein level by Jess 48 hours 

later. The results of Akt1 protein expression, see Figure 18A, showed that both 

D2Akt1 and D11Akt1 siRNAs led to a decrease in the level of Akt1 by 75% and 

82%, respectively. As far as Akt2 expression is concerned, it remained unchanged 

upon the transfection with D2Akt1 siRNA, however it showed a significant 

decrease by 52%, when compared to Lipofectamine alone, see Figure 18B. These 

results. mirrored the results obtained on the human HepG2 cell line, thus proving 

the cross-reactivity of the siRNAs to the humans and mice. Moreover, the D11Akt1 

is deemed non-specific to Akt1 in both humans and rodents.  
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Figure 18: Rodent cross-reactivity and specificity of Akt1 siRNAs . Protein immuno-detection by Jess 

showing the expression of Akt1 and Akt2 isoforms in Hepa1.6 cell line, 48 hours following the transfection with D2Akt1 

and D11Akt1 siRNAs. The top panel shows representative blots of. (A)  the expression of Akt1, and its corresponding 

quantification represented as mean ± SD (N=3 independent experiments) of the ratio of Akt1/β-Actin for each condition 

normalized to LipofectamineRNAiMAX alone. The asterisks represent the p-value in their order of appearance from left 

to right: p=0.0008 and 0.005. (B) shows the expression of Akt2, and its corresponding quantification represented as mean 

± SD (N=3 independent experiments) of the ratio of Akt2/β-Actin for each condition normalized to Lipofectamine alone. 

The asterisks represent the p-value: p=0.0008. The statistical test used is Ordinary one-way ANOVA. 

 

The process of screening for the best Akt1 siRNA candidate starting with the 7 

candidates: D2Akt1, D6Akt1, D7Akt1, D8Akt1, D10Akt1, D11Akt1, and D15Akt1, 

led to the diminution of the number of candidates into 2: D2Akt1 and D11Akt1 

siRNAs. After taking into account the in cellulo efficiency, specificity, off-target 

effect and cross-reactivity to rodents, and the fact that D11Akt1 siRNA lacks the 

needed specificity for the Akt1 isoform in both humans and rodents; the D2Akt1 

siRNA was chosen as the best candidate for further analysis. 
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1.2. Preliminary Akt2 siRNA design and screening  

Similar to the workflow done for Akt1 siRNA design and screening, as a first step, 

gene sequence of Mus musculus Akt2 (NM_001110208.2) was used as a template for 

the generation of the 21-nucleotide siRNA sequences targeting Akt2 mRNA. DSIR 

gave a list of 50 candidates for Akt2 siRNA. 

Then, the in silico analysis through NCBI blasting bioinformatics tool was done. 

Blasting each siRNA sequence (SS and AS strands) against the Rattus norvegicus 

and Homo sapiens genome in order to decipher the cross-reactivity, see Table 12. The 

siRNA sequences (AS and SS strands) showed that 11 candidates among the 50 

siRNA sequence candidates cross the species barrier. The candidates were: 

D2Akt2, D3Akt2, D7Akt2, D15Akt2, D16Akt2, D20Akt2, D27Akt2, D39Akt2, 

D41Akt2, D44Akt2, and D49Akt2 siRNAs.  

 

Table 12: Inter-species reactivity of Akt2 siRNA candidates. The siRNA candidates in bold are the ones that 

show a cross reactivity to the three species. SS: sense strand; AS: anti-sense strand 

  Mus musculus Rattus norvegicus Homo sapiens  

siRNA Sequence 
Query 

Cover  
Identity  

Query 

Cover  
Identity  

Query 

Cover  
Identity  

D1Akt2 
SS sequence 100% 100% 100% 95.24% - - 

AS sequence 100% 100% 100% 95.24% - - 

D2Akt2  
SS sequence 100% 100% 90% 100% 90% 100% 

AS sequence 100% 100% 80% 100% 80% 100% 

D3Ak3 
SS sequence 100% 100% 100% 100% 100% 100% 

AS sequence 100% 100% 100% 100% 100.00% 100.00% 

D4Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D5Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% 85% 94% - - 

D6Akt2  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 100% 100% - - 

D7Akt2  
SS sequence 100% 100% 100% 100.00% 100% 100% 

AS sequence 100% 100% 100% 100% 100% 100% 

D8Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 
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D9Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D10Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D11Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D12Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D13Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D14Akt2  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 95% 100% - - 

D15Akt2  
SS sequence 100% 100% 100% 100% 100% 100% 

AS sequence 100% 100% 100% 100% 90% 100% 

D16Akt2  
SS sequence 100% 100% 85% 100% 71% 100% 

AS sequence 100% 100% 95% 100% 80% 100% 

D17Akt2  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 100% 100% - - 

D18Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D19Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D20Akt2  
SS sequence 100% 100% 80% 100% 71% 100% 

AS sequence 100% 100% 90% 100% 76% 100% 

D21Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D22Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D23Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D24Akt2  
SS sequence 100% 100% 90% 94.74% - - 

AS sequence 100% 100% 80% 94.12% - - 

D25Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D26Akt2  SS sequence 100% 100% - - - - 
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AS sequence 100% 100% - - - - 

D27Akt2  
SS sequence 100% 100% 100% 100% 100% 100% 

AS sequence 100% 100% 100% 100% 100% 100% 

D28Akt2  
SS sequence 100% 100% 100% 95.24% - - 

AS sequence 100% 100% 100% 95.24% - - 

D29Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D30Akt2  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 100% 100% - - 

D31Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D32Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D33Akt2  
SS sequence 100% 100% 100% 100% - - 

AS sequence 100% 100% 90% 100% - - 

D34Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D35Akt2 
SS sequence 100% 100% 80% 100% - - 

AS sequence 100% 100% 100% 95.24% - - 

D36Akt2  
SS sequence 100% 100% 76% 100% - - 

AS sequence 100% 100% 85% 100% 85% 94.44% 

D37Akt2  
SS sequence 100% 100% 100% 95.24% - - 

AS sequence 100% 100% 100% 95.24% - - 

D38Akt2  
SS sequence 100% 100% 71% 100% - - 

AS sequence 100% 100% 61% 100% - - 

D39Akt2  
SS sequence 100% 100% 100% 100% 100% 95.24% 

AS sequence 100% 100% 100% 100% 100% 95.24% 

D40Akt2  
SS sequence 100% 100% 100% 95.24% - - 

AS sequence 100% 100% 100% 95.24% - - 

D41Akt2  
SS sequence 100% 100% 100% 95.24% 100% 95.24% 

AS sequence 100% 100% 100% 95.24% 100% 95.24% 

D42Akt2 
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D43Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 
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D44Akt2  
SS sequence 100% 100% 100% 100% 80% 100% 

AS sequence 100% 100% 100% 100% 100% 95.24% 

D45Akt2  
SS sequence 100% 100% 61% 100% - - 

AS sequence 100% 100% 71% 100% - - 

D46Akt2  
SS sequence 100% 100% 85% 94.44% - - 

AS sequence 100% 100% 95% 95% - - 

D47Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D48Akt2  
SS sequence 100% 100% - - - - 

AS sequence 100% 100% - - - - 

D49Akt2  
SS sequence 100% 100% 95% 100% 100% 95.24% 

AS sequence 100% 100% 85% 100% 100% 95.24% 

D50Akt2  
SS sequence 100% 100% 85% 100% - - 

AS sequence 100% 100% 95% 100% - - 

 

Further, deep in silico analysis was done to select the best 4 candidates of Akt2 

targeting siRNAs to reveal the off-target effect and the degree of alignment to the 

seed sequence. See Table 13 for the off-target effect in Homo sapiens, Table 14 for that 

in Mus musculus and Table 15 for that in Rattus norvegicus. The in silico analysis of 

the off-target shows a varying degree of off-targets in each of the species, with 

varying degrees of alignment to the seed sequence. 

Table 13: Off-target effect of Akt2 siRNA candidates in Homo sapiens. Seed sequence (from nucleotide 

2 to nucleotide 7) is marked in red. Homology to the siRNA sequence is in bold. 

siRNA Gene name  Position on the siRNA sequence 5' -> 3' Query Cover  Identities 

D2Akt2 
CASC1 

UUGAUGCUGAGGAAGAAUCUA 76% 16/16 

D3Akt2 
WDR7  UGUCUUUAUUGCUUGUACCGU 71% 15/15 

CSRNP3 UGUCUUUAUUGCUUGUACCGU 71% 15/15 

D7Akt2  
STAG2  UUUAUUGCUUGUACCGUACAA 66% 14/14 

CSRNP3  UUUAUUGCUUGUACCGUACAA 71% 15/15 

D15Akt2 CEP70  UCUUGAUGUAUUCACCACGUU 66% 14/14 

D16Akt2  LAMA5  UACAUGGAAGGUCCUCUCGAU 76% 16/16 

D20Akt2  

H2AZ2  UCACACGCUGUCACCUAGCUU 85% 17/18 

ZNF496  UCACACGCUGUCACCUAGCUU 66% 14/14 

IL16 TV3   UCACACGCUGUCACCUAGCUU 66% 14/14 

MRO TV8   UCACACGCUGUCACCUAGCUU 66% 14/14 

NKX6-2  UCACACGCUGUCACCUAGCUU 66% 14/14 
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ACE2 TVX1   UCACACGCUGUCACCUAGCUU 66% 14/14 

D27Akt2  

TCEAL6  UGAGUGUCUUUAUUGCUUGUA 76% 16/16 

TAP1  UGAGUGUCUUUAUUGCUUGUA 90% 18/19 

WDR7  UGAGUGUCUUUAUUGCUUGUA 71% 15/15 

D39Akt2  

ATP2A1  UUUGAUGACAGAUACCUCAUU 71% 15/15 

SHOC1  UUUGAUGACAGAUACCUCAUU 71% 15/15 

D41Akt2 

ZSCAN25  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

EYA2  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

CYP3A5 UCCAUCACAAAGCAUAGGCGG 66% 14/14 

CD99  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

ZFP92  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

D44Akt2  ATP2A1  UUCUUUGAUGACAGAUACCUC 71% 15/15 

D49Akt2  

MARCKS  UUUGAGAUAAUCGAAGUCAUU 66% 14/14 

BAG5  UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

C3ORF14  UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

GALNT5  UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

SLC2A12   UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

TAF1B  UUUGAGAUAAUCGAAGUCAUU 80% 16/17 

TBPL1  UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

 

Table 14: Off-target effect of Akt2 siRNA candidates in Mus musculus. Seed sequence (from nucleotide 

2 to nucleotide 7) is marked in red. Homology to the siRNA sequence is in bold. 

siRNA Gene name  Position on the siRNA sequence 5' -> 3' Query Cover  Identities 

D2Akt2 

Ttc29 UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Nol9 UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Synj1 UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

D3Akt2  

Wdr7 UGUCUUUAUUGCUUGUACCGU 71% 15/15 

Stag2 UGUCUUUAUUGCUUGUACCGU 71% 15/15 

Sall4 UGUCUUUAUUGCUUGUACCGU 71% 15/15 

Mst1 UGUCUUUAUUGCUUGUACCGU 71% 15/15 

D7Akt2  

Mst1 UUUAUUGCUUGUACCGUACAA 71% 15/15 

Stag2 UUUAUUGCUUGUACCGUACAA 66% 14/14 

Tafa2 UUUAUUGCUUGUACCGUACAA 66% 14/14 

Wdyf3 UUUAUUGCUUGUACCGUACAA 85% 17/18 

Syt10 UUUAUUGCUUGUACCGUACAA 66% 14/14 

D15Akt2  Mroh3 UCUUGAUGUAUUCACCACGUU 66% 14/14 

D16Akt2  
Ank3 UACAUGGAAGGUCCUCUCGAU 71% 15/15 

Pidd1 UACAUGGAAGGUCCUCUCGAU 66% 14/14 

D20Akt2  

Cosp2 UCACACGCUGUCACCUAGCUU 71% 15/15 

Nisch UCACACGCUGUCACCUAGCUU 66% 14/14 

Bdnf UCACACGCUGUCACCUAGCUU 66% 14/14 
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A230072I06Rik UCACACGCUGUCACCUAGCUU 66% 14/14 

Rapgef2 UCACACGCUGUCACCUAGCUU 66% 14/14 

Trdmt1 UCACACGCUGUCACCUAGCUU 66% 14/14 

Atg2b UCACACGCUGUCACCUAGCUU 66% 14/14 

D27Akt2 

Wdr7 UGAGUGUCUUAUUGCUUGUA 71% 15/15 

Sall4 Tvb UGAGUGUCUUAUUGCUUGUA 71% 15/15 

B4galt1 UGAGUGUCUUAUUGCUUGUA 71% 15/15 

D39Akt2  

Ctdp1 UUUGAUGACAGAUACCUCAUU 71% 15/15 

Dock9 UUUGAUGACAGAUACCUCAUU 71% 15/15 

Cdh23 UUUGAUGACAGAUACCUCAUU 71% 15/15 

D41Akt2  - -  -  -  

D44Akt2  
Dock9 UUCUUUGAUGACAGAUACCUC 71% 15/15 

Cdh23 UUCUUUGAUGACAGAUACCUC 71% 15/15 

D49Akt2  

Psmg2 UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

Fam13c UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

Wdr3 UUUGAGAUAAUCGAAGUCAUU 61% 13/13 

 

Table 15: Off-target effect of Akt2 siRNA candidates in Rattus norvegicus. Seed sequence (from 

nucleotide 2 to nucleotide 7) is marked in red. Homology to the siRNA sequence is in bold. 

siRNA Gene name  
Position on the siRNA sequence 5' -> 

3' 

Query 

Cover  
Identities 

D2Akt2   

Aplp2  UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Atcay  UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Zc3h18   UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Osmr  UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Olr 809  UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

LOC686209   UUGAUGCUGAGGAAGAAUCUA 71% 15/15 

Pja1 UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

LOC316124 UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Fam46a  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Zfc3h1 UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

LOC108351322 UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Galnt14  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Galnt14 UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Arghap5  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Gln2  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Rb1cc1 UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Rbsn UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Itch UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

LOC10834994   UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Cmya5   UUGAUGCUGAGGAAGAAUCUA 66% 14/14 
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Mcf2l  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Bod1l1  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

LOC100359816  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Tsc2  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Siglech  UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

Stra8   UUGAUGCUGAGGAAGAAUCUA 66% 14/14 

D3Akt2  

Stag2  UGUCUUUAUUGCUUGUACCGU 71% 15/15 

Wdr7   UGUCUUUAUUGCUUGUACCGU 71% 15/15 

Mphosph9   UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Pah  UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Olr672   UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Olr674  UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Olr675   UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Rab7b  UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Luzp2 UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Il36rn UGUCUUUAUUGCUUGUACCGU 66% 14/14 

Casp8  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Ccdc38  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Smc2  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Tmem246  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Plag1  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Ube2k  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Sall4  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Ccdc54   UGUCUUUAUUGCUUGUACCGU 80% 16/17 

Fyco1  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

Repin1  UGUCUUUAUUGCUUGUACCGU 61% 13/13 

D7Akt2  

Stag2   UUUAUUGCUUGUACCGUACAA 66% 14/14 

Ube2k  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Mst1  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Pah  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Xrn2  UUUAUUGCUUGUACCGUACAA 57% 12/12 

Rab7b  UUUAUUGCUUGUACCGUACAA 66% 14/14 

Tmem246  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Plag1  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Nudt19 UUUAUUGCUUGUACCGUACAA 61% 13/13 

Apol11a  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Ccdc88c  UUUAUUGCUUGUACCGUACAA 61% 13/13 

Akap8  UUUAUUGCUUGUACCGUACAA 57% 12/12 

Galnt16  UUUAUUGCUUGUACCGUACAA 57% 12/12 

Mmel1 UUUAUUGCUUGUACCGUACAA 57% 12/12 

Akap2  UUUAUUGCUUGUACCGUACAA 57% 12/12 
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D15Akt2  

Tbck  UCUUGAUGUAUUCACCACGUU 76% 16/16 

Tor1aip2  UCUUGAUGUAUUCACCACGUU 66% 14/14 

Rnf145   UCUUGAUGUAUUCACCACGUU 61% 13/13 

Zdhhc20   UCUUGAUGUAUUCACCACGUU 61% 13/13 

Wdyhv1  UCUUGAUGUAUUCACCACGUU 61% 13/13 

Bdkrb2 tv1  UCUUGAUGUAUUCACCACGUU 57% 12/12 

Abi1 UCUUGAUGUAUUCACCACGUU 61% 13/13 

Uggt1  UCUUGAUGUAUUCACCACGUU 66% 14/14 

Dpysl3  UCUUGAUGUAUUCACCACGUU 61% 13/13 

kif1a  UCUUGAUGUAUUCACCACGUU 61% 13/13 

LOC100362216 UCUUGAUGUAUUCACCACGUU 100% 19/21 

Htr2c  UCUUGAUGUAUUCACCACGUU 57% 12/12 

Unc80 UCUUGAUGUAUUCACCACGUU 57% 12/12 

Ube2f  UCUUGAUGUAUUCACCACGUU 57% 12/12 

D16Akt2  

Mogs UACAUGGAAGGUCCUCUCGAU 66% 14/14 

Ager  UACAUGGAAGGUCCUCUCGAU 66% 14/14 

Thsd1  UACAUGGAAGGUCCUCUCGAU 66% 14/14 

Pdlim1   UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Mrpl38   UACAUGGAAGGUCCUCUCGAU 61% 13/13 

LOC100910838  UACAUGGAAGGUCCUCUCGAU 71% 15/15 

Nyap1  UACAUGGAAGGUCCUCUCGAU 71% 15/15 

Zfp335  UACAUGGAAGGUCCUCUCGAU 66% 14/14 

LOC103692171  UACAUGGAAGGUCCUCUCGAU 66% 14/14 

Sema7a tvX1 UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Sfmbt2 UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Tgm3 UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Dok2 UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Mpp2 UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Eif5a  UACAUGGAAGGUCCUCUCGAU 61% 13/13 

LOC100911941   UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Mro  UACAUGGAAGGUCCUCUCGAU 61% 13/13 

RGD1560281 UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Vps37c UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Snx32  UACAUGGAAGGUCCUCUCGAU 61% 13/13 

Cacnb4  UACAUGGAAGGUCCUCUCGAU 61% 13/13 

D20Akt2  

Il16  UCACACGCUGUCACCUAGCUU 71% 15/15 

Dnajb6  UCACACGCUGUCACCUAGCUU 66% 14/14 

Rnf17  UCACACGCUGUCACCUAGCUU 61% 13/13 

Tada1   UCACACGCUGUCACCUAGCUU 61% 13/13 

Pnma8b   UCACACGCUGUCACCUAGCUU 61% 13/13 

Mpzl2   UCACACGCUGUCACCUAGCUU 61% 13/13 
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Wnt7b   UCACACGCUGUCACCUAGCUU 61% 13/13 

Tfeb  UCACACGCUGUCACCUAGCUU 66% 14/14 

Trdmt1  UCACACGCUGUCACCUAGCUU 66% 14/14 

LOC103689927 UCACACGCUGUCACCUAGCUU 85% 17/18 

Bdp1  UCACACGCUGUCACCUAGCUU 61% 13/13 

Defb11 UCACACGCUGUCACCUAGCUU 61% 13/13 

LOC108352965 UCACACGCUGUCACCUAGCUU 61% 13/13 

Obscn UCACACGCUGUCACCUAGCUU 61% 13/13 

Agbl3  UCACACGCUGUCACCUAGCUU 61% 13/13 

Tm9sf3  UCACACGCUGUCACCUAGCUU 61% 13/13 

Ms4a13-ps1  UCACACGCUGUCACCUAGCUU 61% 13/13 

Cep295 UCACACGCUGUCACCUAGCUU 57% 12/12 

D27Akt2  

Wdr7 UGAGUGUCUUUAUUGCUUGUA 71% 15/15 

Maea UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Csrnp1  UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Stag2 UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Mphosph9  UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Olr672   UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Olr674  UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Olr675 UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Pah  UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Calr4  UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Rasl2 UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

Luzp2  UGAGUGUCUUUAUUGCUUGUA 66% 14/14 

D39Akt2  

Dock9  UUUGAUGACAGAUACCUCAUU 71% 15/15 

Ctdp1 UUUGAUGACAGAUACCUCAUU 71% 15/15 

Rpgr tv2  UUUGAUGACAGAUACCUCAUU 66% 14/14 

Wnt2b  UUUGAUGACAGAUACCUCAUU 66% 14/14 

Cdh23  UUUGAUGACAGAUACCUCAUU 66% 14/14 

Atp2a1  UUUGAUGACAGAUACCUCAUU 66% 14/14 

LOC302586  UUUGAUGACAGAUACCUCAUU 66% 14/14 

Slc9a3r2  UUUGAUGACAGAUACCUCAUU 66% 14/14 

Serac1  UUUGAUGACAGAUACCUCAUU 66% 14/14 

Dlgap1 UUUGAUGACAGAUACCUCAUU 80% 16/17 

Inpp1  UUUGAUGACAGAUACCUCAUU 61% 13/13 

Arl13b UUUGAUGACAGAUACCUCAUU 61% 13/13 

Irak4 UUUGAUGACAGAUACCUCAUU 61% 13/13 

Ptk2 UUUGAUGACAGAUACCUCAUU 61% 13/13 

Usp20  UUUGAUGACAGAUACCUCAUU 61% 13/13 

RGD1560883 UUUGAUGACAGAUACCUCAUU 61% 13/13 

Fbxl21 UUUGAUGACAGAUACCUCAUU 61% 13/13 
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Pibf1  UUUGAUGACAGAUACCUCAUU 61% 13/13 

Peli2  UUUGAUGACAGAUACCUCAUU 61% 13/13 

Cdkn3 UUUGAUGACAGAUACCUCAUU 61% 13/13 

D41Akt2  

Pkn2  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

Pkn1   UCCAUCACAAAGCAUAGGCGG 66% 14/14 

Prkcb  UCCAUCACAAAGCAUAGGCGG 100% 19/21 

Akt1  UCCAUCACAAAGCAUAGGCGG 100% 19/21 

LOC108351838  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

Fbrsl1  UCCAUCACAAAGCAUAGGCGG 66% 14/14 

LOC103690550 UCCAUCACAAAGCAUAGGCGG 85% 17/18 

Ap1s2  UCCAUCACAAAGCAUAGGCGG 61% 13/13 

Ccdc134  UCCAUCACAAAGCAUAGGCGG 61% 13/13 

Arl13b  UCCAUCACAAAGCAUAGGCGG 61% 13/13 

Tox  UCCAUCACAAAGCAUAGGCGG 61% 13/13 

Dnah9 UCCAUCACAAAGCAUAGGCGG 61% 13/13 

Leng8 UCCAUCACAAAGCAUAGGCGG 61% 13/13 

Fam155b  UCCAUCACAAAGCAUAGGCGG 61% 13/13 

D44Akt2  

Rpgr  UUCUUUGAUGACAGAUACCUC 71% 15/15 

Dock9 UUCUUUGAUGACAGAUACCUC 71% 15/15 

Ezh2  UUCUUUGAUGACAGAUACCUC 85% 17/18 

Ctdp1  UUCUUUGAUGACAGAUACCUC 66% 14/14 

Sf3a  UUCUUUGAUGACAGAUACCUC 85% 17/18 

Wnt9b UUCUUUGAUGACAGAUACCUC 66% 14/14 

Sdc1   UUCUUUGAUGACAGAUACCUC 66% 14/14 

LOC302586  UUCUUUGAUGACAGAUACCUC 71% 15/15 

Slc9a3r2 UUCUUUGAUGACAGAUACCUC 66% 14/14 

LOC102547059   UUCUUUGAUGACAGAUACCUC 66% 14/14 

Acat2l1   UUCUUUGAUGACAGAUACCUC 66% 14/14 

Serac1 UUCUUUGAUGACAGAUACCUC 66% 14/14 

Flrt1  UUCUUUGAUGACAGAUACCUC 66% 14/14 

D49Akt2 

Muc16 UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Arghap20  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Aste1 UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Dnah6  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Csgalnact2 UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Uqcc1 UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Fermt1  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Slitrk3 UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Maf    UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

LOC102546698   UUUGAGAUAAUCGAAGUCAUU 57% 12/12 
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Wsb1 UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Lcor  UUUGAGAUAAUCGAAGUCAUU 76% 15/16 

Vasp  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

LOC103690502   UUUGAGAUAAUCGAAGUCAUU 76% 15/16 

Zfp952   UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Col25a1 UUUGAGAUAAUCGAAGUCAUU 76% 15/16 

Raet1e  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Arap2  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

Tmem245  UUUGAGAUAAUCGAAGUCAUU 57% 12/12 

 

Similar to the strategy used for Akt1 siRNA candidates, and due to the non-

uniformity of the results between the species, a numerical representation of the 

results was done. The number of off-target genes predicted in every species was 

counted and the siRNA was attributed a rank accordingly. Then the ranks were 

summed up to give an indication about the siRNA candidates having the least off-

target effect in the three species, see Table 16. The results unraveled the 4 best 

candidates having the least off-target effect in the three species, for further in cellulo 

analysis: D15Akt2, D27Akt2, D41Akt2 and D44Akt2 siRNA sequences. 
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Table 16: Off-target effect ranking of Akt2 siRNA candidates. In bold are the siRNAs having the least 

off-target effect in the three species. 

 

 

1.2.1. In cellulo assessment of the efficiency of the 4 candidates of Akt2 

siRNA and choice of the best 2 candidates 

The efficiency of Akt2 siRNA candidates was studied in cellulo in order to sort out 

the best among them. For that, human HepG2 cells, exhibiting a sustained level of 

expression of Akt2 were chosen for testing the efficiency of the candidates. HepG2 

cells were pulse transfected for 6hours with LipofectamineRNAiMAX coupled to 

D15Akt2, D27Akt2, D41Akt2 and D44Akt2 siRNAs at 3 concentrations (10, 1 and 

0.1nM) with mock siRNA as a negative control. Protein analysis of the expression 

of Akt2 was done by Jess 48 hours later. 

The results showed a dose-dependent decrease in the expression of Akt2 with 

varying efficiencies depending on the candidate when compared to mock siRNA, 

see Figure 20. D15Akt2 siRNA showed a 70%, 44%, and 11% decrease in the 

expression of Akt2 protein at 10nM, 1nM and 0.1nM siRNA concentrations, 

respectively. Similarly, D27Akt1 siRNA showed a decrease in the expression of 

Akt2 by 70% and 44% at the 10nM and 1nM concentrations, respectively. But, with 

 Mus musculus Rattus norvegicus Homo sapiens 

All 

species 

siRNA  

Number of 

off-targets 
Rank 

Number of 

off-targets 
Rank 

Number of 

off-targets 
Rank 

Sum of 

Ranks  

D2Akt2  3 4 25 9 1 1 14 

D3Akt2  4 5 20 7 2 2 14 

D7Akt2  5 6 15 4 2 2 12 

D15Akt2  1 2 14 3 1 1 6 

D16Akt2  2 3 21 8 1 1 12 

D20Akt2  7 7 18 5 6 5 17 

D27Akt2  3 4 12 1 3 3 8 

D39Akt2  3 4 20 7 2 2 13 

D41Akt2  0 1 14 3 5 4 8 

D44Akt2  2 3 13 2 1 1 6 

D49Akt2 3 4 19 6 7 6 16 



121 

 

a higher decrease in the expression of Akt2 at the 0.1nM concentration by 45%, 

D41Akt2 and D44Akt2 siRNA sequences, showed lower efficiencies compared to 

the former two siRNA sequences. No decrease in the expression of Akt2 at the 

0.1nM concentration in the case when compared to mock, but rather a slight non-

significant increase in the expression was shown. At the 10nM and 1nM 

concentration, D41Akt2 siRNA showed a respective 60% and 10% decrease in the 

expression of Akt2. Whereas D44Akt2 siRNA showed no decrease of Akt2 protein 

expression at the 1nM concentration and a 23% decrease of Akt2 protein 

expression at the 10nM concentration, exhibiting the lowest efficiency compared 

to all the other candidates, see Table 17.  

 

Given the variability of the efficiency between the tested siRNAs, the weighed 

efficacy score was calculated and the Akt2 siRNA candidates were ranked 

accordingly, see Table 17.   

Figure 19: Screening of Designed Akt2 siRNAs in cellulo. Efficiency of the chosen best 4 

candidates of designed Akt2 siRNAs: D15Akt2, D27Akt2, D41Akt2, and D44Akt2siRNAs, was tested in 

cellulo (0.1, 1, and 10nM). (A) Representative protein immuno-detection by Jess 48 hours after transfection. 

β-Actin was used as a house keeping gene. (B) Quantification of the protein immune-detection data of Akt2 

expression, represented as mean ± SD (N = 3 independent experiments) of the ratio of Akt2/β-Actin for each 

condition normalized to its corresponding mock concentration. Ordinary one-way ANOVA statistical analysis 

was done for every concentration versus the same concentration of the mock siRNA. The asterisks, in the order 

of their appearance on the graph from left to right, represent the following: p= 0.0004, 0.0008, 0.0007,0.0004, 

and 0.0023. 
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Table 17: Weighed in cellulo efficacy ranking of Akt2 siRNA candidates. The average of inhibition of 

Akt1 is representative of the mean inhibition in the 3 independent experiments. The red color indicates a degree of 

inhibition and the blue color indicates a degree of expression. 

 

Next, in order to present numerically the in silico data, the mean number of off-

targets all the species together was calculated, and accordingly, each siRNA was 

attributed a rank. Finally, the combination of the in silico and the in cellulo ranking 

was done by summing up the ranking in both cases. The 2 siRNA candidates 

having the highest ranks, and thus the highest efficiency in cellulo and least 

predicted off-target effect in silico, were selected for further analysis, see Table 18. 

The chosen Akt2 siRNA candidates were D15Akt2 and D27Akt2 siRNAs.  

 

Table 18: Combination of in cellulo and in silico data for Akt2 siRNA choice. Highlighted in green are 

the chosen Akt2 siRNA candidates. 

siRNA  

Weighed 

efficacy 

Score of 

Akt2 

inhibition 

Weighed 

Efficacy 

Rank  

Number 

of off-

target 

genes in 

Homo 

sapiens 

Number 

of off-

target 

genes in 

Mus 

musculus 

Number 

of off-

target 

genes in 

Rattus 

norvegicus 

Mean 

number 

of genes 

in all the 

species 

in silico 

Rank 

Sum 

of 

Ranks 

D15Akt2  32% 2 1 1 14 5 2 4 

D27Akt2  52% 1 3 3 12 6 3 4 

D41Akt2 -7% 3 5 0 14 6 4 7 

D44Akt2 -32% 4 1 2 13 5 2 6 

 

 

  

siRNA
Average % of inhibition of 

Akt2 at 10nM 

Average % of inhibition of 

Ak2 at 1nM 

Average % of inhibition of 

Akt2 at 0.1nM 

Weighed efficacy 

score
Rank

D15Akt2 70 44 11 32 2

D27Akt2 70 44 51 52 1

D41Akt2 60 9 -41 -7 3

D44Akt2 22 -17 -61 -32 4
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1.2.2. In cellulo assessment of the specificity and off-target effect of 

D15Akt2 and D27Akt2 siRNAs 

After the validation of the efficiency, and similar to what was done for Akt1 siRNA 

candidates, the choice of the best Akt2 siRNA candidate necessitated its validation 

as a siRNA specifically targeting Akt2 and showing no off-target effect to any of 

the in silico predicted genes. For that, HepG2 cells were pulse transfected for 6 

hours by LipofectamineRNAiMAX coupled D15Akt2 or D27Akt2 or mock siRNA 

at 10nM concentration. At the 48-hour time point, RT-qPCR was done assessing 

the expression level of AKT2, AKT1 and the respectively predicted off-target genes, 

along with an immune-detection analysis assessing Akt2 and Akt1 protein 

expression levels, see Figure 20.  

The results for D15Akt2 siRNA candidate transfection at the transcriptomic level 

showed a significant 10-fold decrease in the AKT2 mRNA expression with no effect 

on the Akt1 expression, or the predicted off-target gene CEP70, compared to the 

mock condition, see Figure 20A. Similarly, D27Akt2 siRNA transfection resulted in 

a significant 10-fold decrease of AKT2 mRNA expression, along with no significant 

change in the mRNA expression of Akt1 or any of the predicted off-target genes 

tested: TAP3 and WDR7, see Figure 20B.  On another note, TCEAL6 is also listed as 

predicted off- target for D27Akt2 siRNA, however, due to very low expression of 

this gene in HepG2 cells, it could not be assessed Furthermore, the protein 

immune-detection  of Akt2 and Akt1 expression showed a decrease in the 

expression of Akt2 upon the transfection with either D15Akt2 or D27Akt2 siRNAs 

by 82% and 66%, respectively, when compared to the mock, see Figure 20C. On the 

other hand, the Akt1 expression showed no change in the case of transfection with 

D15Akt2 siRNA, but with a surprising 54% significant increase in its expression in 

the case of transfection with D27Akt2 siRNA, when compared to the mock, see 

Figure 20D. 
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Figure 20: Specificity of D15Akt2 and D27Akt2 siRNAs. The transcriptomic analysis by RT-qPCR is 

presented at the top of panel, showing the  mean ± SD (N=3 independent experiments) of the fold change of mRNA 

expression normalized to the mock for LipofectamineRNAiMAX-mediated transfection using (A) D15Akt2 siRNA tested 

for the expression Akt2 (p=0.0063), Akt1, and the predicted off-target gene Centrosomal Protein 70 (CEP70); and (B) 

D27Akt2 siRNA tested for Akt2 (p<0.0001), Akt1 and the predicted off-target genes Transporter Associated with 

Antigen Processing 1 (TAP1),and WD Repeat Domain 7 (WDR7) Representative protein immuno-detection is presented 

on the bottom panel, showing (C) Akt2 expression and the corresponding quantification, represented as mean ± SD (N=3 

independent experiments)  of  the ratio of Akt2/β-Actin normalized to that of the mock, in the case of D15Akt2 siRNA 

(p<0.0001) and D27Akt2 siRNA (p=0.0011); and (D) Akt1 expression and the corresponding quantification, represented 

as mean ± SD of the ratio of Akt1/β-Actin normalized to that of the mock, in the case of D15Akt2 siRNA and D27Akt2 

siRNA (p<0.0001). The statistical test used was unpaired t-test. 
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1.2.3. In cellulo assessment of rodent cross-reactivity and specificity of 

D15Akt2 and D27Akt2 siRNAs 

The overall strategy of designing siRNAs was to obtain candidates that cross the 

species barrier and be specific towards the designated isoform in both humans and 

rodents. As the cross-reactivity was verified for Akt1 siRNA candidates, the same 

was done for Akt2 siRNA candidates. For that, the mouse HCC cell line Hepa1.6 

cell line was used. Cells were pulse-transfected for 6 hours with 

LipofectamineRNAiMAX alone or coupled to D15Akt2 or D27Akt2 siRNAs at a 

concentration of 10nM. The expression of Akt2 and Akt1 was assessed on the 

protein level by Jess immune-detection 48 hours later.  

The results, see Figure 21A, showed that upon the transfection with either D15Akt2 

or D27Akt2 siRNAs, a significant decrease of Akt2 was obtained (88% and 81%, 

respectively). Whereas, no change was observed in the Akt1 expression level 

following transfection, see Figure 21B. These results thus confirm the cross-

reactivity and the specificity of both siRNAs to Mus musculus.   
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Figure 21: Rodent cross-reactivity and specificity of Akt2 siRNAs. Protein immuno-detection by Jess 

showing the expression of Akt2 and Akt1 isoforms in Hepa1.6 cell line, 48 hours following the transfection with D15Akt2 

and D27Akt2 siRNAs. The top panel shows representative blots of (A) the expression of Akt1, and its corresponding 

quantification represented as mean ± SD (N=3 independent experiments) of the ratio of Akt2/β-Actin for each condition 

normalized to LipofectamineRNAiMAX alone. The asterisks represent the p-value: P<0.0001 for both D15Akt2 and 

D27Akt2 siRNAs; (B) the expression of Akt1, and its corresponding quantification represented as mean ± SD (N=3 

independent experiments) of the ratio of Akt1/β-Actin for each condition normalized to Lipofectamine alone. The 

statistical test used is Ordinary one-way ANOVA.  

 

The process of screening for the best Akt1 siRNA candidate starting with the 11 

candidates: D2Akt2, D3Akt2, D7Akt2, D15Akt2, D16Akt2, D20Akt2, D27Akt2, 

D39Akt2, D41Akt2, D44Akt2, and D49Akt2, led to the diminution of the number 

of candidates into 2: D15Akt2 and D27Akt2 siRNAs. After taking into account the 

in cellulo efficiency, specificity, off-target effect and cross-reactivity to rodents, and 

the fact that D11Akt1 siRNA lacks the needed specificity for the Akt1 isoform in 

both humans and rodents; the D15Akt2 siRNA was chosen as the best candidate 

for further analysis. based on the higher corrected score it has vs that of D27Akt2 

siRNA. The corrected score is given by the DSIR algorithm upon the generation of 
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the siRNA sequences. It is the original efficacy score minored by the penalties from 

some intrinsic target features which have been shown to influence siRNA efficacy 

[310].  

 

2. Long lasting effect of Akt1 and Akt2-targeting siRNAs  

The efficiency of the siRNAs targeting Akt1 and Akt2 is not restricted with its 

ability to knockdown the respective proteins for a given time point, but rather the 

sustainability of such a knockdown over the span of time. For that, a kinetic study 

of the expression level of Akt1 and Akt2 over the span of 3 to 9 days was studied. 

HepG2 cells were pulse transfected for 6 hours with LipofectamineRNAiMAX 

coupled to D2Akt1 siRNA or D15Akt2 siRNA at 10nM concentration and the 

mRNA and protein expression level of Akt1 and Akt2 respectively were assessed 

Since after 2 days of the pulse transfection the knockdown was evident, 

(demonstrated in the previous parts) the kinetic study began at day 3 and 

continued every two days: day 5,7 and 9.  

Interestingly, the results demonstrated that D2Akt1 siRNA transfection led to a 

decrease in the mRNA expression of AKT1 by 62% at day 3 which gradually 

increased until regaining the expression level as the mock siRNA and reaching a 

plateau at day 7 and day 9, see Figure 22A. The protein expression level of Akt1 

followed the same trend by showing a 63% decrease at day 3, followed by a 35% 

decrease at day 5, until regaining an expression level that is the same as the mock 

at day 7 and 9, see Figure 22B and C.  
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Figure 22: Long-lasting effect of D2Akt1 siRNA. Transcriptomic and proteomic analysis of the expression 

of Akt1 was done in HepG2 cells following the 6hour pulse transfection with LipofectamineRNAiMAX coupled to 

D2Akt1 siRNA. (A) The Akt1 mRNA expression evolution throughout 3 to 9 days is presented as mean +SD (N=3 

independent experiments). of the fold change normalized to the mock at day 3 (B) A representative protein immuno-

detection by Jess throughout day 3-9. (C) The corresponding quantification of the protein immune-detection represented 

as mean ± SD (N=3 independent experiments) of the ratio of Akt1/β-Actin for each condition normalized to the mock 

condition at day 3.  
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More prominently, following the transfection with D15Akt2 siRNA the results 

showed a decrease in the AKT2 mRNA level by 58% at day 3 which was 

maintained throughout day 5 (55%) and day 7 (40%), before regaining its an 

expression level equal to the mock condition at day 9, see Figure 23A. The protein 

expression of Akt2 followed the same trend as the mRNA expression levels. 

However, the decrease in the protein level remained drastic throughout day 3, 5 

and 7 (92%, 83%, 77%, respectively), before spiking to the same level as the mock 

at day 9, see Figure 23B and C.  

 
Figure 23: Long-lasting effect of D15Akt2 siRNA. Transcriptomic and proteomic analysis of the expression 

of Akt2 was done in HepG2 cells following the 6hour pulse transfection with LipofectamineRNAiMAX coupled to 

D15Akt2 siRNA. (A) the Akt2 mRNA expression evolution throughout 3 to 9 days is presented as mean +SD (N=3 

independent experiments). of the fold change normalized to the mock at day 3. (B) A representative protein immuno-

detection by Jess throughout day 3-9 (C) the corresponding quantification represented as mean ± SD (N=3 independent 

experiments) of the ratio of Akt2/β-Actin for each condition normalized to the mock condition at day 3. 
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These results showed that the transfection of HepG2 cells for a short period of time 

(6 hours) with Akt1 or Akt2- targeting siRNAs was sufficient to mount not only a 

significant decrease in the expression of Akt1 and Akt2, but also a decrease that 

lasted for a long period of time. In conclusion, the designed siRNAs can be 

considered as specific, and long-lasting.  

 

3. Efficiency of Akt1 and Akt2-targeting siRNAs 

Following the results obtained with the kinetic study and since the 10nM was 

efficient to mount such a long-lasting effect, the next step in the characterization 

of the designed siRNAs was assessing their efficiency at lower concentrations. In 

order to test that, HepG2 cells were pulse transfected for 6 hours with D2Akt1 

siRNA, D15Akt2 and mock siRNAs at varying concentrations stretching to the 

picomolar range (pM): 2.5, 5, 10, 20, 50, 70, 100, and 1000 pM. RT-qPCR and protein 

immuno-detection was done 48hours later.  

The results of D2Akt1 siRNA transfection showed a dose-dependent decrease  in 

the expression of AKT1 at the mRNA level starting from 10% of decrease at 2.5 pM, 

to 70% at 1000 pM, when compared to the mock see Figure 24A. Additionally, the 

assessment of the expression of Akt1 at the protein level mirrored the scenario at 

the mRNA level, whilst the first signs of diminution in the expression appeared 

with 13% at  20 pM (13%), with a continued decrease reaching 65% at 1000 pM, see 

Figure 24B and C.  
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Figure 24: Efficiency of D2Akt1 siRNA. Transcriptomic and proteomic analysis of the expression of Akt1 

was done in HepG2 cells following the 6hour pulse transfection with LipofectamineRNAiMAX coupled to D2Akt1 

siRNA. at varying concentrations 48 hours after transfection. (A) the Akt1 mRNA expression evolution is presented as 

mean ± SD (N=3 independent experiments) of the fold change at each concentration:2.5, 5, 10, 20, 50, 70, 100, and 

1000pM, normalized to the mock at 1000pM. (B) A representative protein immuno-detection by Jess (C) the 

corresponding quantification represented as mean ± SD (N=3 independent experiments).  of the ratio of Akt1/β-Actin for 

each concentration (2.5, 20, 50, 70, 100 and 1000pM) normalized to the mock at 1000pM. 

 

Similarly, the D15Akt2 siRNA transfection led to a dose-dependent decrease of 

AKT2 expression, compared to the mock, see Figure 25A at the mRNA level starting 

from 18% at 2.5pM. The expression further dropped by 30% at 20pM with a 

continued decrease reaching 51% at 1000pM concentration. The expression of Akt2 

at the protein level however showed a better efficiency of the siRNA compared to 

that at the transcriptomic level. The first sign of decrease in the expression of Akt2 

compared to the mock, was shown by 4% at 2.5pM with a continued decrease 

reaching 78% at 1000pM, see Figure 25B and C. 
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Figure 25: Efficiency of D15Akt2 siRNA. Transcriptomic and proteomic analysis of the expression of Akt2 

was done in HepG2 cells following the 6hour pulse transfection with LipofectamineRNAiMAX coupled to D15Akt2 

siRNA. at varying concentrations 48 hours after transfection. (A) the Akt2 mRNA expression evolution is presented as 

mean ± SD of the fold change at each concentration: 2.5, 5, 10, 20, 50, 70, 100, and 1000pM, normalized to the mock at 

1000pM (N=3 independent experiments). (B) A representative protein immuno-detection by Jess, (C) the corresponding 

quantification represented as mean ± SD (N=3 independent experiments). of the ratio of Akt2/β-Actin for each 

concentration (2.5, 20, 50, 70, 100 and 1000pM). normalized to the mock condition at 1000pM  

The results demonstrate that the D2Akt1 siRNA is more efficient than the D15Akt2 

siRNA, however both designed siRNAs display an Akt1 and Akt2 targeting 

activity in the pM range, following a short time of exposure: 6 hours. In conclusion, 

the designed siRNAs can be considered to be specific, long-lasting and efficient. 
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4. Inflammatory effect of Akt1 and Akt2-targeting siRNAs  

RNA exposure may affect the immune/inflammatory response through a possible 

activation of the innate immune response signaling through Toll-like receptors 

(TLRs). Therefore, D2Akt1 and D15Akt2 siRNAs sequences were assessed. for 

activation of TLR using the NFκB reporter cell line THP1-Blue™-MD2-CD14 

(further referred to as THP1-XBlue cells). It is a cell line derived from the human 

monocytic THP1 cells, which expressed all TLRs. THP1-XBlue cells were exposed 

for 24 hours to either D2Akt1 or D15Akt2 siRNA in their naked form (without any 

transfection reagent) at the following concentrations: 10nM, 20nM, 30nM and up 

to 100nM. Ligands of TLRs were used as positive controls: Pam3CSK4, HKLM, 

high molecular weight and low molecular weight poly (I:C), LPS-EK, FLA-ST, FSL-

1, Imiquinode, ssRNA40, and ODN2006; which activate TLR1/2, TLR2, TLR3, 

TLR4, TLR5, TLR6/2, TLR7, TLR8 and TLR9, respectively. The activity of TLR is 

measured by the activity of alkaline phosphatase in a colorimetric assay. 

The results showed no change in the absorbance at any of the used concentrations 

in both cases of exposure to D2Akt1 siRNA and D15Akt2 siRNA, see Figure 26. 

Thus, demonstrating no activation of the innate immune response via any of the 

TLR receptors. 

 
Figure 26: Pro-inflammatory effect of D2Akt1 and D15Akt2 siRNAs. Quantification of the Alkaline 

phosphatase activity of THP1-Xblue™ MD2-CD14 cells, done by Quanti Blue and measured for the absorbance at 

620nM (N=3 independent experiments). The exposure was done for 24 hours to the positive controls: 1 ng/ml Pam3CSK4 

(TLR1/2), 10 ng/ml FSL-1 (TLR2/6), 107 cells/ml HKLM (TLR2), 10 mg/ml poly(I:C) (TLR3), 10 ng/ml LPS-EK 

(TLR4), 10 ng/ml RecFLA-ST (TLR5), 5 mg/ml imiquimod (TLR7), 5 mg/ml CL075 (TLR8), 10 mg/ml ODN2006 

(TLR9); and D2Akt1 siRNA or D15Akt2 at 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100nM. No sign 
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5. Phenotypic effect of the designed siRNA-mediated knockdown of 

Akt1 and Akt2  

After verifying the efficiency of the designed siRNAs, the absence of any off-target 

effect on the genetic level and on the immune system, and further the long-lasting 

effect of the knockdown, the phenotypic effect of the siRNA-mediated knockdown 

of Akt1 and Akt2 was investigated in the cellular context. The designed siRNAs 

were tested for their effect on the various cellular processes: cell death, metabolism 

and cell proliferation. The previously mentioned processes were assessed whilst 

comparing to Sorafenib, as one of the current options of clinical treatment for HCC, 

and ARQ092 as a chemical inhibitor of both isoforms of Akt simultaneously.  

 

5.1. Effect of the designed siRNA-mediated knockdown of Akt1 and Akt2 on 

cytotoxicity  

As a first step, the effect of the designed siRNAs on cytotoxicity was assessed on 

the following human liver cell lines: PLCϒ/PRF/5, Huh7, Hep3B and HepG2. Upon 

cell death, many enzymes are released into the supernatant, among which is 

Lactase Dehydrogenase (LDH). Accordingly, the levels of LDH in the supernatant 

were measured by CytotoxOne kit, 24 after a 6hour pulse transfection of the cells 

with LipofectamineRNAiMAX coupled to D2Akt1 or D15Akt2 or both of the 

siRNAs at 10nM concentration, in addition mock siRNA as a control. A cytotoxic 

effect is considered to be evident when more than 20% of the cells are dead. The 

results showed no cytotoxic effect in any of the cell lines tested following the 

knockdown of Akt1, Akt2, or both isoforms simultaneously, see Figure 27. These 

results confirmed that the designed siRNAs did not elicit a cytotoxic effect on 

PLCϒ/PRF/5, Huh7, Hep3B and HepG2 cell lines.  
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Figure 27: Effect of Akt1 and/or Akt2 knockdown on cytotoxicity. Measurement of the LDH levels in 

the supernatant 24 hours following the transfection, by LipofectamineRNAimax coupled to D2Akt1, D15Akt2 siRNA 

or both simultaneously, of (A) PLCϒ/PRF/5 cell line, (B) Huh7 cell line, (C) Hep3B cell line, and (D) HepG2 cell line. 

The graphs represent the mean ± SD (N=3 independent experiments) of the percentage of dead cells normalized to the 

positive control (lysis solution supplied with the Cytotoxone kit). 
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5.2. Effect of the designed siRNA-mediated knockdown of Akt1 and Akt2 on 

cell metabolism 

Since the PI3K/Akt pathway is implicated in the regulation of the cell metabolism, 

the effect of targeting Akt1, Akt2, or both simultaneously by the designed siRNAs, 

on the production of ATP was tested on the 4 cell lines: PLCϒ/PRF/5, Huh7, Hep3B 

and HepG2. For that, the cells were subject to a 6hour pulse transfection by 

LipofectamineRNAiMAX coupled to D2Akt1, D15Akt2 or both siRNAs 

simultaneously at 10nM concentration, or treated for 6 hours with Sorafenib at 

1μM and 10μM concentration and ARQ092 at 1μM, 10μM and 100μM. The ATP 

production rate in was measured 24 hours later.  

The results of PLCϒ/PRF/5, see Figure 28A, upon the single knockdown of Akt1 or 

Akt2, or both simultaneously, showed a general elevated ATP production rate 

compared to the untreated cells. However, no significant change in the ATP 

activity was observed when compared to the mock siRNA, On the other hand, the 

ATP activity when the cells were treated with Sorafenib and ARQ092 showed no 

significant effect at the 1μM concentration of both, a significant decrease was 

shown with Sorafenib 10μM treatment by 44%, and ARQ092 treatments at 10μM 

(44%) and 100μM (98%); when compared to the control DMSO 1μM. The decrease 

observed is correlated to the concentration.  

Huh7 cells, did not show the same results, see Figure 28B. In this cell line, aside 

from the general increase in the activity of ATP in all the transfection conditions 

compared to the untreated cells, only the single knockdown of Akt1 showed a 

significant decrease in the ATP activity when compared to the mock siRNA by 

38%. Additionally, treatment with Sorafenib 1μM showed a significant decrease 

in the ATP production rate and with a more pronounced decrease at the 10μM 

concentration (71% and 91%, respectively). However, the treatment with ARQ092 

10μM and 100μM showed a significant, concentration-dependent decrease in the 

ATP activity (72% and 95%, respectively), when compared to DMSO 1μM. 

Hep3B cell line, see Figure 28C, and HepG2 cell line, see Figure 28D showed a 

pattern of ATP production rate quite similar to that of PLCϒ/PRF/5 cell line. 

Namely, a general increase in the ATP activity with all the transfected conditions 

compared to the untreated cells, with no significant change upon comparison to 

the internal control (mock siRNA); versus a decrease in the case of the chemical 

inhibitors upon the comparison to the internal control (DMSO 1μM). In the case of 

Hep3B cells, Sorafenib 10μM showed a decrease in ATP activity by 72%, whereas 
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ARQ092 10μM and 100μM showed a significant decrease by 64% and 93%, 

respectively. Whereas HepG2 cell line showed a decrease summarized by 64% 

when treated with Sorafenib 10μM, and 84% and 97% when treated with ARQ092 

10μM, and 100μM, respectively.  

 
Figure 28: Effect of Akt1 and/or Akt2 knockdown on cell metabolism. Measurement of the ATP levels 

24 hours following the transfection, by LipofectamineRNAiMAX coupled to D2Akt1, D15Akt2 siRNA or both 

simultaneously (10nM); or treated with Sorafenib (1μM and 10μM) and ARQ092 (1μM, 10μM and 100μM). ATP 

activity was measured by ViaLight® Plus Cell Proliferation and Cytotoxicity Bioassay kit. Where the control for 

transfection was the mock siRNA whilst that of the chemical inhibitors was DMSO at 1μM. A positive control was 

introduced as well to kill the cells (DMSO 1000μM). The results are presented as mean ± SD (N=3 independent 

experiments) of the percentage of ATP level normalized to the untreated cells. Ordinary one-way ANOVA statistical 

analysis was done for every condition versus its control. (A) ATP levels in PLCϒ/PRF/5 cell line, the asterisks present 

the p-values for: positive control (p<0.0001), Sorafenib 10μM (p<0.0001), ARQ092 10μM (p=0.0029), ARQ092 100μM 

(p<0.0001). (B) ATP levels in  Huh7 cell line, the asterisks present the p-values for: positive control (p<0.0001), Sorafenib 

1μM (p=0.0005), Sorafenib 10μM (p<0.0001), ARQ092 10μM (p=0.0004), ARQ092 100μM (p<0.0001), D2Akt1 

siRNA (p=0.0212). (C) ATP levels in Hep3B cell line, the asterisks present the p-values for: positive control (p=0.0008), 

Sorafenib 10μM (p=0.0056), ARQ092 10μM (p=0.0130), ARQ092 100μM (p=0.0006). (D) ATP levels in HepG2 cell 

line, the asterisks present the p-values for: positive control (p<0.0001), Sorafenib 10μM (p=0.0009), ARQ092 10μM 

(p<0.0001), ARQ092 100μM (p<0.0001). 
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Altogether, the results imply a general increase in the metabolic activity of the ATP 

metabolism in all siRNAs the transfections but not with that of the Lipofectamine 

alone, which could be attributed to an over-drive of the cells upon the addition of 

siRNAs. Of note, once compared to the internal control of transfection, namely 

mock siRNA, no change in the metabolic activity was observed, except in the case 

of Huh7 cell line which shows a slight decrease in the metabolic activity upon the 

single knockdown of Akt1, while sustaining an activity that is higher than that of 

the untreated cells. Thus, such an effect cannot be consolidated as an effect of the 

knockdown of Akt1 and/or Akt2. Hence, the knockdown mediated by the 

designed siRNAs shows no effect on the mitochondrial metabolism of the cells. 

This was not the case with Sorafenib and ARQ092 where a prominent decrease in 

the mitochondrial cell metabolism was observed in the 4 cell lines.  

 

5.3. Effect of the siRNA-mediated knockdown of Akt1 and Akt2 on cell 

proliferation 

Cell proliferation is also among the cellular processes that could be affected by 

targeting Akt1 and Akt2 due to the implication of the PI3K/Akt pathway in cell 

proliferation. Similarly, to what was done in the previous sections, the 4 cell lines: 

PLCϒ/PRF/5, Huh7, Hep3B and HepG2, were assessed for their proliferation rate, 

following the transfection with the designed siRNAs D2Akt1 or D15Akt2 or both 

of them simultaneously at 10nM concentration, or the treatment with the chemical 

inhibitors: Sorafenib (1μM and 10μM) and ARQ092 (1μM, 10μM, and 100μM).  

The results for the PLCϒ/PRF/5 cell line, see Figure 29A show that following the 

siRNA-mediated single knockdown of Akt1 or Akt2 or the simultaneous 

knockdown of both by the designed siRNAs, no significant change in the 

proliferation rate was obtained when compared to the untreated cells, mock 

siRNA, or Lipofectamine alone conditions. Moreover, no significant change in the 

proliferation rate was obtained upon the treatment with Sorafenib or ARQ092 at 

1μM, however, a significant decrease was shown with Sorafenib 10μM (70%), and 

ARQ092 at 10μM (46%) and 100μM (98%), when compared to DMSO 1μM.  

Huh7 cell line, see Figure 29B showed a significant decrease in the proliferation rate 

when compared to the untreated cells upon the treatment with Lipofectamine 

(40%). The treatment with the chemical inhibitors, showed a similar pattern to that 

of the PLCϒ/PRF/5 cell line. The results show a significant decrease upon the 
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treatment with Sorafenib 10μM (96%) which was more prominent than that seen 

in the PLCϒ/PRF/5 cell line. Similarly, a significant decrease in the proliferation 

rate was shown in the case of ARQ092 10μM (95%) and 100μM (97%), when 

compared to DMSO 1μM. 

Hep3B cell line, see Figure 29C, showed a pattern of change in the proliferation rate 

similar to that seen with Huh7 cell line. A significant decrease in the proliferate 

rate, when compared to untreated cells, was obtained, upon the treatment with 

Lipofectamine alone (45%). The chemical inhibitors’ effect on the proliferation rate 

showed the same aspect as the previous cell lines, when compared to DMSO 1μM, 

summarized by a decrease in the proliferation rate upon treatment with: Sorafenib 

10μM (89%), ARQ092 10μM (49%) and ARQ092 100μM (100%). However, unlike 

the other cell lines, a significant decrease in the proliferation rate was shown in the 

case of Sorafenib 1μM (38%). 

Finally, the HepG2 cell line, see Figure 29D, demonstrated a significant decrease in 

the proliferation rate upon the treatment with Lipofectamine alone (52%). A 

significant decrease in the proliferation was also evident in the case of the 

treatment with the chemical inhibitors, when comparing to DMSO 1μM. 

Numerically the observed decrease was: 90% for Sorafenib 10μM, 95% for ARQ092 

10μM, and 99% for ARQ092 100μM treatments. 

Altogether, the results showed a varying pattern between the 4 cell lines. 

Interestingly, in the case of Huh7, Hep3B and HepG2 cell lines, when comparing 

to the internal controls, namely, Lipofectamine alone or the mock siRNA, no 

significant change in the cell proliferation was observed, despite its significant 

decrease when compared to the untreated cells. Thus, implying that the shown 

drop in the proliferation rate is due to the stress implicated by Lipofectamine on 

the cells rather than a specific effect of the knockdown. On the other hand, ARQ092 

and Sorafenib show a prominent effect on the cell proliferation in all the tested cell 

lines with varying efficiencies.  
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Figure 29: Effect of Akt1 and/or Akt2 knockdown on cell proliferation. Measurement of the formazon 

levels in the supernatant 48 hours following the transfection, by LipofectamineRNAiMAX coupled to D2Akt1, D15Akt2 

siRNA or both simultaneously (10nM); or treated with Sorafenib (1μM and 10μM) and ARQ092 (1μM, 10μM and 

100μM). Formazon levels were measured by CellTiter 96® Non-Radioactive Cell Proliferation Assay. Where the internal 

control for transfection was the LipofectamineRNAiMAX alone and the mock siRNA whilst that of the chemical 

inhibitors was DMSO at 1μM. A positive control was introduced as well to kill the cells (DMSO 1000μM). The results 

are presented as mean ± SD (N=3 independent experiments) of absorbance at 570nM normalized to the untreated cells. 

Ordinary one-way ANOVA statistical analysis was done for every condition and the indicated control on the graph. (A) 

Absorbance at 577 nm in (A) PLCϒ/PRF/5 cell line, the asterisks present the p-values for: positive control (p<0.0001), 

Sorafenib 10μM (p=0.0001), ARQ092 10μM (p=0.153), ARQ092 100μM (p<0.0001). (B) Absorbance at 57 7nm in 

Huh7 cell line, the asterisks present the p-values for: positive control (p<0.0001), Lipofectamine (p=0.0373), Sorafenib 

10μM (p<0.0005), ARQ092 10μM (p<0.0001), ARQ092 100μM (p<0.0001). (C) Absorbance at 577 nm in Hep3B cell 

line, the asterisks present the p-values for: positive control (p<0.0001), Lipofectamine (p=0.0010), Sorafenib 1μM 

(p=0.0034), Sorafenib 10μM (p<0.0001), ARQ092 10μM (p=0.0001), ARQ092 100μM (p<0.0001). (D) Absorbance at 

577 nm in HepG2 cell line, the asterisks present the p-values for: positive control (p<0.0001), Lipofectamine (p=0.0064), 

Sorafenib 10μM (p=0.0033), ARQ092 10μM (p=0.0012), ARQ092 100μM (p=0.0005). l 
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6. Vectorization of the designed Akt1 and Akt2 siRNAs using AD 

So far, the designed siRNAs: D2Akt1 and D15Akt2, have been shown to be 

specific, long-lasting, and efficient. Moreover, they have been shown to cross the 

species barrier whilst having no inflammatory effect by themselves and no effect 

on the main cellular processes in cellulo. Despite their potency, the siRNAs show 

no significant effect on tumoral cell lines. We further investigated potential 

antitumoral actions in a more complex context by the mean of an in vivo. Actually, 

the choice of a vector suitable for use in vivo is essential. The vector of choice was 

the amphiphilic dendrimer (AD) due to its validated use as a delivery vector for 

siRNAs, and its ability to not only elicit its function in primary cells but also has 

been proven to be used in vivo [308].  

The AD is a hybrid between a branched polymer and a lipid, which takes from the 

advantages of both traits to have a better delivery efficiency. Moreover, it retains 

its highly branched form and self-assembly aspect and thus gives it a greater 

advantage in binding to the siRNA, see Figure 30A. The AD-to-siRNA ratio serves 

an important factor in the complexation of the AD to siRNA and is termed as N/P 

ratio. According to the guidelines provided for cell transfection [306],the N/P used 

was 5 and concentrations 50 and 70nM. For that, HepG2 cells were selected to test 

the efficiency of the AD (N/P 5) as a delivery vector for D2Akt1 and D15Akt2 

designed siRNAs. The transfection was done by a 6 hour pulse transfection and 

the readout of the expression of Akt1 and Akt2 at the protein level change was 

done 48 hours later, whilst monitoring the cytotoxicity after 6 hours, 24 hours and 

48 hours by LDH assay.  

The LDH results, showed no cytotoxic effect of the AD N/P 5 alone or coupled to 

either of the siRNAs at both 50nM and 70nM at the 6-hour, 24-hour or 48-hour 

time point see Figure 30B. Further, upon the AD N/P 5 – D2Akt1 siRNA-mediated 

transfection, the expression of Akt1, see Figure 30C, significantly decreased by 68% 

and 63% at 50nM and 70nM concentrations, respectively, when compared to the 

mock siRNA condition. Similarly, upon the AD N/P 5 – D15Akt2 siRNA-mediated 

transfection, the expression of Akt2, see Figure 30D, significantly decreased by 79% 

and 76%, at 50nM and 70nM concentrations, respectively. Moreover, the results 

showed that the treatment with the AD N/P 5 alone had no effect on the expression 

of either Akt1 or Akt2.   

These results demonstrated a successful delivery of the siRNAs by the AD N/P 5, 

with equal efficiencies at both of the tested concentrations with no cytotoxicity. 
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Figure 30: AD-mediated vectorization of siRNAs. (A) Scheme showing the structure of the AD, its self-

assembly and complexation with the siRNAs. Adapted from Chen et al. Nature Protocols [306] (B) Measurement of the 

LDH levels in the supernatant 6, 24, and 48hours after 6hour pulse treatment of HepG2 cells with the AD alone, or 

coupled with the mock, D2Akt1, or D15Akt2 at the designated concentrations 50 or 70nM. The graph represents the 

mean ± SD (N=3 independent experiments) of the percentage of dead cells normalized to untreated cells. (C) A 

representative protein immuno-detection by Jess of Akt1 protein expression and its corresponding quantification 

presented as mean ± SD (N=3 independent experiments) of the ratio of Akt1/β-Actin for each condition normalized to 

the AD5-mock siRNA 50nM condition. Ordinary one-way ANOVA statistical test was used, and the asterisks represent 

the p-value for AD5 – D2Akt1 siRNA 50nM (p=0.0025) and AD5 – D2Akt1 siRNA 70nM (p=0.0050). (D) A 

representative protein immuno-detection by Jess of Akt2 protein expression and its corresponding quantification 

presented as mean ± SD (N=3 independent experiments) of the ratio of Akt2/β-Actin for each condition normalized to 

the AD5-mock siRNA 50nM condition. Ordinary one-way ANOVA statistical test was used, and the asterisks represent 

the p-value for AD5 – D15Akt2 siRNA 50nM (p=0.0002) and AD5 – D15Ak2 siRNA 70nM (p=0.0002). AD5: 

Amphiphilic dendrimer N/P ratio 5. 
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7. In ovo assessment of the cytotoxicity and tumor growth of AD-

designed siRNA-mediated knockdown of Akt1 and Akt2  

Following the optimization of the delivery of D2Akt1 and D15Akt2 siRNAs by the 

AD N/P 5, the next step was to apply it to an in vivo context to assess the 

antitumorigenic effect of the designed siRNAs in a more physiological context. For 

that, the effect of the AD- siRNA-mediated knockdown of Akt1 and Akt2 on 

cytotoxicity and tumor growth was first tested in an in ovo model.  

As innovative as that sounds, the egg model has been found to be the perfect 

middle ground between the in cellulo setup and the complex preclinical models of 

rodents. The in ovo model in this study was established by a company situated in 

Grenoble called “Inovotion” (https://www.inovotion.com/ ). This company had 

already established models of eggs harboring tumor grafts and exploited the 

physiological aspect of the growing embryo inside the egg to test the cytotoxicity 

of the applied drug – or in this case the complex of AD N/P 5-designed siRNA – 

while simultaneously being able to visualize and quantify the effect on the tumor 

growth on the surface. The added advantage versus the in cellulo is that there exists 

a whole physiological system of a living organism with an immune system that 

can unravel a new dimension of the effect of the treatment. Two models of choice 

were exploited in this study: the HepG2 and MV4-11 cell line models, i.e., eggs that 

were either grafted with HepG2 cells or MV4-11 cells. The HepG2 cells were 

selected due to their compatibility to what was previously done in cellulo to 

represent the HCC tumor. The MV4-11 cell line on the other hand is a macrophage 

cell line. The notion behind its use was to assess the effect of the siRNA-mediated 

knockdown not only on the tumor itself but also on the tumor microenvironment 

which encompasses macrophages as a component. 

The study was carried out AD N/P ratio 5 coupled to either mock, D2Akt1 or 

D15Akt2 siRNAs at a concentration of 50nM. The AD coupled to either of the 

designed siRNAs was administered in two doses: 0.025 mg/kg termed as “[1]” and 

0.05 mg/kg termed as “[2]”. Whereas the mock siRNA was administered at only 

0.05 mg/kg, i.e., dose [2], and considered as the “negative control” throughout the 

study. The eggs were injected 4 times throughout the study, the first one being 2 

days following the graft implantation (day E11, E signifies Embryo and thus the 

day is the age of the embryo in day) and then followed by another injection every 

2 days. Every group included 15 eggs at the beginning of the study. Throughout 

the experiment, the embryos are monitored for their viability and dead embryos 

https://www.inovotion.com/
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were recorded. Further, at the end point of the experiment, day E18, the final 

surveillance of the dead/alive embryos was done to have the final score of the 

cytotoxicity of the AD-designed siRNA complex treatment. In addition, tumors 

were excised, fixed and weighed to ascertain for an anti-tumorigenic effect of the 

AD-designed siRNA-mediated knockdown of Akt1 and Akt2 in both HepG2 and 

MV4-11 cell line in ovo models.  

 

7.1.HepG2 in ovo graft model 

The results in the HepG2 cells in in ovo graft model showed no significant cytotoxic 

effect on the chick embryos throughout the experiment upon the treatment with 

AD N/P 5 coupled to either of the siRNAs at any of the doses [1] and [2], see Figure 

31A, compared to the negative control group. The percentage of dead embryos did 

not surpass 29% (group of D15Akt2 [2]). Furthermore, the Kaplan-Meyer diagram, 

see Figure 31B, showed no significant difference in the probability of the survival 

between the different treatment groups. Unexpectedly, the tumor weight analysis 

at the end point, see Figure 31C, showed that at any of the tested doses the 

knockdown of Akt1 or Akt2, by the AD N/P 5 coupled to either of the siRNAs 

(50nM), was not able to elicit a significant decrease in the tumor weight. However, 

although not significant, the knockdown of Akt1 by AD N/P 5-D2Akt1 siRNA 

50nM [1] shows the highest tendency of a decrease with tumor weight by a 

percentage of regression of 27% compared to the negative control, see Table 19.  



145 

 

 
Figure 31: Effect of designed siRNAs in HepG2 in ovo graft model. The effect of AD-siRNA-mediated 

targeting of Akt1 and Akt2, on HepG2 tumor growth and chick toxicity. (A) Percentage of dead and surviving embryos 

at the end point. (B) Kaplan-Meyer diagram showing the evolution of the chick toxicity throughout the study. (C) Graph 

representing the mean ± SD (N is indicated in each condition by a circle) of the surviving chick embryos at the end point. 

The statistical test done is an ordinary one-way ANOVA. Neg. Ctrl: negative control; D2Akt1: AD N/P 5 – D2Akt1 

siRNA 50nM; D15Akt2: AD N/P 5 – D15Akt2 50nM; [1]: dose 0.025 mg/kg; [2]: dose 0.05 mg/kg. 
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Table 19: End-point tumor weight analysis of HepG2 in ovo graft model. Gr.#: group number; n: 

number of eggs; Weight (mg): mean of the tumor weights at the end-point; SD: standard deviation; SEM: standard error 

of the mean; % Reg: percentage of regression. 

 

 

7.2.MV4-11 in ovo graft model 

Similarly, the MV4-11 in ovo graft model showed no significant cytotoxic effect on 

the chick embryos following any of the previously mentioned treatments, see 

Figure 32A, when compared to the negative control group. The percentage of dead 

embryos did not surpass 12% (group of D2Akt1 [1]). Furthermore, the Kaplan-

Meyer diagram, see Figure 32B, showed no significant difference in the survival 

probability between any of the treatment groups. Unexpectedly, and similar to the 

results obtained with the HepG2 in ovo graft model; the knockdown of Akt1 or 

Akt2, by the AD N/P 5 coupled to either of the siRNAs (50nM) did not elicit any 

significant decrease in the tumor weight, compared to the negative control, see 

Figure 32C. However, the AD N/P 5-D15Akt2 siRNA 50nM treatment showed a 

tendency of a decrease by 14% and 18% at doses [1] and [2] respectively, see Table 

20.  
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Figure 32: Effect of designed siRNAs in MV4-11 in ovo graft model. The effect of AD-siRNA-mediated 

targeting of Akt1 and Akt2, on HepG2 tumor growth and chick toxicity. (A) Percentage of dead and surviving embryos 

at the end point. (B) Kaplan-Meyer diagram showing the evolution of the chick toxicity throughout the study. (C) Graph 

representing the mean ± SD (N is indicated in each condition by a circle) of the surviving chick embryos at the end point. 

The statistical test done is an ordinary one-way ANOVA. Neg. Ctrl: negative control; D2Akt1: AD N/P 5 – D2Akt1 

siRNA 50nM; D15Akt2: AD N/P 5 – D15Akt2 50nM; [1]: dose 0.025 mg/kg; [2]: dose 0.05 mg/kg. 
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Table 20: End-point tumor weight analysis of MV4-11 in ovo graft model. Gr.#: group number; n: 

number of eggs; Weight (mg): mean of the tumor weights at the end-point; SD: standard deviation; SEM: standard error 

of the mean; % Reg: percentage of regression. 

 

 

The overall results clearly demonstrate the absence of a cytotoxic effect of the AD 

N/P 5-D2Akt1 or D15Akt2 siRNA (50nM) transfection system at any of the doses 

0.025 mg/kg or 0.05 mg/kg in the in ovo models of HepG2 and MV4-11 grafted cells. 

However, unexpectedly, no antitumorigenic effect was elicited in any of the 

models upon the treatment. Despite the statistical insignificance of the results, the 

tendency of the decrease observed in the 2 models remains interesting. The 

tendency of decrease in the case of Akt1 knockdown in HepG2 in ovo graft model, 

and Akt2 knockdown in the MV4-11 in ovo graft model suggests an isoform-

dependent response based on the cell line origin: tumor versus TME, respectively.  

 

8. Effect of Akt1 and/or Akt2 knockdown on the kinase activity 

In light of the unexpected results obtained following the knockdown of Akt1 

and/or Akt2 by the designed siRNAs, summarized by the absence of a significant 

effect on cell fate (survival, proliferation and metabolism) and on tumor growth in 

ovo. The consequences of the knockdown were investigated at the level of the 

activity of the PI3K/Akt pathway.  

 

8.1. Effect of D2Akt1 and/or D15Akt2 siRNAs on the activity of Akt1 and Akt2  

First, the effect on the phosphorylation levels of Akt1 and Akt2 following the 

respective single and double knockdown of the isoforms was assessed on 

PLCϒ/PRF/5, Huh7 and HepG2 cell lines. For this, cells were transfected for 6 hours 

by LipofectamineRNAimax coupled to D2Akt1 siRNA, D15Akt2 siRNA, or both 

siRNAs simultaneously, at 10nM concentration; then the proteins and their 
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phosphorylations were analyzed after 24 hours by immuno-detection. The 

phosphorylation events are known to occur at different Serine (Ser) and Threonine 

(Thr) residues, depending on the isoform. However, the phosphorylation at the 

Ser residue is recognized to be indicative of an active Akt isoform.  

 

PLCϒ/PRF/5 cell line 

Results of the protein immuno-detection by Jess on the PLCϒ/PRF/5 cell-line, see 

Figure 33A and B, show that following the single knockdown of Akt1, a 65% 

significant decrease in the Akt1 isoform expression was obtained, accompanied by 

a 72% significant decrease in the phosphorylated Akt1 (Ser473), when compared 

to the mock siRNA. Similarly, the double knockdown of Akt1 and Akt2, led to a 

significant 60% decrease in the protein expression of Akt1 along with a significant 

48% decrease in the phosphorylated Akt1 (Ser473). However, no significant effect 

has been shown on the Akt1 expression level or its corresponding phosphorylated 

level following the single knockdown of Akt2. 

Concerning the expression of Akt2 and its phosphorylation, see Figure 33C and D, 

the results showed a similar pattern to that obtained with Akt1. The single 

knockdown of Akt2 and the double knockdown of Akt1 and Akt2, led to a 

significant decrease in the expression level of Akt2 by 62% and 57%, respectively. 

Accompanied by a decrease of the phosphorylated Akt2 (Ser474) levels by 33% 

and 41%, respectively. In addition, no significant effect on the Akt2 or 

phosphorylated Akt2 levels has been shown upon the single knockdown of Akt1. 
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Figure 33: Phospho-Akt1/Akt2 after knockdown in PLCϒ/PRF/5 cell line. Protein immuno-detection by 

Jess showing the expression of Akt1, p-Akt1 (Ser473), Akt2 and p-Akt2 (Ser474) in PLCϒ/PRF/5, 24 hours after 

transfection with LipofectamineRNAiMAX coupled to D2Akt1or D15Akt2 siRNAs. The top part of each set shows a 

representative immuno-detection with the corresponding quantification below it, represented as mean ± SD (N=3 

independent experiments) of (A) the ratio of Akt1/β-Actin for each condition normalized to the mock. The asterisks 

represent the p-values (p<0.0001); (B) the ratio of p-Akt1/β-Actin for each condition normalized to the mock. The 

asterisks represent the p-values: D2Akt1 (p=0.0014) and D2Akt1 + D15Akt2 (p=0.0345); (C) the ratio of Akt2/β-Actin 

for each condition normalized to the mock. The asterisks represent the p-values for: D15Akt2 siRNA (p=0.0001) and 

D2Akt1+D15Akt2 (p=0.0003). (D) the ratio of p-Akt2/β-Actin for each condition normalized to the mock. The asterisks 

represent the p-values: D15Akt2 (p=0.0016) and D2Akt1 + D15Akt2 (p=0.0124). The statistical test used in all the cases 

was ordinary one-way ANOVA.  
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Huh7 cell line  

Results of the protein immuno-detection by Jess on the Huh7 cell-line, see Figure 

34A and B, show that that following the single knockdown of Akt1, a 44% 

significant decrease in the Akt1 isoform expression was obtained accompanied by 

a 62% significant decrease in its phosphorylated form, when compared to the 

mock. Similarly, double knockdown of Akt1 and Akt2, led to a 44% decrease in 

the protein expression of Akt1 along with a 40% decrease in the phosphorylated 

Akt1 (Ser473), when compared to the mock. However, no significant effect has 

been shown on the Akt1 expression level or its corresponding phosphorylated 

level following the single knockdown of Akt2.  

Concerning Akt2 and its phosphorylated levels, the results, see Figure 34C and D, 

showed that the single knockdown of Akt2 and the double knockdown of Akt1 

and Akt2, led to a decrease in the expression level of Akt2 by 60% and 53%, 

respectively. In addition, a decrease of the phosphorylated Akt2 (Ser474) was 

observed with single knockdown of Akt2 (45%) and the double knockdown of 

Akt1 and Akt2 (30%, respectively. In addition, no significant effect on the Akt2 or 

phosphorylated Akt2 levels has been shown upon the single knockdown of Akt2. 
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Figure 34: Phospho-Akt1/Akt2 after knockdown in Huh7 cell line. Protein immuno-detection by Jess 

showing the expression of Akt1, p-Akt1 (Ser473), Akt2 and p-Akt2 (Ser474) in Huh7 cell line, 24 hours after with 

LipofectamineRNAiMAX coupled to D2Akt1or D15Akt2 siRNAs. The top part of each set shows a representative protein 

blot with the corresponding quantification below it, represented as mean ± SD (N=3 independent experiments) of (A) the 

ratio of Akt1/β-Actin for each condition normalized to the mock. The asterisks represent the p-values (p=0.0009). (B) the 

ratio of p-Akt1/β-Actin for each condition normalized to the mock. The asterisks represent the p-values (p<0.0001). (C) 

the ratio of Akt2/β-Actin for each condition normalized to the mock. The asterisks represent the p-values for: D15Akt2 

siRNA (p=0.0050) and D2Akt1+D15Akt2 (p=0.0104). (D) the ratio of p-Akt2/β-Actin for each condition normalized to 

the mock. The asterisks represent the p-values: D15Akt2 (p<0.0001) and D2Akt1 + D15Akt2 (p=0.0015). The statistical 

test used in all the cases was ordinary one-way ANOVA.  
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HepG2 cell line 

Results of the protein immuno-detection by Jess on the HepG2 cell-line, see Figure 

35A and B, showed that following the single knockdown of Akt1, a 53% significant 

decrease in the Akt1 isoform expression was obtained accompanied by a 69% 

significant decrease in the phosphorylated Akt1 (Ser473), when compared to the 

mock siRNA. Similarly, double knockdown of Akt1 and Akt2, led to a 44% 

decrease in the protein expression of Akt1 along with a 63% decrease in the 

phosphorylated Akt1 (Ser473), when compared to the mock. Importantly, a 

significant increase in the Akt1 expression level by 40% was demonstrated upon 

the single knockdown of Akt2, however no significant change was seen in the case 

of the phosphorylated form  

For the expression of Akt2 and its phosphorylated levels, see Figure 35C and D, the 

single knockdown of Akt2 and the double knockdown of Akt1 and Akt2, led to a 

decrease in the expression level of Akt2 by 62% and 57%, respectively. In addition, 

the phosphorylated levels followed the same trend and exhibited a decrease by 

68% and 73%, respectively. Moreover, no significant effect on the Akt2 or 

phosphorylated Akt2 levels was shown upon the single knockdown of Akt1. 
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Figure 35: Phospho-Akt1/Akt2 after knockdown in HepG2 cell line. Protein immuno-detection by Jess 

showing the expression of Akt1, p-Akt1 (Ser473), Akt2 and p-Akt2 (Ser474) in HepG2 cell line, 24 hours after with 

LipofectamineRNAiMAX coupled to D2Akt1 or D15Akt2 siRNAs. The top part of each set shows a representative 

protein blot with the corresponding quantification below it, represented as mean ± SD (N=3 independent experiments) 

of (A) the ratio of Akt1/β-Actin for each condition normalized to the mock. The asterisks represent the p-values for: 

D2Akt1 (p=0.0124), D15Akt2 (p=0.0470), and D2Akt1+D15Akt2 (p=0.0310); (B) the ratio of p-Akt1/β-Actin for each 

condition normalized to the mock. The asterisks represent the p-values for: D2Akt1 (p=0.0329) and D2Akt1 + D15Akt2 

(p=0.0487); (C) the ratio of Akt2/β-Actin for each condition normalized to the mock. The asterisks represent the p-values 

for: D15Akt2 siRNA (p=0.0199) and D2Akt1+D15Akt2 (p=0.0316); (D) the ratio of p-Akt2/β-Actin for each condition 

normalized to the mock. The asterisks represent the p-values: D15Akt2 (p=0.0119) and D2Akt1 +D15Akt2 (p=0.0084). 

The statistical test used in all the cases was ordinary one-way ANOVA.  
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Altogether, the results suggest that upon exposure to the designed siRNAs 

D2Akt1 and/or D15Akt2, a decrease in the phosphorylated and thus activated 

forms of Akt1 and Akt2 is obtained. The range of decrease of activated Akt1 form 

was 48-69% and that of Akt2 was 30-63%, depending on the cell lines. 

Furthermore, the data support the specificity of action of the Akt1 and Akt2 

siRNAs. The question that was yet to be answered was whether such a degree of 

a decrease in the activity of the isoforms was sufficient to be translated as a global 

effect on the downstream effectors of the PI3K/Akt pathway. 

 

8.2.Effect of D2Akt1and/or D15Akt2 siRNAs on the PI3K/Akt pathway  

Akt pathway is a master regulator, regulating various cellular processes through 

different effector molecules. For that, and after validating the diminution in the 

activity of Akt1 and Akt2 following the targeting of either Akt1 or Akt2, and of 

both, the downstream effects on the Akt pathway were analyzed. For this purpose, 

the 2 cell lines Huh7 and HepG2 were exposed for 6hours to either of the designed 

siRNAs, and to both siRNAs simultaneously, through LipofectamineRNAiMAX-

mediated transfection. Then, 24 hours later, the level of phosphorylation of 40 

proteins known to be under control by the PI3K/Akt pathway was assessed in 

comparison to the mock in terms of fold change. This approach would give an 

insight about the effect of the designed-siRNAs-mediated knockdown Akt1 and/or 

Akt2, on two levels: i) the global activity of the PI3K/Akt pathway and ii) the 

preferential regulation of downstream effectors of PI3K/Akt by either of the Akt 

isoforms. The phospho-profiling was done using Proteome Profiler Human 

Phospho-Kinase Array Kit.  
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The heatmap in Figure 36  provides an overview of the fold change in the target 

proteins tested relative to the mock. It reveals that the overall aspect differs 

between one Huh7 cell line and the HepG2 cell line, proving the first clues of cell-

dependent response of Akt1 and/or Akt2 modulation. Furthermore, the clustering 

based on the condition tested shows that within the Huh7 cell line the single Akt2 

knockdown condition clusters with that of the double knockdown of Akt1 and 

Akt2. Which is not the case in HepG2 cell line where the single knockdown 

conditions cluster with each other. The results will be further explained in the 

following sections. 

 
Figure 36: Heatmap of protein modulations in Huh7 andHepG2 cell lines upon the knockdown of 

Akt1 and/orAkt2. The heatmap displays the mean fold change, relative to the mock. in the target proteins tested in both 

Huh7 and HepG2 cell lines (N=2 replicates), along with the Euclidean clustering done based on the rows (target proteins) 

and the columns (conditions of knockdown (KD)).  
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The results of the effect of the knockdown of Akt1 and/or Akt2 on the various 

tested proteins were divided into 2 groups:  

iii) Direct effect group: demonstrating the effect on the proteins prone to a 

direct phosphorylation by Akt. 

iv) Indirect effect: demonstrating the effect on the proteins that are further 

downstream and are one grade or more farther away from Akt itself. 

Meaning that the effect seen on the phosphorylation level is a subsequent 

effect of masked events that led up to it.  

In this section, the phosphorylated residues have the following abbreviations: S corresponds 

to a Serine residue, T corresponds to a Threonine residue, and Y corresponds to a Tyrosine 

residue.  

The direct effect group encompasses the following proteins with their designated 

phosphorylation sites: CREB S133, endothelial nitric oxide synthase (eNOS) S1177, 

GSK-3α/β S21/S9, GSK-3β S9, and PRAS40 T246 and Lysine deficient protein 

kinase 1(WNK1) T60.  

CREB is prone to an activating phosphorylation at the S133 by the kinase activity 

of Akt and are involved in the regulation of cell survival [314]. GSK3α/β, as its 

name suggests exists in 2 isoforms α and β Both isoforms are subject to an 

inhibitory phosphorylation at the S21 and S9. It is involved in both cell cycle 

progression and cell metabolism [315]. Concerning  eNOS, it is subject to an 

activating phosphorylation at the S1117, and is involved in the conversion of 

arginine into nitric oxide, and plays a role in cell proliferation, angiogenesis and 

DNA repair [316]. PRAS40, is inhibited upon its phosphorylation at the T246 by 

Akt. It is involved in regulating the metabolic functions of the cell. It interacts with 

the MTORC1 exerts an inhibitory constraint on it. Upon the phosphorylation of 

PRAS40 by Akt, mTORC1 is activated [317]. Finally, WNK1 is subject to an 

activating phosphorylation, at the T60 residue, and exerts a role in the inhibition 

of the insulin-stimulated mitogenesis [318].   

 

The  indirect effect includes: P70 S6 Kinase T389, P70 S6kinase T421/S424, EGF R 

Y1086, ERK1/2 T202/Y204, T185/Y187, Chk-2 T68, c-Jun S63, Fgr Y412, HSP27 

S78/S82, P53 S15, P53 S46, P53 S392, JNK 1/2/3 T183/Y185, T221/Y223, Lck Y394, 

Lyn Y397, MSK1/2 S376/S360, PDGF Rβ Y751, PLC-γ1 Y783, Src Y419, PYK2 Y402, 

RSK1/2 S221/S227, RSK1/2/3 S380/S386/S377, STAT2 Y689, Stat5a/b Y694/Y699, Yes 

Y426, STAT1 Y701, STAT3 Y705, STAT3 S727, β-Catenin, STAT6 Y641, P38α 

T180/Y182, and HSP60.  
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These proteins are not subject to a direct phosphorylation by Akt. For instance, the 

effect seen on the phosphorylation of P53 at its various, serine and threonine 

residues, is inhibited by MDM2 which in turn is regulated (activated) by Akt [319]. 

On the other hand, the effect seen on the P70S6K is preceded by an inhibitory 

phosphorylation of TSC1/2 by Akt, thus activating Rheb, which in turn activates 

mTORC1 which lastly phosphorylates P70S6K. The effect of the knockdown of 

Akt1 and/or Akt2 in the cells was also assessed for its ability to affect other 

signaling pathways. Namely, the JAK/STAT, JNK/c-Jun, RAS/RAF/MEK/ERK, 

P38/MAPK, among others.  

 

Huh7 cell line 

The effect of the knockdown is presented in Figure 37 and in Table 21, showing the 

different changes in the level of phosphorylation of the proteins upon Akt1 and/or 

Akt2 knockdown. 

The analysis of the direct effect showed, see Figure 37A and Table 21 (direct effect), 

that upon the simultaneous knockdown of both isoforms a decrease in the level of 

phosphorylation of all the tested proteins, in varying degrees and most 

prominently in the case of WNK1 T60 (76%) and PRAS40 T246 (62%),when 

compared to the mock. Knocking down Akt1 led to a decrease in the level of 5 out 

of 6 of the tested proteins, and most prominently in the case of PRAS40 T246 (79%), 

in contrast, eNOS S1117 showed a 32% increase in its phosphorylation level. 

Similarly, knocking down Akt2 showed a decrease in the level of 5 out of the 6 

proteins tested compared to the mock, and PRAS40 T246 showed the most drastic 

decrease (83%), however eNOS S1117 showed no change.  

Concerning the indirect effect on Huh7 cell line, see Figure 37B and Table 21 (indirect 

effect), showed different changes in the phospho-protein levels depending on the 

Akt knockdown.  

The simultaneous knockdown of Akt1 and Akt2, showed a decrease in the 

phospho-protein levels of 23 out of the 31 proteins tested, compared to the mock, 

with the most prominent decrease obtained in the case of c-Jun S63 (73%). 

Simultaneously some of the phospho-protein levels showed an increase when 

compared to the mock, namely, P53 S46 (65%), and Src Y419 (20%). However, some 

of the proteins showed no change in their levels, namely, EGF R Y1086, HSP27 

S78/S82, Lyn Y397, MSK1/2 S376/S360, PLC-γ1 Y783, and Yes Y426.  
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The single knockdown of Akt1, showed a similar pattern of effect. The results 

show that 10 out of the 31 tested phospho-protein levels were decreased when 

compared to the mock, and STAT2 Y689 (42%) showed the most prominent 

decrease. As for the rest of the tested phospho-proteins, an increase in the level of 

the following proteins was observed: EGF R Y1086 (16%), Chk-2 T68 (108%), c-Jun 

S63 (73%), HSP27 S78/S82 (41%), P53 S46 (111%), P53 S392 (24%), MSK1/2 

S376/S360 (22%), P70S6K T389 (41%) and P70S6K T421/S424 (75%), Src Y419 (22%), 

PYK2 Y402 (49%), RSK1/2/3 S380/S386/S377 (70%), STAT1 Y701 (15%), and STAT3 

Y705 (69%); and no change has been shown in the phospho-protein levels of 

ERK1/2 T202/Y204, T185/Y187, Lyn Y397, PLC-γ1 Y783, Yes Y426, STAT3 S727, 

STAT6 Y641, and HSP60 when compared to the mock.  

In the case of the single knockdown of Akt2, the fluctuation of the phospho-protein 

levels showed also a decrease, increase and no change. The phospho-protein level 

was decreased in 17 out of the 31 proteins tested, where the most eminent 

decreased was shown in: JNK 1/2/3 T183/Y185, T221/Y223 (53%). A contradictory 

increase in the level of the following proteins was observed when compared to the 

mock: P53 S15 (35%), P53 S46 (34%), P53 S392 (13%), P70 S6 Kinase T389 (26%), 

P70 S6kinase T421/S424 (26%), PYK2 Y402 (41%), RSK1/2 S221/S227 (68%), STAT1 

Y701 (25%), STAT3 Y70 (63%), STAT6 Y641 (36%), and HSP60 (18%). Whereas no 

change was observed in the level of any of the following phospho-proteins: Src 

Y419, Yes Y426, STAT3 S727.  

  



160 

 

 
Figure 37: Effect of the knockdown of Akt1 and/or Akt2 in Huh7 cell line. Graphs showing the mean 

intensity (N=2 replicates) normalized to the mock of the (A) direct effect of the knockdown of Akt1 and/or Akt2, and (B) 

the indirect effect of the knockdown of Akt1 and/or Akt2, in Huh7 cell line. S: Serine, T: Threonine, and Y: Tyrosine.   
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Table 21: Effect of Akt1 and/or Akt2 knockdown in Huh7 cell line. Table showing the percentage of 

decrease (red arrow) and increase (green arrow) of the -proteins tested, compared to the mock siRNA condition. The 

proteins are categorized into direct and indirect effect. “/” signifies no change. 

.  
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HepG2 cell line 

The effect of the knockdown is presented in Figure 38 and in   
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Table 22, showing the different changes in the level of phosphorylation of the 

proteins upon Akt1 and/or Akt2 knockdown 

At the level of the direct effect, see Figure 38A and   
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Table 22 (direct effect), the results showed, in the case of the double knockdown of 

Akt1 and Akt2 a decrease in 3 out of the 6 tested phospho-protein, when compared 

to the mock, and the most evident decrease was shown in the case of PRAS40 T246 

(61%), with no change in all the other proteins. On the other hand, the single 

knockdown of Akt1 showed no change in the level of any of tested proteins except 

for PRAS40 T246 which was increased by 18% when compared to the mock. 

Additionally, the single knockdown of Akt2 showed a decrease only in the 

proteins eNOS S1117 and PRAS40 T246 by 16% and 20%, respectively. However, 

no change in the level of CREB S133, GSK3α/β S21/S9,  GSK3β S9 and WNK1 T60 

was observed.  

At the level of the indirect effect, the single or double knockdown of Akt1 and/or 

AKT2, see Figure 38B and   
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Table 22 (indirect effect), revealed a variety of fluctuations depending on the 

phospho-protein tested and the condition of the knockdown. 

Upon the simultaneous knockdown of Akt1 and Akt2 29 out of 31 of the tested 

proteins showed a decrease in their levels when compared to the mock, with the 

most drastic decrease in the case of STAT3 S727 by 94%. Whereas ERK1/2 

T202/Y204, T185/Y187 and c-Jun S63 showed no change.  

On the other hand, the single knockdown of Akt1 showed a decrease in the level 

of 10 proteins out of the 31 tested, the most prominent decrease was shown in the 

case of STAT1 Y701 by 39%. The other proteins that did not show a decrease 

showed either no change or an increase. More explicitly, Chk-2 T68, Fgr Y412, JNK 

1/2/3 T183/Y185, T221/Y223, Lck Y394, Lyn Y397, MSK1/2 S376/S360, P70 S6kinase 

T421/S424, PDGF Rβ Y751, RSK1/2/3 S380/S386/S377, STAT2 Y689, Yes Y426, 

STAT3 Y705, β-Catenin and HSP60, showed no change in their levels compared to 

the mock. Whereas the following proteins an increase in their level: EGF R Y1086 

(51%), ERK1/2 T202/Y204, T185/Y187 (83%), c-Jun S63 (28%), P70 S6 Kinase T389 

(16%), and P38α T180/Y182 (18%) PLC-γ1 Y783 (17%) and STAT3 S727 (33%).  

 

However, following the single knockdown of Akt2, 27 out of the 31 tested proteins 

showed a decrease in their level compared to the mock, and the most eminent 

decrease was in the case of Stat5a/b Y694/Y699 (36%). Moreover, an increase was 

shown in the case of ERK1/2 T202/Y204, T185/Y187 (14%) and no change was seen 

in the level of the following phospho-proteins, when compared to the mock, c-Jun 

S63, STAT1 Y701, and STAT3 Y705. 
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Figure 38: Effect of the knockdown of Akt1 and/or Akt2 in HepG2 cell line. Graphs showing the mean 

intensity (N=2 replicates) normalized to the mock of the (A) direct effect of the knockdown of Akt1 and/or Akt2, and (B) 

the indirect effect of the knockdown of Akt1 and/or Akt2, in HepG2 cell line. Abbreviations: S: Serine, T: Threonine, 

and Y: Tyrosine. 
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Table 22: Effect of the knockdown of Akt1 and/or Akt2 in HepG2 cell line. Table showing the percentage 

of decrease (red arrow) and increase (green arrow) of the -proteins tested, compared to the mock siRNA condition. The 

proteins are categorized into direct and indirect effect. “/” signifies no change.  

Effect Target protein Akt1 Akt2 Akt1 and Akt2 

CREB S133 / / 13%

eNOS S1177 / 16% 30%

GSK‐3α/β S21/S9 / / /

GSK‐3β S9 / / /

PRAS40 T246 18% 20% 61%

WNK1 T60 / / /

EGF R Y1086 51% 14% 22%

ERK1/2 T202/Y204, T185/Y187 83% 14% /

Chk-2 T68 / 13% 55%

c-Jun S63 28% / /

Fgr Y412 / 14% 40%

HSP27 S78/S82 14% 29% 31%

P53 S15 18% 24% 74%

P53 S46 26% 13% 68%

P53 S392 12% 29% 73%

JNK 1/2/3 T183/Y185, T221/Y223 / 29% 39%

Lck Y394 / 14% 29%

Lyn Y397 / 26% 54%

MSK1/2 S376/S360 / 26% 36%

P70 S6 Kinase T389 16% 13% 57%

P70 S6kinase T421/S424 / 14% 62%

P38α T180/Y182 18% 28% 82%

PDGF Rβ Y751 / 29% 50%

PLC‐γ1 Y783 17% 21% 11%

Src Y419 16% 31% 35%

PYK2 Y402 14% 14% 72%

RSK1/2 S221/S227 17% 22% 68%

RSK1/2/3 S380/S386/S377 / 18% 65%

STAT2 Y689 / 23% 52%

Stat5a/b Y694/Y699 12% 36% 42%

Yes Y426 / 29% 47%

STAT1 Y701 39% / 68%

STAT3 Y705 / / 67%

STAT3 S727 33% 22% 94%

β‐Catenin / 18% 77%

STAT6 Y641 11% 23% 80%

HSP60 / 15% 59%

Indirect effect 

Knockdown

Direct effect 
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Altogether, these results demonstrated a modulation of the activity of the Akt 

pathway upon the single and double knockdown of Akt1 and Akt2 by the 

designed siRNAs. The modulations of the phosphorylation were cell line-

dependent, phospho-protein dependent, and Akt isoform-dependent. 

 

8.2.1. Comparative Analysis 

The next step was to compare the profile of decreased proteins between the 

different knockdown conditions within the same cell line to infer isoform-specific 

roles. And on another level, to compare the profile of decreased proteins in each 

condition between the two tested cell lines, to infer cell-dependent roles of each 

isoform.  

 

Within cell line  

First, the comparative analysis was done using Venn Diagram, and categorized 

according to their position in it. See Figure 39 for the definition of the categories in 

the case of comparisons within the same cell line.  

 

 
Figure 39: Categories of “within cell lines” comparative analysis. Venn diagram showing the different 

categories upon the comparative analysis of the different knockdown conditions within the same cell line: the different 

categories represent proteins that, compared to the mock, decrease : “A”: in both single Akt1 knockdown and double 

knockdown of Akt1 and Akt2; “B”: in all the conditions; “ C”: in both single knockdown of Akt2 and double knockdown 

of Akt1 and Akt2; “D”: exclusively in the double knockdown of Akt1 and Akt2; “E”: exclusively in Akt1 knockdown; 

“F”: in the single knockdown of Akt1 and the single knockdown of Akt2; “G”: exclusively in the single Akt2 knockdown.  
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The categories depend on the position on the Venn Diagram:  

- Category “A” shows proteins decreased upon the knockdown of Akt1 

and the double knockdown of Akt1 and Akt2. Thus, are phosphorylated 

by the activity of Akt1 only.  

- Category “B” shows proteins decreased upon the single knockdown of 

Akt1 or Akt2 and the double knockdown of Akt1 and Akt2.  Thus, are 

phosphorylated by the activity of Akt1 or Akt2.  

- Category “C” shows proteins decreased upon the knockdown of Akt2 and 

the double knockdown of Akt1 and Akt2. Thus, are phosphorylated by 

the activity of Akt2 only.  

- Category “D” shows proteins decreased only in the case of the double 

knockdown of Akt1 and Akt2.Thus, it shows an additive compensatory 

effect in their phosphorylation by the Akt isoforms.   

-  Categories “E”, “F”, “G” are considered to be outliers and not taken into 

account.  

 

Huh7 cell line 

The comparative analysis in Huh7 cell line of the decreased level of phospho-

proteins, between the different knockdown conditions, see Ven Diagram in  

Figure 40, allowed the stratification of the proteins as follows:  

 

 
Figure 40: Comparative analysis in Huh7 cell line. Venn diagram showing the comparative analysis of the 

decreased phospho-proteins, compared to the mock in the knockdown of Akt1 and/or Akt2 in Huh7 cell line. The numbers 

represent the number of proteins in each category. 
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- Category A “proteins under the control of Akt1” included 2 phospho-

proteins: P53 S15 and RSK1/2 S221/S227. 

- Category B “proteins under the control of Akt1 or Akt2”, included 12 

phospho-proteins: CREB S133, GSK-3α/β S21/S9, GSK-3β S9, Fgr Y412, 

JNK 1/2/3 T183/Y185, T221/Y223, Lck Y394, P38α T180/Y182, PDGF Rβ 

Y751, STAT2 Y689, Stat5a/b Y694/Y699, WNK1 T60 and β-Catenin. 

- Category C “proteins under the control of Akt2 only” included 7 

phospho-proteins: PRAS40 T246, P70 S6 Kinase T389, P70 S6kinase 

T421/S424, ERK1/2 T202/Y204, T185/Y187, Chk-2 T68, c-Jun S63 and 

RSK1/2/3 S380/S386/S377. 

- Category D “proteins under the control of Akt1 and Akt2”, included 8 

phospho-proteins: eNOS S1177, P53 S392, PYK2 Y402, STAT1 Y701, 

STAT3 Y705, STAT3 S727, STAT6 Y641, and HSP60. 
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HepG2 cell line   

 

Similarly, the comparative analysis in Huh7 cell line of the decreased level of 

phospho-proteins, between the different knockdown conditions, see Venn Diagram 

in Figure 41, allowed the stratification of the proteins as follows: 

 

 
Figure 41: Comparative analysis of in HepG2 cell line. Venn diagram showing the comparative analysis 

of the decreased phospho-proteins, compared to the mock in the knockdown of Akt1 and/or Akt2 in HepG2 cell line. The 

numbers represent the number of phosphor-proteins in each category.  

 

- Category A: “proteins under the control of Akt1” included 1 phospho-

protein STAT1 Y701. 

- Category B: “proteins under the control of Akt1 or Akt2”, included 9 

phospho-proteins: HSP27 S78/S82, P53 S15, P53 S46, P53 S392, Src Y419, 

PYK2 Y402, RSK1/2 S221/S227, Stat5a/b Y694/Y699, and STAT6 Y641. 

- Category C: “proteins under the control of Akt2 only” included 20 

phospho-proteins: eNOS S1177, PRAS40 T246, EGF R Y1086, Chk-2 T68, 

Fgr Y412, JNK 1/2/3 T183/Y185, T221/Y223, Lck Y394, Lyn Y397, MSK1/2 

S376/S360, P70 S6 Kinase T389, P70 S6kinase T421/S424, P38α T180/Y182., 

PDGF Rβ Y751, PLC-γ1 Y783, RSK1/2/3 S380/S386/S377, STAT2 Y689, Yes 

Y426, STAT3 S727, β-Catenin, and HSP60 

- Category D: “proteins under the control of Akt1 and Akt2”, included 3 

phospho-proteins: CREB S133, ERK1/2 T202/Y204, T185/Y187 and STAT3 

Y705. 
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Inter-cell lines 

 

In addition, on a second level, the comparative analysis of the decreased proteins 

in every condition between Huh7 and HepG2 cell lines was done. See Venn diagram 

in Figure 42, for the definition of the categories.  

 
 

Figure 42:  Categories of “inter-cell line” comparative analysis . Venn diagram showing the different 

categories upon the comparative analysis of each knockdown condition between Huh7 and HepG2 cell lines. The 

categories represent proteins that, when compared to the mock, decrease:” a”: exclusively in Huh7 cell line; “b”: in both 

Huh7 and HepG2 cell lines; “c”: exclusively in HepG2 cell line. 

 

- Category “a” shows proteins that are exclusively decreased in Huh7 cell 

line in the knockdown condition compared. And are considered to be 

Huh7 cell-dependent function of the isoform.  

- Category “b” shows proteins that are decreased in Huh7 and HepG2 cell 

lines in the knockdown condition compared. And are considered to be 

under the control of the isoform in both cell lines. 

- Category “c” shows proteins that are exclusively decreased in HepG2 cell 

line in the knockdown condition compared. And are considered to be 

Huh7 cell-dependent function of the isoform  
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Akt1 and Akt2 knockdown  

First, the comparative analysis of the proteins decreased in the case of the 

simultaneous knockdown of Akt1 and Akt2 between Huh7 and HepG2 cell lines, 

see Venn diagram in Figure 43, to decipher the difference in the activation of the 

pathway between the 2 cell lines. The comparison allowed the stratification of the 

proteins in the previously defined categories as follows: 

 

 
Figure 43: Inter-cell line comparative analysis of Akt1 and Akt2 knockdown. Venn diagram showing the 

comparative analysis of the decreased   Huh7 cell line vs that of HepG2 cell line upon the double knockdown of Akt1 and 

Akt2. The numbers represent the number of proteins in each category.  

 

- Category a: “Huh7-exclusive function of Akt pathway” includes 4 

phospho-proteins: GSK‐3α/β S21/S9, GSK‐3β S9, c‐Jun S63 and WNK1 

T60 

- Category b: “non-cell dependent function of Akt pathway” includes 25 

phospho-proteins: CREB S133, eNOS S1177, PRAS40 T246, ERK1/2 

T202/Y204, T185/Y18, Chk-2 T68, Fgr Y412, P53 S15, P53 S392, JNK 1/2/3 

T183/Y185, T221/Y223, Lck Y394, P70 S6 Kinase T389, P70 S6kinase 

T421/S424, P38α T180/Y182, PDGF Rβ Y751, PYK2 Y402, RSK1/2 

S221/S227, RSK1/2/3 S380/S386/S377, STAT2 Y689, Stat5a/b Y694/Y699, 

STAT1 Y701, STAT3 Y705, STAT3 S727, β-Catenin, STAT6 Y641 and 

HSP60. 

- Category c: “HepG2-exclusive Akt pathway function” includes 8 proteins: 

EGF R Y1086, HSP27 S78/S82, P53 S46, Lyn Y397, MSK1/2 S376/S360, 

PLCγ1 Y783, Src Y419 and Yes Y426.  
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Single Akt1 knockdown  

The comparative analysis of the proteins decreased in the case of Akt1 knockdown 

between Huh7 and HepG2 cell lines, see Venn diagram in Figure 44, allowed the 

stratification of the proteins in the previously defined categories as follows 

 

 
Figure 44: Inter-cell line comparative analysis of Akt1 knockdown. Venn diagram showing the 

comparative analysis of the decreased proteins in Huh7 cell line vs that of HepG2 cell line upon the single knockdown of 

Akt1. The numbers represent the number of proteins in each category. 

 

- Category a: “Huh7-exclusive Akt1 function” includes 11 proteins: CREB 

S133, GSK-3α/β S21/S9, GSK-3β S9, Fgr Y412, JNK 1/2/3 T183/Y185, 

T221/Y223, Lck Y394, P38α T180/Y182, PDGF Rβ Y751, STAT2 Y689, 

WNK1 T60, and β-Catenin. 

- Category b: “non-cell dependent function of Akt1” includes 3 proteins: 

P53 S15, RSK1/2 S221/S227 and Stat5a/b Y694/Y699 

- Category c: “HepG2-exclusive Akt1 function” includes 7 proteins: HSP27 

S78/S82, P53 S46, P53 S392, Src Y419, PYK2 Y402, STAT1 Y701 and STAT6 

Y641. 
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Single Akt2 knockdown  

The comparative analysis of the proteins decreased in the case of Akt1 knockdown 

between Huh7 and HepG2 cell lines, see Venn diagram in Figure 45, allowed the 

stratification of the proteins in the previously defined categories as follows 

 

 
Figure 45: Inter-cell line comparative analysis of Akt2 knockdown. Venn diagram showing the 

comparative analysis of the decreased proteins in Huh7 cell line vs that of HepG2 cell line upon the single knockdown of 

Akt2. The numbers represent the number of proteins in each category. 

 

- Category a: “Huh7-exclusive Akt2 function” includes 6 proteins: CREB 

S133, GSK-3α/β S21/S9, GSK-3β S9, ERK1/2 T202/Y204, T185/Y18, c-Jun 

S63, and WNK1 T60 

- Category b: “non-cell dependent function of Akt2” includes 18 proteins: 

PRAS40 T246, P70 S6 Kinase T389, P70 S6kinase T421/S424, EGF R Y1086, 

Chk-2 T68, Fgr Y412, HSP27 S78/S82, JNK 1/2/3 T183/Y185, T221/Y223, 

Lck Y394, Lyn Y397, MSK1/2 S376/S360, P38α T180/Y182, PDGF Rβ Y751, 

PLC-γ1 Y783, RSK1/2/3 S380/S386/S377, STAT2 Y689, Stat5a/b Y694/Y699 

and β-Catenin  

- Category c: “HepG2-exclusive Akt2 function” includes 11 proteins: eNOS 

S1177, P53 S15, P53 S46, P53 S392, Src Y419, PYK2 Y402, RSK1/2 S221/S227, 

Yes Y426, STAT3 S727, STAT6 Y641 and HSP60.  

All in all, the compiled comparative analysis revealed a unique profile of isoform 

specific roles in the different cell lines as well as within the same cell line. These 

results need to be further confirmed by protein immuno-detection. 
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9. Kinase fingerprint of Akt1 and/or Akt2 knockdown and their 

chemical inhibition 

The modulations seen on the Akt pathway upon single or double knockdown of 

Akt1 and/or Akt2 by the designed siRNAs, ascertain that the designed siRNAs are 

not only able to knockdown Akt1/2 isoforms and decrease their corresponding 

phosphorylation, but also lead to fluctuations in the direct and indirect 

downstream effectors of the PI3K/Akt pathway. Consequently, a wider scope of 

the effect of the knockdown on the cellular pathways was needed whilst 

comparing to the treatment with Sorafenib and ARQ092. Such a comparative 

assessment of the overall changes in the kinase activity of the cell would establish 

a fingerprint of each of the treatments and thus allow the unraveling of distinctive 

pathway activation or inactivation. Which, in turn, could explain the unexpected 

absence of an antitumorigenic effect upon the targeted knockdown of Akt1 or Akt2 

by the designed siRNAs and its presence in the case of Sorafenib and ARQ092. For 

that, analysis was done on the different Ser/Thr kinase activity of PLCϒ/PRF/5, 

Huh7 and HepG2 cells, upon the knockdown of double and single knockdown of 

Akt1 and/or Akt2, and treatment with ARQ092. For that, cells were exposed for 

6hours to either to LipofectamineRNAiMAX coupled to the designed siRNAs 

D2Akt1 and/or D15Akt1 at 10nM concentration with mock siRNA as a negative 

control. Furthermore, the cells were treated for 6hours to ARQ092 at the 

corresponding Inhibitory Concentration 20 (IC20) concentrations with untreated 

cells as a negative control. Then, 24 hours later, analysis of the Serine/Threonine 

kinases fingerprint was analyzed. 

The kinase fingerprint analysis was performed on Pamstation12, which is a 

technology developed by Pamgene (https://pamgene.com/ ).  The basis of this 

technology is the presence of immobilized peptide motifs on a chip., called 

PamChip. Each sequence corresponds to a putative sequence of one or more 

known protein and prone to phosphorylation by the different kinases. Upon the 

incubation with the different protein lysates, harboring kinases in their active 

form, a series of phosphorylation events takes place on the chip, which are later 

detected by capture antibodies coupled to fluorescent molecules. Two levels of 

analysis of the detected phosphorylation events are then done: i) the analysis of 

the phosphorylation events on the chip and calculation of the fold change 

compared to the respective control termed “phosphosite analysis” and ii) the 

bioinformatic analysis done according to an “in-house” procedure from Pamgene 

termed “upstream kinase analysis” (UKA). First the phosphosite analysis is done 

https://pamgene.com/
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to distinguish the difference in the phosphorylation state of every peptide on the 

chip – increased or decreased when compared to the control – then a list of the 

phosphosites i.e., proteins, with their accession number on UniprotKB, are 

generated. The UKA uses the set of the phosphosites and their changes, whether 

significant or not, in order to generate fact-based predictions about the different 

activated kinase pathways in every scenario. The analysis generates a “mean 

specificity score”.  This score is based on a combined sensitivity score (difference 

between “Treatment” and “Control” groups) and specificity score (for a set of 

peptides to kinase relationship derived from current databases). The cutoff used 

in this study is 1.2.  

The heatmap in Figure 46 shows an overview about the different changes in the 

phosphosites on the PamChip following the transfection with the mock or the 

designed siRNAs and the subsequent single or double knockdown of Akt1 and/or 

Akt2 in PLCϒ/PRF/5, Huh7 and HepG2 cells. The results reveal a similar clustering 

pattern between the different conditions and between the different cell lines tested. 

The phosphosite changes were further analyzed to decipher the exact modulations 

in the upcoming sections.  
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Figure 46: Heatmap of phosphosites upon the siRNA knockdown. of Akt1 and/or Akt2 in PLC/PRF/5, 

Huh7, and HepG2 cell lines. Heat map representation of the log2 signal intensity of the changes in the phosphosites (N=3 

independent experiments per cell line) normalized to the mock condition in every cell line, along with the Euclidean 

clustering based on the rows (phosphosites). The right panel includes the legend of the used colors.   

 

Similarly, the heatmap in Figure 47 also shows an overall view of the different 

changes in the phosphosites in the 3 tested cell lines following the exposure to 

ARQ092. The patterns also seem to have a conserved overall clustering between 

the different cell lines. However, the patterns are not exactly the same, thus a 

further detailed analysis was done, and is presented in later sections.  
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Figure 47: Heatmap of phosphosites ARQ092 treatment . in PLCϒ/PRF/5, Huh7, and HepG2 cell lines. 

Heat map representation of the log2 signal intensity of the changes in the phosphosites (N=3 independent experiments 

per cell line) normalized to the mock condition in every cell line, along with the Euclidean clustering based on the rows 

(phosphosites). The right panel includes the legend of the used colors.  
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Below are the detailed phosphosite and UKA results classified according to the 

cell line and explained upon the designed siRNA-mediated targeting of Akt1 

and/or Akt2 and the treatment with ARQ092. Of note, the ARQ092 is an inhibitor 

which targets the three isoforms of Akt: Akt1, Akt2 and Akt3.  

 

9.1. PLCϒ/PRF/5 cell line  

The knockdown of Akt1 and/or Akt2 in PLCϒ/PRF/5 by the designed siRNAs cell 

line showed a different pattern of kinase activity in the different conditions. 

Primarily, the phosphosite analysis displayed in the volcano plot, see Figure 48A, 

shows the different increase and decrease in the phosphorylation of the tested 

peptides when compared to the mock condition. The Akt1 knockdown profile 

shows a general significant decrease in the phosphorylation of the peptides. The 

most drastic decrease in the phosphorylation was seen in the case of the Akt2 

knockdown. Unexpectedly, the simultaneous knockdown of both Akt1 and Akt2 

did not exhibit a profile of decrease in the phosphorylation as prominent as the 

one seen in the case of the single knockdown of Akt2.  

The UKA analysis done on the different conditions, expectedly, predicted a unique 

activation and inhibition of Ser/Thr kinases.  

The Akt1 knockdown, see Figure 48B, predicted an increase in the kinase activity 

of PCTRAIRE2(also known as CDK16: Cyclin-Dependent Kinase 16), Ribosomal 

Protein S6 Kinase-Like 2 (RSKL2), Serine/threonine-protein kinase (SGK1) and 

Cyclin-Dependent Kinase 5 (CDKL5), accompanied by a decrease in the kinase 

activity of Aurora Kinase B (AurB/Aur1), Calcium/calmodulin-dependent protein 

kinase type IV (CAMK4), Aurora Kinase A (AurA/Aur2), Protein Kinase-C (PKC) 

(alpha), PKC (theta)and PKC (delta).  

On the other hand, the knockdown of Akt2, see Figure 48C, predicted only a 

decrease in the activity of the following kinases: PKG1, PKA (alpha), CAMK4, 

cAMP-dependent protein kinase catalytic subunit PRKX (PRKX), PKC (theta), 

PKC (alpha), PKC (delta), Proviral Integration site for Moloney murine leukemia 

virus (Pim)1 and Pim2.  

Finally, and upon the simultaneous knockdown of Akt1 and Akt2, see Figure 48D, 

the results predicted a decrease in the serine/threonine kinase activity of PKG2, 

PKG1, PKA (alpha), CAMK4, PKC (alpha) and PKD1. 
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Figure 48: Kinase fingerprint of PLCϒ/PRF/5 cells upon siRNA knockdown of Akt1 and/or Akt2. (A) 

Volcano plots visualizing the results of the different knockdown conditions indicated plotting the log fold change of the 

phosphorylation of the peptides on the PamChip (x-axis) vs the log p-value (y-axis). Red spots correspond to the proteins 

having a significant change (p<0.05). The statistical test used was the ordinary one-way ANOVA. The lower panel shows 

a graphical representation of the Upstream Kinase Analysis (UKA) of the changes in the phosphorylation of the peptides 

on the PamChip in the case of (A) Akt1 knockdown, (B) Akt2 knockdown and (C) Akt1 and Akt2 knockdown. Represented 

are the Ser/Thr kinases predicted to be inhibited (blue), or activated (red), compared to the mock, along with their degree 

of inhibition (x-axis), and having a mean specificity score of 1.2 or higher. 
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Following the treatment of the cells with ARQ092, first, the volcano plot, see Figure 

49A, showed a general significant decrease in the profile of the phosphorylated 

peptides, with a significant increase in the phosphorylation of one peptide. The 

UKA analysis, see Figure 49B, predicted that ARQ092 leads to the decrease in the 

serine/threonine kinase activity of PKG2, PKC (alpha), P70S6K(beta), PKG1, PKA 

(alpha), and AurB/Aur1. 

 

 
Figure 49: Kinase fingerprint of PLCϒ/PRF/5 cells upon ARQ092 treatment . (A) Volcano plots 

visualizing the results of the treatment with ARQ092, plotting the log fold change of the phosphorylation of the peptides 

on the PamChip (x-axis) versus the log p-value (y-axis). Red spots correspond to the proteins having a significant change 

(p<0.05). The statistical test used was the ordinary one-way ANOVA. (B) Graphical representation of the Upstream 

Kinase Analysis (UKA) of the changes in the phosphorylation of the peptides on the PamChip. Represented are the 

Ser/Thr kinases that are predicted to be inhibited (blue), compared to the mock along with their degree of inhibition (x-

axis), and having a mean specificity score of 1.2 or higher 
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9.2. Huh7 cell line 

On the other hand, the knockdown of Akt1and/or Akt2 by the designed siRNAs 

in Huh7 cell line revealed a general profile of phosphorylation of the different 

peptides that is less eminent than the one shown with the PLCϒ/PRF/5 as shown 

in the volcano plot, see Figure 50A. The profile of decrease in the phosphorylation 

of peptides was most visible in the case of Akt2 knockdown (significant decrease 

in the phosphorylation of 6 peptides) when compared to Akt1 or the simultaneous 

knockdown of Akt1 and Akt2. The former showed a significant decrease of 

phosphorylation of one peptide whereas the latter showed a significant increase 

in the phosphorylation of 2 peptides  

Furthermore, the UKA analysis translated the profiles of the peptide 

phosphorylation into predicted kinase activity in each condition.  

The Ser/Thr kinase activity profile in the case of Akt1 knockdown, see Figure 50B, 

predicted a decrease in kinase activity of NUAK family SNF1-like kinase 1 

(NuaK1), AurA/Aur2, Pim2 and MAPK-Associated Protein 2 (MAPKAP2) when 

compared to the mock.  

Whereas, that of Akt2 knockdown, see Figure 50C, in comparison to the mock, 

foresaw a decrease in the activity of CAMK4, NuaK1 and. Casein Kinase -1 (CK1) 

(epsilon).  

Finally, the simultaneous knockdown of Akt1 and Akt2, see Figure 50D, predicted 

an increase in the activity of RSKL2, ERK2, Rho-associated protein kinase 1 

(ROCK1), ERK5, ERK1, GSK 3(alpha), GSK3 (beta), CDKL5, AarF Domain-

Containing Protein Kinase 3 (ADCK3), RAF1, JNK3, JNK2, p38(betta) and JNK1. 
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Figure 50: Kinase fingerprint of Huh7 cells upon siRNA knockdown Akt1 and/or Akt2. (A) Volcano 

plots visualizing the results of the different knockdown conditions indicated plotting the log fold change of the 

phosphorylation of the peptides on the PamChip (x-axis) vs the log p-value (y-axis). Red spots correspond to the proteins 

having a significant change (p<0.05). The statistical test used was the ordinary one-way ANOVA. The lower panel 

shows a graphical representation of the Upstream Kinase Analysis (UKA) of the changes in the phosphorylation of the 

peptides on the PamChip in the case of (A) Akt1 knockdown, (B) Akt2 knockdown and (C) Akt1 and Akt2 

knockdown. Represented are the Ser/Thr kinases predicted to be inhibited (blue), or activated (red), compared to the 

mock, along with their degree of inhibition (x-axis), and having a mean specificity score of 1.2 or higher. 
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Results upon the treatment with ARQ092, unexpectedly, revealed a profile of 

activation when compared to untreated cells as shown in the volcano plot, see 

Figure 51A .The translation of the profile of the increase in the phosphorylation of 

the peptides at the level of the serine/threonine kinase activity, see Figure 51B, 

predicted the increase in the activity of P70S6K, IKK(epsilon), P70S6K(beta), SGK2, 

CK2(alpha)1, and RSK1/p90RSK. 

 
Figure 51: Kinase fingerprint of Huh7 cells upon ARQ092 treatment. (A) Volcano plots visualizing the 

results of the treatment with ARQ092, plotting the log fold change of the phosphorylation of the peptides on the PamChip 

(x-axis) versus the log p-value (y-axis). Red spots correspond to the proteins having a significant change (p<0.05). The 

statistical test used was the ordinary one-way ANOVA. (B) Graphical representation of the Upstream Kinase Analysis 

(UKA) of the changes in the phosphorylation of the peptides on the PamChip. Represented are the Ser/Thr kinases that 

are predicted to be inhibited (blue), compared to the mock along with their degree of inhibition (x-axis), and having a 

mean specificity score of 1.2 or higher. 
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9.3. HepG2 cell line 

Furthermore, the effect of the knockdown of Akt1 and/or Akt2 on HepG2 cells 

showed a phosphosite profile less drastic than the one shown with PLCϒ/PRF/5 

and Huh7, as shown in the volcano plot in Figure 52A. The knockdown of Akt1 

showed a significant decrease in the phosphorylation of 2 peptides, similar to that 

shown in the case of Akt2 knockdown. However, the simultaneous knockdown of 

both Akt1 and Akt2 showed a significant decrease in the phosphorylation of 3 

peptides, when compared to the mock.  

Altogether the decrease in the respective peptides, revealed different fluctuations 

in the Ser/Thr kinase activity by UKA analysis.  

The Akt1 knockdown, see Figure 52B, predicted a decrease in the activity of ERK2, 

p21-Activated Kinase 1 (PAK1), ERK1, ICK, JNK2, p38beta, and JNK1.  

In parallel, in the case of Akt2 knockdown, see Figure 52C, the Ser/Thr kinase 

activity of BRAF, PKG1, PKA (alpha), PAK1, IKKalpha, RAF1 and PKD1 was 

predicted to be decreased when compared to the mock.  

Furthermore, and in the case of the simultaneous knockdown of Akt1 and Akt2, 

the serine/threonine kinase activity profile, see Figure 52D, predicted the decrease 

in the activity of PKG2, PKG1, p70S6K(beta), PKA (alpha), CAMK4, PRKX and 

PKC (delta). 
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Figure 52: Kinase fingerprint of HepG2 cells upon siRNA knockdown of Akt1 and/or Akt2. (A) Volcano 

plots visualizing the results of the different knockdown conditions indicated plotting the log fold change of the 

phosphorylation of the peptides on the PamChip (x-axis) vs the log p-value (y-axis). Red spots correspond to the proteins 

having a significant change (p<0.05). The statistical test used was the ordinary one-way ANOVA. The lower panel 

shows a graphical representation of the Upstream Kinase Analysis (UKA) of the changes in the phosphorylation of the 

peptides on the PamChip in the case of (A) Akt1 knockdown, (B) Akt2 knockdown and (C) Akt1 and Akt2 

knockdown. Represented are the Ser/Thr kinases predicted to be inhibited (blue), or activated (red), compared to the 

mock, along with their degree of inhibition (x-axis), and having a mean specificity score of 1.2 or higher.  
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Comparatively, the treatment of HepG2 cells with ARQ092 showed a general 

profile of partitioned changes between an increase and a decrease in the 

phosphorylation, as shown in the volcano plot, see Figure 53A.  Even though, none 

of the fluctuations were significant, the UKA analysis was done, see Figure 53B, 

and predicted a decrease in the activity of PKG2, ADCK3 and PKA (alpha)when 

compared to the untreated cells. 

 
Figure 53: Kinase fingerprint of HepG2 cells upon ARQ092 treatment . (A) Volcano plots visualizing the 

results of the treatment with ARQ092, plotting the log fold change of the phosphorylation of the peptides on the PamChip 

(x-axis) versus the log p-value (y-axis). Red spots correspond to the proteins having a significant change (p<0.05). The 

statistical test used was the ordinary one-way ANOVA. (B) Graphical representation of the Upstream Kinase Analysis 

(UKA) of the changes in the phosphorylation of the peptides on the PamChip. Represented are the Ser/Thr kinases that 

are predicted to be inhibited (blue), compared to the mock along with their degree of inhibition (x-axis), and having a 

mean specificity score of 1.2 or higher. 

 

The results revealed different predictive profiles of the Ser/Thr kinase activity, in 

every condition and between the different cell lines. Interestingly, major 

differences were revealed in the predicted pattern of Ser/Thr kinase activity 

between the siRNA-mediated double knockdown of the isoforms, and the pan Akt 

inhibition by ARQ092 in all the cell lines, except for that in PLCϒ/PRF/5. In this cell 

line the pattern was exactly the same except for an additional inhibited kinase in 

the siRNA-mediated double knockdown. Further analysis is needed to decipher 

the differences; however, the preliminary results convey a different mode of action 

of ARQ092 compared to the siRNAs, despite the fact that both strategies target 

Akt.   
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IX. DISCUSSION 

Background and objective   

HCC is one of the most common causes of cancer-related deaths worldwide, and 

its incidence is rising. Its development, almost always, is prerequisite to a chronic 

inflammation in the liver. The etiology behind the chronic inflammation can be 

due to chronic alcohol consumption, consumption of toxins, metabolic disorders 

leading to NASH and NAFLD, or viral hepatitis (hepatitis B and C) [6]. The 

dangerous aspect of hepatocellular carcinogenesis is that its incidence is correlated 

to lifestyle habits including an unhealthy diet and chronic alcohol consumption, 

which is translated by the changes in its incidence rate geographically in the world 

[1]. The treatment options for HCC were first restricted to Sorafenib which failed 

to extend the patient life by more than 3 months and faced the problem of 

Sorafenib-resistance. However, recently, immune-based therapies have been 

introduced [320]. Unfortunately, their use is restricted to a defined cohort of 

patients. Those eligible for immune based therapies should possess a specific 

tumor immune profile, which depends on the etiology and the liver status. Based 

on the immune profile of the tumors, they are classified as “hot tumors” and “cold 

tumors”. On the one hand, the “hot tumors” are immune-therapy responsive and 

are characterized by an intra-tumoral infiltration of lymphocytes, and an 

expression of immune checkpoint molecules like PD-1/PDL-1 which is crucial for 

immune checkpoint targeting. On the other hand, the “cold tumors” lack the intra-

tumoral infiltration of lymphocytes, mainly CD8+ T-cells, along with the lack of 

expression of immune checkpoint molecules, rendering them non-responsive to 

immune-based treatments [321, 322].  

As HCC still faces difficulties for diagnosis at an early stage, the best approach to 

combat HCC is to unravel the underlying molecular changes which drive its 

carcinogenesis properties. Upon carcinogenesis, a cascade of molecular changes at 

the transcriptional and proteomic level leads to a change in the phenotypic and 

secretory profile of the cells. The transcriptional and proteomic changes often 

result in the dysregulation of the different signaling pathways in the cell, 

disrupting its homeostasis and resulting in an overdrive of the crucial cellular 

process and, more often than not, a change in the whole identity of the cell giving 

it carcinogenic properties, e.g., highly proliferative, migrating and resistant to 

apoptosis. Among the dysregulated pathways is the PI3K/Akt pathway.  

The PI3K/Akt pathway is a central hub in the cell, regulating various cellular 

processes including cell proliferation, cell survival, translation and metabolism, 

among others… Recently, Akt has been receiving a lot of attention as a target for 

therapy in HCC, mainly through chemical inhibitors, see Table 1. Nevertheless, the 

chemical inhibitors fail to display a specificity to the different Akt isoforms: Akt1 
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(constitutively expressed in the human body), Akt2 (mainly expressed in insulin 

sensitive tissues) and Akt3 (mainly expressed in the brain and the testes). In this 

study, we investigated the roles played by Akt1 and Akt2 in HCC, and further the 

plausibility of targeting one isoform or the other as a treatment for HCC. In order 

to do that, a tool that specifically targets one of the isoforms without affecting the 

other was needed. Thus, we exploited the technology of RNAi and more 

specifically siRNAs.  

 

 

Differential Activity of AKT isoforms 

The notion of differential isoform roles in HCC is not farfetched. Although the 

different isoforms show an overlap in their activity: inhibition of Bcl-2 family 

proteins (regulating apoptosis), GSK3 isoforms (regulating metabolism), and TSC2 

(tumor suppressor); the substrate-specificities of Akt1/2/3 exist. These are 

dependent on several parameters such as the distribution of the Akt isoforms in 

the tissues, the differential activation of Akt by external stimuli (amplitude and 

timing of activation), the preferential intrinsic catalytic activity of the different 

isoforms, and the specific cell-context factors (subcellular localization and 

substrate proximity) [323]. The theory of differential activity of Akt isoforms 

stemmed from the fact that in some cancers one isoform showed gene 

amplification and not the other; in gastric adenocarcinomas Akt1 gene exhibited 

gene amplifications [324]. On the other hand, Akt2 gene amplification was shown 

in ovarian and pancreatic cancers [325, 326]. Furthermore, several studies of Akt 

knockout mice backed up the notion: 

- Akt1-/- mice show embryonic lethality, and those which survive exhibit impaired 

body growth;  

- Akt2-/- mice manifest severe diabetic phenotypes;  

- Akt3-/- mice on the other hand have reduced brain sizes while maintaining 

cognitive abilities [327], [328]. 

The study of the non-redundant roles is still an ongoing process and is difficult to 

distinguish. Akt1 has been shown to play a role in angiogenesis. This is mainly 

due to the preferential expression in endothelial cells associated with the increase 

in vascular permeability and decreased vessel maturation upon the knockdown of 

Akt1 in vivo [329]. On the other hand, Akt2 plays a role in the regulation of glucose 

in the body. Insulin is among the external stimuli that fire up the Akt pathway. 

Insulin regulates the glucose homeostasis in the whole body – uptake of glucose 

into fat and muscle- and inhibits the hepatic glucose secretion. The relocalization 

of GLUT4 glucose transporter from the cytoplasm to the plasma membrane is 

crucial for the import of glucose into the fat and muscle in a concentration-
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dependent manner. Consistent with the phenotype displayed by Akt2 knockdown 

mice, the siRNA-mediated downregulation of Akt2 caused an aberration in the 

GLUT4 trafficking in 3T3-L1 adipocytes. Interestingly, the overexpression of Akt1 

did not rescue the phenotype, thus further asserting the specific role of Akt2 in 

GLUT4 redistribution and glucose homeostasis due to the preferential 

accumulation of Akt2 at the plasma membrane in these cells [330]. Furthermore, 

the preferential activation of either of the isoforms is, in some instances, regulated 

by the class of PI3Ks activated; p110α preferentially activated Akt1 while p110β 

preferentially activated Akt2 [331].  In carcinogenesis, studies showed differential 

roles of Akt in the various pro-tumorigenic processes. A series of in vitro and in 

vivo studies showed that cell migration is inhibited by Akt1 while being enhanced 

by Akt2 [332]. On the contrary, Akt1 enhanced migration in non-transformed cells, 

which further confirms that the control of cellular processes is cell-context 

dependent [333]. Concerning the subcellular localization of the different isoforms 

one example is the study done by Santi and Lee [334]. In that study, MDA-MB-231 

human breast cancer cells demonstrated that Akt1 localized into the cytoplasm, 

Akt2 in the mitochondria, and Akt3 in the nucleus. Because of oncogenic 

mutations and the preferential accumulation of Akt1 at the plasma membrane in 

cancerous cells, Akt1 can take over the GLUT4 mediated import of glucose into 

the cells [334].  

Thus, the literature strongly implies the differential roles played by the different 

Akt isoforms in various cellular contexts. Which made the study of the differential 

roles of Akt1 and Akt2 in HCC a very interesting aspect. This unraveling could be 

of crucial use in the future for customized therapies for HCC patients. 

 

RNAi 

RNAi as a tool for the specific targeting of Akt1 and Akt2 was the backbone of this 

study. Despite the recent advances in clinical application of RNAi, the avoidance 

of nonspecific toxicity is a major critical challenge in the development of RNAi 

therapeutics. The toxicity and activity of RNAi drugs depend largely on sequences 

present or absent in the transcriptome. Thus, a siRNA that has no off-target effects 

in rodents could induce intolerable off-target-related toxicity in humans; a siRNA 

that induces well silencing in animals may have insufficient activity against the 

human gene. Therefore, the careful preclinical development process is required. 

Unlike gene therapy, which is based on the modification of the genomic content 

within the nucleus, siRNAs act directly in the cytoplasm of cells and do not 

require a nuclear import. Therefore, siRNA-based therapies raise a much lower 

threat of introducing mutations that can lead to cancer. In addition, specificity of 

gene targeting, intracellular enzymatic degradation, stability and the kinetics of 
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RNAi molecules in circulation and their local distribution are among the 

important parameters to be developed and optimized [335, 336] For that, in our 

study, we designed, in silico, siRNA sequences targeting the human and the rodent 

(mouse and rat) Akt1 and Akt2 isoforms, simultaneously. The screening of the best 

4 candidates for testing in cellulo was done on the basis of cross-reactivity and 

lowest predicted off-target effect in the three species (human, rat and mouse). 

Following their validation in cellulo on HepG2 cells, the 2 best candidates showing 

the highest efficiency in cellulo and the lowest combined off-target effect in silico in 

the three species (human, rat, mouse) were selected for further analysis. They were 

verified for their specificity, in cellulo, in terms of isoform-targeting, i.e., the Akt1 

targeting siRNA does not influence the Akt2 isoform, neither on the transcriptomic 

nor on the proteomic level, and vice versa, in both human and mouse cell line 

(HepG2 and Hepa1.6 cell lines, respectively). Further, the designed siRNAs were 

validated for their specificity to solely target the Akt1 or the Akt2 isoforms and not 

any of the other off-target genes predicted by the in silico tools.  

The screening of the off-target effect was not restricted to the gene level, but rather 

surpassed it to study the possible off-target effect on the immune system. siRNA 

sequences are known to cause unwanted inflammatory effects resulting from the 

activation of the TLRs expressed by the innate immune cells e.g., macrophages and 

dendritic cells and by non-immune cells such as fibroblast cell, epithelial and 

endothelial cells. They are said to be fired upon the recognition of conserved 

structural molecules, encompassing nucleic acid motifs, and elicit an 

inflammatory response [337]. The designed siRNAs were assessed for their ability 

to activate TLRs, and the results showed no activation of any of the TLRs: TLR1, 

TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, at any of the concentrations 

ranging between 10nM – 100nM. Thus, the obtained siRNAs surpass the species 

barrier, and have no “off-target” effect, which could otherwise mask or generate 

consequences that would not necessarily be attributed to the knockdown of either 

isoform. The designed siRNAs were additionally analyzed for their long-lasting 

effect and their dose efficiency. The results show that the exposure of HepG2 cells 

to the designed siRNAs for a small period of time (6 hours), was sufficient to 

decrease the expression level of Akt1 and Akt2 for up to 5 and 7 days, respectively, 

on the transcriptomic and proteomic level. Commercially available siRNAs’ use in 

rapidly dividing tumor cells have a standard peaking time of action of 2-3 days 

after transfection, lasting until day 5, after which it begins to decline [338].Our 

designed siRNAs depict the same timeline of action, with a boost of durability in 

the case of Akt2 siRNA (lasting until day 7). 

Interestingly, the designed siRNAs were shown to have an activity at low 

concentration. The siRNA concentration used often in the literature is in the nM 

range[339], and that of the chemical inhibitors stretches to the μM range (studies in 
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Table 1). However, in our case the designed siRNAs following a short time of 

transfection (6 hours), elicited a decrease the expression of Akt1 or Akt2 in HepG2 

cells, starting from the pM range. Such a decrease was seen on the transcriptomic 

as well as the proteomic level. Signs of decrease appeared at concentrations as low 

as 5 pM and were prominent at 20 pM (see Figure 22 and Figure 23).  

In conclusion, the RNAi tool in hand is designed siRNAs: D2Akt1 siRNA and 

D15Akt2 siRNA, which are specific, targeting uniquely Akt1 and Akt2, 

respectively, whilst crossing the human-rodent species barrier, have no 

inflammatory effect, have a long-lasting effect, and are efficient at low doses. All 

of these factors make them good candidates for RNAi therapeutic approach for 

HCC.  

 

Phenotypic consequences of siRNA-mediated knockdown of Akt1 and 

Akt2 

To be considered as candidates for a therapeutic approach, the designed siRNAs 

needed to be further consolidated. First, by demonstrating whether or not the 

designed siRNAs and their subsequent knockdown of either or both of the Akt1 

and Akt2 isoforms could elicit an effect on the major driving carcinogenic 

processes in HCC: cell death, metabolism and cell proliferation. For that, the next 

step for us was to do deep in cellulo analysis on 4 human liver cancer cell lines, 

namely, PLCϒ/PRF/5, Huh7, Hep3B, and HepG2 cell lines, to address the effect 

depending on the heterogeneity of tumors harboring unique genetic landscapes 

and etiologies. Furthermore, the in cellulo assays allowed the comparison to the 

treatment with Sorafenib (a tyrosine kinase inhibitor used in clinics for the 

treatment of HCC) and ARQ092 (an allosteric pan Akt inhibitor), in order to level 

the effect to be seen with the designed siRNAs.  The conditions that were tested 

were a single knockdown of Akt1 through D2Akt1 siRNA, a single knockdown of 

Akt2 by D15Akt2 siRNA and the simultaneous knockdown of Akt1 and Akt2 by 

the simultaneous exposure of the cells to D2Akt1 and D15Akt2 siRNAs. The 

introduction of the last condition was to mimic the scenario of the chemical 

inhibitor which targets both Akt isoforms and to further ascertain any effect seen 

in the case of the single knockdown. Walking through the results in cellulo: no 

effect was seen neither on cell-death, metabolism, or cell proliferation in any of the 

tested cell lines and in any of the conditions where the designed siRNAs were used 

whereas Sorafenib and ARQ092 induced effects. These results were unexpected 

and puzzling. The most intriguing question was why the double targeting of Akt1 

and Akt2 by the specific designed siRNAs did not mimic the scenario with 

ARQ092. This will be discussed later below.  
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In an attempt to confirm the results of the designed siRNAs in cellulo and to better 

understand the effect of the single knockdown of Akt1 and Akt2 in a more 

physiological environment, we moved to a model in ovo. The model encompasses 

a growing embryo on which a tumoral cell line is grafted. And this time, the effect 

of the single knockdown of Akt1 and Akt2 was tested with HepG2 cell line and 

MV4-11 cell line. The introduction of the MV4-11 cell line graft model, which is a 

macrophage carcinoma cell line, was to assess the effect of the knockdown of Akt1 

or Akt2 by the designed siRNAs on the TME, a major player in HCC.  

The in ovo use of the designed siRNAs necessitates a replacement of the 

transfection agent used in cellulo (LipofectamineRNAiMAX). An important issue 

of RNAi-based therapeutics is the possible dose-limiting toxicity of carriers, 

related to their heterogeneity in complexity, uniformity and stability, as reviewed 

recently[176]. There are still major barriers to systemic delivery to target cells. For 

instance, the plasma membrane remains the major barrier of an RNAi molecules 

due to its hydrophilic nature, global negative charge and high molecular weight 

that reduces its uptake efficiency. For that, the designed siRNAs were first 

vectorized, in cellulo on HepG2 cell line, and verified for the knockdown of Akt1 

and Akt2, by Amphiphilic Dendrimer (AD). It is a potent vector, which takes into 

account all of the previously mentioned parameters, through its hybrid trait 

between the lipid and polymer entities. Thus, rendering it, as its name suggests, 

amphiphilic, favoring its uptake by the cells. Furthermore, its use for the delivery 

of siRNAs was validated both in vitro on primary immune cells  [306] and in vivo 

[308]. Once used in ovo, the results did not display cytotoxicity of the complex AD-

designed siRNA complex. Thus, further asserting its safe use in ovo. 

 

The knockdown of Akt1 or Akt2 did not provoke a significant decrease in the 

tumor weight in both cell-line models. Despite that, trends of a decrease in the 

tumor weight were displayed with Akt1 knockdown in the case of HepG2 cells 

and Akt2 in the case of MV4-11 cells. The dichotomy of the isoforms between the 

tumor cell line and the macrophage cell line is interesting. It reflects upon the cell-

dependent role of Akt isoforms. And it suggests that upon the targeting of one 

isoform over the other, the cell identity is a factor to be taken into account. In the 

literature, siRNA targeting of Akt1 or Akt2 or Akt3 in the context of prostate 

cancer showed prominent antitumorigenic effects [340]. However, the siRNAs 

used were not validated for their off-target effect. Which raises the question of 

specificity of the siRNAs? Other studies that target Akt by siRNAs stress on the 

necessity of knocking down the 3 isoforms of Akt simultaneously to elicit an effect 

on apoptosis in vitro [341]. Or else, knocking down Akt was in the interest of 

combination therapy, like in the case of breast cancer where knocking down Akt 
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was for the purpose of sensitizing the cancer cell to chemotherapy, rather than to 

elicit an antitumorigenic function by itself [342]. 

 

However, the absence of a strong antitumorigenic effect in this model can be 

explained by:   

i) the dose of the administered complex of AD-designed siRNA was not 

sufficient to mount a significant effect.  

The doses administered in the in ovo model were 0.025 mg/kg and 0.05 mg/kg of 

the complex of the AD at N/P ratio 5 and siRNA concentration of 50nM. Since no 

cytotoxicity has been shown throughout the study and in both cell lines, the 

speculation about the dose administrated complex is valid and perhaps upon the 

increase in the dose administered, the system would be pushed to show a 

significant antitumorigenic effect.  

ii) the knockdown efficiency was not sufficient to decrease the activity of the 

PI3K/Akt pathway enough to drive the antitumorigenic effect of the system. The 

knockdown efficiency was demonstrated to be up to a 10-fold decrease at the 

transcriptomic level and met by a 90% decrease at the protein level upon the use 

of LipofectamineRNAiMAX and the AD. Supposedly, the efficiency of the 

knockdown seen in the in cellulo context was the same as the one seen in the in ovo 

graft model, the effect is thus, not cell-line dependent (the 4 liver cell lines studied 

and the macrophage cell line), or physiologically dependent (in cellulo and in ovo), 

it is at the molecular level. 

 

Molecular consequences of siRNA-mediated knockdown of Akt1 and Akt2 

Following the compiled data of the in cellulo and in ovo studies, we raised the 

following question: what is the effect of the decrease in the expression level of Akt1 

or Akt2, at the transcriptomic and proteomic level, on the activity of the isoforms 

and further the PI3K/Akt pathway? 

To answer the question, first we assessed the phosphorylation level of the different 

isoforms after the single or the double knockdown of Akt1 and/or Akt2 by the 

designed siRNAs. In the case of the single knockdown of Akt1 in HepG2, Huh7, 

Hep3B and PLCϒ/PRF/5 cell lines the phosphorylation level of Akt1 decreased up 

to 73%. And in the case of the knockdown of Akt2, the corresponding 

phosphorylation of dropped by up to 70%. The compensation of one of the Akt 

isoforms by the other was only evident in HepG2 cells upon the knockdown of 

Akt2, where a subsequent increase in the expression of Akt1 was shown at the 

protein level. Despite that, the level of phosphorylated Akt1 remained unchanged 

compared to the mock. Of note, the knockdown of Akt1/2 was 90%. In this setting, 
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it could be established that the remaining 10% of each expressed isoform results 

in a 30% level of phosphorylation. Moreover, in the case of the simultaneous 

knockdown of both isoforms, the phosphorylation of both isoforms decreased also 

by 70%. This signifies no additive effect on the activated Akt of either isoform 

when compared to the single knockdown conditions Thus, implying that the cells 

tend to compensate the loss of the expression by increasing the phosphorylation, 

and thus the activation, of the remaining Akt isoform.  

The most plausible scenario, explaining the observed maintained activity of Akt 

isoforms, despite the single or double knockdown, is that the cells tend to maintain 

a basal activated state of the Akt isoforms regardless of the level of their 

expression.  

The effect of the decrease of the phosphorylation was further assessed on the 

PI3K/Akt pathway, using 2 cell lines (Huh7 and HepG2). The tested targets were 

divided into two categories: the direct effect and the indirect effect, explicitly 

explained in the results section. The data demonstrate that the effect of the single 

knockdown of either of the isoforms or the knockdown of both simultaneously 

yield a prominent effect on the various downstream effectors of the PI3K/Akt 

pathway in a cell-dependent and isoform-dependent manner. Thus, conveying 

that despite the persisting basal activation of the Akt isoforms following the 

knockdown, the activity of the pathway overall was diminished in an isoform-

dependent and cell line-dependent manner.  

 

Consequently, the idea of compensatory mechanisms upon the single knockdown 

of either of the isoforms spurred, which could explain the absence of an 

antitumorigenic effect both in cellulo and in ovo. Moreover, an insight was needed 

as to why the knockdown and subsequent inhibition of both isoforms by the 

designed siRNAs did not mimic the effect seen by the chemical pan Akt inhibitor, 

ARQ092. For that, we set out to get an insight about the overall kinase activity of 

the different Ser/Thr kinases in Huh7, HepG2, and PLCϒ/PRF/5 cells following the 

knockdown of Akt1 and/or Akt2, in addition to the treatment with the chemical 

inhibitor ARQ092. The overall kinase activity analysis revealed a Ser/Thr kinase 

fingerprint for each of the different conditions in each cell line. The study was done 

in three independent experiments per cell line. The reproducibility of the results 

was evident within each cell line, however the kinase fingerprint of every 

condition between the cell lines was different.  
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Taking into consideration the PLCϒ/PRF/5 cell line in the case of the knockdown 

of Akt1, the predicted activity of the Ser/Thr kinases showed a mix of ones that 

were activated and others that were inhibited. This could account for the 

compensatory effect of the single knockdown of Akt1, and the absence of an anti-

tumorigenic effect. Explicitly, the predicted decrease in the kinase activity of 

AurB/Aur1, PKC delta, AuraA/Aur2, PKC alpha and theta, was also met by an 

increase in the activity of PCTAIRE2, RSKL2, and CDKL5. The kinases that were 

predicted to show an increase or a decrease in their activity are implicated in the 

control of cell proliferation. Hence, implying a neutralizing effect by the counter-

activation of the mentioned kinases. The Akt2 condition, however, predicted only 

a decrease in the activity of kinases without an evident increase in any particular 

kinase. Moreover, the same pattern was obtained in the case of the simultaneous 

knockdown of both isoforms. Interestingly, the ARQ092 treatment predicted a 

decrease in the Ser/Thr kinase activity of the same kinases in the case of the 

simultaneous knockdown of Akt1 and Akt2. Surprisingly, an additional inhibited 

kinase, CAMK4, was shown in the case of the double knockdown when compared 

to the ARQ092 condition.  

As far as Huh7 is concerned, the single knockdown of Akt1 or Akt2 predicted only 

a decrease in the Ser/Thr kinase activity. Thus, no suggestive evidence of a 

compensatory mechanism. Surprisingly, the simultaneous knockdown of both 

isoforms predicted activated pattern of the Ser/Thr kinases, and so did the 

ARQ092. However, there were no similarities between any of the activated kinases 

in the two conditions.  

On the other hand, the results with the HepG2 cell line in the case of the single 

knockdown of Akt1 or Akt2 and the simultaneous knockdown of both, predicted 

a decrease in the activity of the Ser/Thr kinases with no predicted increase in the 

activity of any serine/threonine kinase. The pattern of decrease was the same in 

the three conditions, however the Ser/Thr kinases predicted were different among 

the three. Similarly, the ARQ092 shows a decrease in a different set of 

serine/threonine kinases as well when compared to the single or the double 

knockdown conditions.  

Altogether, the overall kinase activity provides large number of parameters which 

remain to be integrated in precise scenario to become conclusive. On the one hand, 

the suggestive compensatory effect was evident with one cell line (PLCϒ/PRF/5) 

in the Akt1 single knockdown condition.  

On the other hand, the drastic difference in the kinase profile between the ARQ092 

treatment and the double knockdown suggests a different mode of action of the 

chemical inhibitors versus that of the siRNAs, which is intriguing. However, the 

high degree of inter-cell line variability hinders the possibility of having a grand 
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overview of the mode of action of either. Such a difference in the predicted kinases 

among the cell lines is justified when taking into consideration the different 

features of the cell lines: etiology, genetics, grade ….  

The data needs further deep analysis taking into consideration each kinase activity 

and the action behind it in every condition. Because, as the cellular pathways are 

complex and intertwining, the inactivation of a given Ser/Thr kinase could further 

result in the activation of different pathways downstream and vice versa. 

Moreover, the effect seen with this approach is merely on the Ser/Thr kinase 

family, however the effect of the knockdown by the designed siRNAs and/or the 

treatment with the chemical inhibitors, could extend into the tyrosine kinase 

family which, in this case, are not visualized.   
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X. CONCLUSIONS AND PERSPECTIVES 

We have developed a powerful tool for targeting Akt1 and Akt2, specifically, 

being able to decrease the expression of the different isoforms by up to 90% and 

their subsequent activity by up to 70%. Furthermore, the knockdown in cellulo was 

shown to downmodulate the activity PI3K/Akt pathway and its cross-talk 

partners, in an isoform and cell-dependent fashion. However, the specific 

targeting of Akt1 or Akt2 displayed no antitumorigenic effect, in cellulo and 

displayed trends of antitumorigenic activity in ovo. Contradictory to the pan-Akt 

targeting ARQ092, which displayed a prominent antitumorigenic activity in a 

cirrhotic rat model, mimicking HCC [162].  

The difference between the two strategies of targeting Akt through the two lies in 

the fact that:  

i) the siRNAs are more specific than the ARQ092.  

The consequences seen upon the treatment with the designed siRNAs are due to 

the sole action on one of the Akt isoforms or on both isoforms exclusively. This is 

a fact proven by the assessment of the predicted off-target activity of the designed 

siRNAs. However, the effect seen with ARQ092 has not been demonstrated to be 

exclusive to the Akt pathway. On that note, it has been shown that multiple cancer 

drug candidates kill tumor cells through off-target effects rather than by 

interacting with their intended molecular targets. The comparative efficiency of 

some drugs in wild type cells was shown to be the same as that in cells where the 

intended target of the drug was deleted by regularly interspaced short 

palindromic repeats (CRISPR)-Cas9 technology [343]. Thus, suggesting that the 

cytotoxic effect of the drug is not an “on-target” but rather an “off-target” effect 

Which unravels how little is known about the specific mode of action of drugs. 

The unseen interactions could be the real mechanism by which small-molecule 

drugs block cancer growth. The difference in the specificity of action between 

siRNAs and inhibitors could explain their different antitumorigenic effects 

 

ii) the siRNAs decrease the physical presence of the protein whereas 

in the case of ARQ092 the protein levels remain intact.  

The dynamic property of the cell relies on the most intricate processes from 

transcription to translation of the designated proteins, up until their ultimate 

activity. It could be inferred that a change in the amount of a protein in the cell 

could tip the scale of dynamic activity of the cell in a manner that is different than 

when the protein is solely inactivated. The scenario with the designed siRNA 

approach disrupts the transcriptional activity dynamic leading to a less protein 

expression. However, in the case of the ARQ092 treatment, the transcriptional and 

translational dynamic remains intact, and the effect is seen only at the level of the 
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activity. Which could be a playing factor in the different phenotypic and molecular 

consequences seen between the two approaches. 

iii) the degree of the inactivation of Akt in the case of ARQ092 is up 

to 100% [162], whereas the remaining 10% of Akt protein support 

30% of activity. 

 

The use of the chemical inhibitor ARQ092 ensures a total inactivation of the Akt 

isoforms, which is not the case with the designed siRNAs. The kinase activity 

serves a role in the overall dynamic of the cell. Therefore, the consequence of a 

total inactivation of the pathway would not be the same as in the case where there 

is a remaining basal activity. In our case, and upon the use of the designed siRNAs 

for single or double targeting of the Akt isoforms, a 30% of basal Akt activity 

remains evident. This could explain the fact that the system was not inhibited 

enough to display the antitumorigenic activity attained with the chemical 

inhibitor.  

 

Given the compiled results obtained in our study, further studies remain to be 

done to reach the full understanding of the designed siRNAs’ activity vs that of 

the inhibitor and the preferential roles of Akt1 and Akt2 in HCC carcinogenesis.  

First, a deep analysis of the data given by the Pamgene and the predicted state of 

the Ser/Thr kinases is to be done to ascertain in detail the consequences of the 

predicted activation/inactivation of each kinase in every condition. Furthermore, 

the integration of these data with that of the consequences seen on the PI3K/Akt 

pathway will be valuable in order to validate the predictions.  

Second, to assess the effect of the specific complete inactivation of the Akt 

isoforms, the Crisper-Cas9 technology would permit the complete deletion of the 

different Akt isoforms from the cell. However, such an approach still modulates 

the dynamic of the cell. For that, another approach would be the directed 

mutagenesis toward the Ser473 and Ser474 in the Akt1 and Akt2 isoforms, 

respectively, which could better mimic the chemical inhibitor scenario, by 

displaying a total inactivation of the isoforms without affecting the translational 

machinery of the cell and thus its dynamics. Such an approach would also 

ascertain the specific effect of the designed siRNAs versus the pleotropic effect of 

chemical inhibitor.  

Third, the combination of different treatment strategies could be beneficial in 

terms of HCC treatment. This has already been established in the case with the 

combination of ARQ092 (Akt chemical inhibitor) and Sorafenib (a clinical 

treatment option for HCC) [163] , and more interestingly, the combination of the 

RNAi strategy with immune checkpoint inhibitors [344] the combination therapy 

would take advantage of the specificity of the RNAi therapy to tweak the 
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expression of a specific protein, which is needed to boost the activity of its partner 

treatment.  

Finally, despite the lack of the designed siRNAs’ ability to elicit an antitumorigenic 

effect in the context of HCC, they keep their potency as tools to modulate the 

expression of Akt1 and Akt2 isoforms. Thus, it is empirical to assess their use in 

other fields where the effect of solely targeting Akt could be more pronounced. 

The tumor itself is not the sole player in the carcinogenesis of HCC. The TME plays 

a crucial role in the early stages of HCC as well as its continuous thriving [6]. For 

that, it is crucial that we assess the effect of the designed siRNAs and the fine 

tuning of the Akt isoforms on effectors of the TME, specifically immune cells. As 

demonstrated in the introduction the Akt isoforms display their dichotomy in 

regulating the different roles of the different immune cells. Thus, modulating the 

activity of the different Akt isoforms, without the need of their complete 

inactivation, and taking into advantage their ability to compensate each other in 

these cells, could tip the scale towards an anti-tumorigenic TME rather than a pro-

tumorigenic TME.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        The show must go on… 
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XII. ANNEXES 

Review 1 

The COVID-19 outbreak and the deterioration of the sanitary situation in France 

and the world, took its toll on the experimental work that I could do. During the 

first confinement in 2020, I was not able to go to the Lab, so, I used the time to 

write a review about the crosstalk between the tumor and its TME, and the use of 

RNAi in HCC. The article was published later on the 24th of July 2020.  

The article is attached below. 
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Review 2 

Since my thesis work focused on targeting Akt and its possible use as a treatment 

in HCC. The next step was to establish a bibliographic background about Akt, its 

implication in the function of the different cells and its inhibition via chemical 

inhibitors. This bibliographic background was put in use to write the second 

review article which was published on the 11th of February 2021. 

The article is attached below.  
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