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Summary 

 Hepatocellular carcinoma (HCC) is a global health challenge, ranking as the fourth leading cause of 

cancer-related deaths, and is predicted to increase in both incidence and mortality rates in the coming 

years. The persistent high mortality associated with HCC is primarily attributed to late diagnoses and 

limited therapeutic options. Recent strides in clinical practice, particularly the combination of targeted 

therapy and immunotherapy, have slightly improved outcomes in advanced-stage HCC. The modest 

progress observed can be attributed to the substantial heterogeneity of the disease. Thus, there is an urgent 

need for the identification of novel therapeutic targets, potentially in combination with immune 

checkpoint inhibitors, to address the intricate variability of the conditions for a more personalized and 

effective approach. 

  Aurora Kinase A (AURKA), belonging to the Aurora family of serine/threonine kinases, plays a 

pivotal role in mitosis, particularly in the G2/M transition. Beyond the canonical function, AURKA 

is involved in other cellular processes, including primary cilium remodeling, neuromorphogenesis, and 

mitochondrial fission. AURKA overexpression has been observed in numerous tumor types, including 

HCC, where it is implicated in critical oncogenic processes such as proliferation, survival, migration, 

and invasion. Recent findings in various cancer types revealed an intriguing role of AURKA in 

Programmed Death-Ligand 1 (PD-L1) regulation and immune response to the tumor. However, the 

regulatory interplay between AURKA and PD-L1 is still unexplored in HCC. 

This study aims to comprehensively investigate the expression patterns of AURKA and its 

interactors in both HCC and precancerous conditions and to evaluate the molecular and cellular 

effects of inhibiting and silencing AURKA in vitro, with a specific focus on the regulatory influence 

on PD-L1. The project employed a translational approach, by integrating the analysis of human liver 

samples, a transgenic (TG) mouse model of HBV infection leading to HCC, and two HCC-derived 

cell lines (JHH6 and Huh7 cells). The human liver samples utilized in our study were sourced from HCC 

patients (n=56), individuals with metabolic dysfunction-associated steatotic liver disease (MASLD) 

(n=17), and subjects with healthy livers (n=14). The animal model was the HBV-TG mice C57BL/6J-

TG(ALB1HBV)44BRI/J progressing to HCC within 12 months. 

The analysis of human samples revealed significant overexpression of AURKA mRNA in HCC, with 

75% of the tumor tissues showing elevated levels compared to adjacent non-tumor tissues. AURKA 

exhibited a consistent gradual increase with the hepatocarcinogenesis progression, demonstrating 



Summary 

VIII 

 

diagnostic potential for HCC in patients with chronic liver disease. Corroborating these findings, the TG 

mouse model reflected a similar increase in Aurka expression as tumors developed when compared to 

pre-tumoral stages and adjacent non-neoplastic tissues. In HCC patients, AURKA's expression positively 

correlated with several oncogenes, including TPX2 Microtubule Nucleation Factor (TPX2), PD-L1, and 

KRAS Proto-Oncogene, GTPase (KRAS). This positive correlation with TPX2 and PD-L1 extended to 

pre-cancerous conditions, with the expression of both genes increasing with disease progression. 

Surprisingly, AURKA protein expression exhibited a reduction in 83% of tumors compared to 

adjacent non-tumoral tissues. This discrepancy in expression levels might stem from differential post-

transcriptional regulation, resulting in distinct isoforms of AURKA mRNA with varying translation 

efficiencies. The highest AURKA expression was observed in steatotic tissues, suggesting a potential non-

canonical role of AURKA in steatosis and fibrosis. However, our analysis revealed a higher percentage 

of phosphorylated AURKA on the Thr288 residue specifically within the tumor tissue. This 

phosphorylation pattern is an indicator of heightened kinase activity in the HCC tumor microenvironment. 

However, the increased kinase activity did not correlate with cell proliferation, as evidenced by Ki67 

staining, suggesting potential non-canonical roles to further elucidate. 

PD-L1 expression increased in tumor tissues compared to adjacent non-tumoral tissues, particularly 

in the non-mature unglycosylated forms, while the glycosylated mature forms were stable. This can 

represent the initial step for subsequent membrane localization of PD-L1, promoting the immune escape 

of tumor cells. Alternatively, it can suggest a potential non-immunological, pro-oncogenic role of PD-L1 

within tumor cells. Novel evidence observed PD-L1 involvement in epithelial-mesenchymal transition 

(EMT), glucose and lipid metabolism, stemness, and autophagy.  

The two selected HCC-derived cell models exhibited elevated AURKA expression and displayed a 

strong dependency on AURKA for their growth. To efficiently inhibit AURKA kinase activity, we 

employed two inhibitors, alisertib and AK-01, as well as a siRNA targeting AURKA to modulate total 

AURKA expression. Both AURKA inhibitors effectively reduced AURKA enzymatic activity, with AK-

01 showing superior inhibition. Interestingly, in JHH6 cells, AURKA inhibition triggered an increase in 

both AURKA mRNA and AURKA protein expression, suggesting the activation of a compensatory 

mechanism to generate new enzymatically active AURKA proteins in response to the inhibition of 

phosphorylated protein. The varied response observed in the two cell lines, particularly the higher 

effectiveness of AURKA inhibition treatments in JHH6 cells could be attributed to the distinct HCC 

subtypes of the two cell lines, emphasizing the importance of considering tumor heterogeneity in 

therapeutic strategies.  
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AURKA inhibition led to disruptions in cell mitosis, manifesting as centrosomal disorganization, 

defective mitotic spindle assembly, incorrect chromosome alignment, impaired chromosome separation, 

and incomplete cytokinesis. These disruptions induced cellular stress, resulting in a gradual reduction in 

cell viability over time. Despite their resistance to apoptosis, cancer cells progressed through anaphase 

and telophase but failed to complete cytokinesis accurately, promoting the accumulation of multiple 

chromosomes and the formation of aneuploid cells.  

Silencing AURKA significantly reduced both AURKA mRNA and protein expression in the two cell 

lines. Consistent with chemical inhibition, AURKA knockdown disrupted cell mitosis, leading to an 

increased population of aneuploid cells and a reduction in cell viability over time. 

In vitro, AURKA exerts regulatory control over PD-L1 through two distinct mechanisms. The kinase-

mediated activity of AURKA is crucial in influencing PD-L1 protein glycosylation and stabilization, 

while the presence of AURKA protein, irrespective of its kinase activity, has a notable impact on PD-L1 

transcription. Indeed, the treatment with the AURKA inhibitor AK-01 decreased PD-L1 glycosylated 

mature forms, triggering a compensatory mechanism that promoted new PD-L1 transcription. 

Conversely, AURKA knockdown led to a decrease in PD-L1 promoter activation, PD-L1 mRNA, 

and newly translated PD-L1 protein forms. 

In conclusion, our study revealed the multifaceted roles of AURKA in the HCC progression, 

uncovering its potential as a biomarker and a therapeutic target. The intricate interplay identified 

between PD-L1 and AURKA presents a potential avenue for the development of more precise and 

effective therapeutic strategies. Combining AURKA inhibitors with immune checkpoint inhibitors 

holds promise, offering a synergic approach that could significantly benefit HCC patients. 
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Chapter 1 - Introduction 

1.1 Hepatocellular carcinoma: A worsening global burden 

Liver cancer is the sixth most common tumor worldwide in 2020, with more than 906.000 cases 

annually, and the fourth leading cause of cancer-related death, with approximately 830.000 deaths 

per year [1]. The highest age-standardized incidence and mortality rates (ASRs) occur in Eastern Asia 

(17.8 new cases and 16.1 deaths per 100,000 people), Northern Africa (15.2 new cases, 14.5 deaths), 

and South-Eastern Asia (13.7 new cases, 13.2 deaths). A similarity between the number of cases and 

deaths underlines the high mortality of this disease. The number of new cases and deaths of liver 

cancer per year will increase by 55.0% and 56.4%, respectively, between 2020 and 2040, with a 

possible 1.4 million people diagnosed and 1.3 million dying in 2040. Liver cancer has a strong male 

predominance, indicated by the 1.2-3.6 times higher ASR among males compared to females in all 

world regions [2].  

Hepatocellular carcinoma (HCC) is a primary liver tumor that represents approximately 75-85% 

of all liver malignancies [1,2]. Its name derives from the term “hepatocytes”, the cell type from which 

HCC originates [3]. HCC is a progressive disease, mostly developed (>90% of cases) in patients with 

chronic liver inflammation, fibrosis, and cirrhosis. Despite a marked improvement in overall patient 

management in the last decades, HCC remains a malignancy with an unfavorable prognosis [4].  

1.1.1 From risk factors and molecular mechanisms to diagnostic advances in HCC 

HCC is a life-threatening malignancy triggered by chronic exposure to hepatitis B and C viruses, 

excessive alcohol intake, hepatic lipid droplet accumulation, and aflatoxins [5]. Long-term exposure 

to these risk factors determines a chronic liver inflammation that often results in cirrhosis, the main 

predisposing condition for HCC development [1].  

The occurrence of the risk factors depends on geography, ethnicity, age, and lifestyle habits, 

which deeply marks a variability in the incidence of HCC worldwide [5]. Chronic infection of 

Hepatitis B Virus (HBV) is the major etiological factor in most parts of Asia (except Japan), Andean 

Latin America, and Western Africa, while Chronic Hepatitis C Virus (HCV) in Northern Africa, 

North America, Western Europe, Japan, and the Middle East [1] (Figure 1). Metabolic dysfunction-

associated steatotic liver disease (MASLD) – formerly named Non-alcoholic fatty liver disease 
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(NAFLD) – has become the major cause of cirrhosis in most developed countries during the last few 

years (Figure 1). MASLD is defined as the presence of hepatic steatosis in conjunction with one 

cardio-metabolic risk factor and no other discernible cause [6,7]. Alcohol abuse is a prevalent risk 

factor for HCC in Central and Eastern Europe, South Latin America, and Southern Africa [1] (Figure 

1). Heavy alcohol consumption (≥3 drinks/day) promotes a ~16% increase in liver malignancies [8].  

 

Figure 1.  The global incidence of HCC and the major etiological factors involved in 

hepatocarcinogenesis [1]. The Hepatitis B virus (HBV) is the main risk factor in most parts of Asia, South 

America, and Africa; while the Hepatitis C virus (HCV) is in Western Europe, North America, and Japan. 

Alcohol intake represents ~50% of etiologies in Central and Eastern Europe. HBV, Hepatitis B virus; HCV, 

Hepatitis C virus; NASH, Non-alcoholic steatohepatitis, recently renamed MASH, Metabolic dysfunction-associated 

steatohepatitis; ASR, Age-standardized incidence rate. 

The progression from cirrhosis to HCC is initiated by a gradual accumulation of somatic 

mutations and copy number variations in driver genes. Among the most frequent alterations is the 

reactivation of telomerase (observed in 80% of HCC cases), which occurs via Telomerase Reverse 

Transcriptase (TERT) promoter mutations, viral insertions, chromosome translocations, or gene 

amplifications. Another common alteration is the activation of the Wingless-related integration site 

(Wnt)–β-catenin signaling pathway, identified in 30–50% of cases. This activation results from 

mutations in key genes such as Catenin β1 (CTNNB1), AXIN1, or APC Regulator of WNT Signaling 

Pathway (APC) inactivation [1]. Further alterations occur in genes involved in cell cycle control 

pathways, such as Tumor Protein P53 (TP53) and Cyclin-Dependent Kinase Inhibitor 2A (CDKNA2), 

oxidative stress (Nuclear Factor Erythroid 2-Related Factor 2 (NFE2L2), Kelch Like ECH 

Associated Protein 1 (KEAP1), and chromatin modification (AT-Rich Interaction Domain 1A 

(ARID1A)), as well as in the pathway involving AKT Serine/Threonine Kinase (AKT), Mechanistic 
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Target of Rapamycin Kinase (mTOR), and Mitogen-activated protein kinase (MAPK) [1,9–11]. The 

high heterogeneity both at the intratumoral and inter-patient levels of HCC makes more challenging 

the comprehension of the molecular mechanisms of hepatocarcinogenesis [12,13]. 

The American Association for the Study of Liver Diseases (AASLD), the European Association 

for the Study of the Liver (EASL), and the Asian Pacific Association for the Study of the Liver 

(APASL) recommend a surveillance program for patients with a high risk of HCC development to 

diagnose cancer at early stages and increase the possibilities of providing curative treatments. These 

patients are recommended to undergo ultrasonography (US) every six months, with or without serum 

α-fetoprotein (AFP) analysis. US has low sensitivity (~47%) for early-stage HCC, which is partially 

increased by the analysis of serum AFP to 48-75% [14]. Additional diagnostic imaging tests, such as 

computed tomography (CT) and dynamic contrast-enhanced magnetic resonance imaging (MRI), are 

employed when dealing with lesions larger than 1cm in diameter or with AFP levels above 20ng/mL 

[1].  

Beyond ultrasonography and diagnostic imaging, molecular biomarkers provide an additional 

way for HCC detection. Notably, the GALAD score, an acronym derived from the initials of each 

biomarker, integrates Gender and Age with the molecular biomarkers Lens culinaris agglutinin A–

reactive fraction of AFP (AFP-L3), AFP, and Des-carboxy-prothrombin (DCP) [15]. A 

comprehensive meta-analysis encompassing 3,739 patients from 9 different studies investigated the 

overall diagnostic performance of the GALAD score in detecting early-stage HCC in patients with 

chronic liver diseases. The study revealed a moderate sensitivity (0.73 (95%CI: 0.66–0.79)) and high 

specificity (0.87 (95%CI: 0.81–0.91)) of GALAD score in HCC detection [16]. Despite 

advancements in technology, concerted preventive campaigns, and surveillance initiatives in recent 

decades, only a restricted number of patients receive an early-stage diagnosis. Most HCC patients are 

diagnosed at advanced tumor stages, yielding a five-year survival rate of 20-40% [14]. Thus, persists 

a crucial clinical need for the identification and integration of novel biomarkers for HCC diagnosis. 

 

1.1.2 The treatment strategies for the different HCC stages: The urgency of new 

therapies 

Novel staging systems have been developed in the last three decades to stratify HCC patients 

according to the severity of the disease based on tumor-related features and preserved liver function, 
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critical elements for the maintenance of body homeostasis, which are gradually lost during tumor 

progression [17]. The Barcelona-Clinic Liver Cancer (BCLC) classification is recommended by the 

EASL and AASLD [18] and classifies HCC patients into five stages (0, A, B, C, and D) based on 

tumor status (size, number, vascular invasion, lymph node, and metastases), liver function (Child-

Pugh score and Albumin-Bilirubin (ALBI) score), and overall health status (Figure 2). This 

classification helps clinicians predict prognosis and decide the best treatment strategy for HCC 

patients [19]. The decision-making process considers various factors such as tumor burden, the 

severity of liver dysfunction, medical comorbidities, and patient preferences [14].  

 

Figure 2. BCLC staging system and related treatment strategies [19]. The BCLC system establishes 

a prognosis and a first-line treatment recommendation in accordance with the 5 stages (0, A, B, C, and D). 

AFP, ɑ-fetoprotein; ALBI, Albumin-Bilirubin; BCLC, Barcelona Clinic Liver Cancer; BSC, Best supportive care; ECOG-PS, 

Eastern Cooperative Oncology Group-performance status; LT, Liver transplantation; MELD, Model of end-stage liver disease; 

TACE, Transarterial chemoembolization. 

The available treatment options for HCC remain restricted compared to other types of solid 

tumors. Patients diagnosed at early stages (BCLC 0/A) have a >5 years median of expected survival 

after treatments, which decreases to >2.5 years in intermediate stages (BCLC B), and >2 years in 

advanced stages  (BCLC C) [19] (Figure 2). Patients diagnosed at terminal stages (BCLC  D) have 

an expected median survival of 3 months and are only eligible for palliative therapies [1,19] (Figure 

2). 
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The management of very early-stage (BCLC 0) and early-stage patients (BCLC A) includes 

potentially curative treatments (hepatic resection, liver transplantation (LT), and ablation) (Figure 2) 

with ~70–80% of a 5-year survival rate. The eligibility of patients for ablation, resection, or LT is 

determined by factors such as liver function, portal hypertension, performance status, and tumor 

characteristics [1]. For multifocal (≤3 nodules ≤3cm each) tumors, LT is the best option strategy 

boosting a survival rate of 70% and a recurrence rate of 10–15% at 5 years, while ablation and 

recurrence have a high risk of HCC recurrence [1,19]. The BCLC B stage can be divided into three 

subgroups (Figure 2), according to tumor burden and liver functions. Patients with well-defined HCC 

nodules are candidates for LT (Figure 2), patients with preserved portal flow and defined tumor 

burden are eligible for transarterial chemoembolization (TACE) (Figure 2), and patients with diffuse, 

infiltrative, and extensive bilobar liver involvement are recommended for systemic therapy (Figure 

2). During TACE, the chemotherapy is delivered to the tumor and causes embolization of the tumor 

microcirculation. This therapy has a median overall survival (OS) of the patients estimated at ~30 

months [1,19].  

From 2007 to 2017 the only available first-line option for the treatment of BCLC C patients was 

the multikinase inhibitor sorafenib, which targets Vascular endothelial growth factor receptor 

(VEGFR)-1, VEGFR-2, and VEGFR-3, Platelet-derived growth factor receptor (PDGFR), and Raf-1 

proto-oncogene serine/threonine kinase (RAF1) [14]. In 2018, the approval of the multikinase 

inhibitor lenvatinib represented a notable advancement. Lenvatinib demonstrated a slightly higher 

median OS (13.6 months) compared with Sorafenib (13.2 months) [1]. However, the current first 

choice as first-line treatment for BCLC C patients is the combination of an immune checkpoint 

inhibitor (atezolizumab) with an oncogene-targeted therapy (bevacizumab) (Figure 2) approved by 

the Food and Drug Administration (FDA) in May 2020 [1].  

The phase III IMbrave150 study revealed a superior survival benefit of atezolizumab-

bevacizumab (median OS of 19.2 months) compared to sorafenib (median OS of 13.4 months) [20]. 

Bevacizumab acts by selectively binding circulating Vascular Endothelial Growth Factor (VEGF), 

while Atezolizumab (IgG1 anti-Programmed death – ligand 1 (PD-L1)) is a drug that binds and blocks 

PD-L1 interaction with its receptor Programmed Death-1 (PD-1) promoting T cell response and 

inhibiting tumor immune evasion [21,22]. Oncogene-targeted therapies in cancer treatment can 

provide a high response in patients that timely leads to resistance, while immunotherapy has a 

relatively low response in patients but with consistent prolonged effects. Thus, the combination of 
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immune checkpoint inhibitors and oncogene-targeted therapy can improve the efficacy and long-term 

effectiveness of the treatment [23].  

An alternative first-line treatment is represented by the combination of durvalumab (anti-PD-L1 

monoclonal antibody) and tremelimumab (anti-Cytotoxic T Lymphocyte-Associated Antigen 4 

(CTLA-4) monoclonal antibody) [19] (Figure 2). The phase III HIMALAYA trial showed that a 

single priming dose of tremelimumab added to durvalumab significantly prolonged the survival 

(median OS of 16.4 months) compared to sorafenib (13.8 months) and durvalumab as monotherapy 

is not inferior to sorafenib in first-line therapy [24].  

The advent of recent therapies has increased advanced patients ' expected survival to two years or 

more. However, the demand for novel therapies that can markedly improve patient survival persists. 

The exploration of combining multiple drugs, particularly immune checkpoint inhibitors and 

oncogene-targeted therapies, represents a promising direction for further investigation. 

 1.2 Aurora kinase A: A protein with multifaceted roles 

The Aurora kinase family is a group of serine/threonine kinases that regulates mitotic cell division 

(mitotic entry, spindle assembly, and cytokinesis), fundamental processes for maintaining the fidelity 

of genetic information [25]. Their family name originated from the observation that aurora-mutated 

Drosophila melanogaster cells failed to correct duplicate and separate their centrosome during 

mitosis. This results in the formation of defective spindles, characterized by monopolar configuration 

rather than the typical bipolar spindle, which resemble the aurora borealis phenomenon [26]. In 

mammals, the three members of the Aurora kinase family are Aurora Kinase A (AURKA), Aurora 

Kinase B (AURKB), and Aurora Kinase C (AURKC) [27]. AURKA and AURKB are expressed in 

most somatic cell types where they regulate cell division during mitosis, whereas AURKC is 

predominantly expressed in germ cells and early embryos where it regulates meiosis [10,25,26,28]. 

However, recent evidence showed that AURKC can also modulate mitosis [26,29]. 

1.2.1 AURKA protein structure 

AURKA gene maps on human chromosomes 20q13.2 [27] and encodes for at least 16 known 

transcript variants [30]. The reference transcript encodes for a 403 amino acid (aa) protein constituted 
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by a kinase domain flanked by two non-catalytic domains, known as the N-terminal domain (length: 

39-139aa) and the C-terminal domain (15–20aa) [27].   

The AURKA kinase domain is constituted by a β-stranded N-terminal lobe and an α-helical C-

terminal lobe linked together by a hinge region, and an Adenosine triphosphate (ATP)-binding 

pocket. The hydrogen bonds link the purine ring of adenosine to the hinge region [27]. An 

intermolecular trans-reaction within the two-lobed AURKA domain triggers autophosphorylation on 

the conserved catalytic T-loop residue (Thr288) of the C-terminal lobe, followed by a 3D 

conformation change of the kinase catalytic ATP-binding pocket. This conformational alteration 

involves the opening of the catalytic loop, thereby activating the kinase activity [31,32] (Figure 3). 

The C-terminal domain orchestrates the interactions with co-factors that govern protein conformation, 

while the N-terminal domain plays a pivotal function in the interaction with its protein partners, 

thereby regulating AURKA localization and function [27].  

 

Figure 3. AURKA structure. (A) Human AURKA in a close conformation bound to the inhibitor 

CD532 [33], structure 4j8M, taken from the protein data bank PDB database. (B) Human AURKA in an 

open conformation in complex with ATP [34], structure 5DNR, taken from the protein data bank PDB 

database. Phosphorylation on the activation loop switches the kinase into an active T-loop conformation 

required to provide access to ATP and substrates. 

 

1.2.2 The fundamental role of AURKA in mitosis 

AURKA plays a pivotal role in the regulation of the mitotic process, particularly in G2/M 

transition, centrosome maturation, mitosis entry, and mitotic spindle formation [27,35]. AURKA 

levels are low in the G1 phase, but as the cell cycle progresses, there is an increase in transcription 

A B 
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and protein accumulation within nuclei. This elevation begins towards the end of the S phase and 

reaches its peak during the G2 phase [36,37].  

The tight regulation of AURKA transcription during the cell cycle is orchestrated by specific 

elements located in its promoter region, namely the Cell cycle-dependent element (CDE) and Cell 

cycle gene homology region (CHR) [36]. The DP/RB-like/E2F/MuvB (DREAM) binds on the CHR 

facilitated by CDE playing a pivotal role in either activating or repressing transcription [38]. 

During mitosis, the phosphorylation on Thr288 plays a fundamental role in regulating the kinase 

activity of AURKA, enabling a correct mitotic process. It can be initiated by AURKA through 

autophosphorylation [27] or with the involvement of several co-factors, including Ajuba LIM Protein 

(AJUBA) [39], Targeting Protein for Xenopus Kinesin-Like Protein 2 (TPX2) [40], and Protein 

Aurora Borealis (BORA) [41] (Figure 4). The Thr288 phosphorylation triggers the activation of 

AURKA subsequently prompting the phosphorylation of its co-factor, BORA, thus increasing the 

kinase activity of AURKA [41]. Consequently, AURKA can phosphorylate and activate the Cyclin-

Dependent Kinase 1 (CDK1)-Cyclin B complex to unlock the G2/M checkpoint [39] (Figure 4). 

During the G2/M transition, AURKA localizes in the centrosome and contributes to its maturation 

before mitotic entry [27]. The localization of AURKA at the centrosome is facilitated by two distinct 

mechanisms. The N-terminal domain promotes AURKA interaction with the centrosomes [42,43] 

and the CDK11 increase during prophase contributes to its recruitment [27].  

Before spindle assembly, AURKA whose activity is maintained by AJUBA, recruits peri-

centriolar material (PCM) proteins such as Centrosomin, Large Tumor Suppressor 2 (LATS2), and 

Breast Cancer Type 1 (BRCA1) to organize the microtubule-organizing center (MTOC) [44–46] 

(Figure 4). LATS2 recruits γ-tubulin and BRCA1 promotes microtubule nucleation during 

centrosome maturation [44,47]. At metaphase, AURKA localizes to the proximal microtubule spindle 

and targets microtubule-associated proteins to assemble the mitotic spindle [27] (Figure 4). During 

the initial spindle assembly, TPX2 allows the maintenance of AURKA’s active conformation, 

protecting the kinase from dephosphorylation by Protein Phosphatase (PP)1 and PP6 [27,29].  

The second part of the mitotic process is regulated by AURKB promoting spindle assembly 

checkpoint crossing, triggering sister chromatids separation, and phosphorylating some cytoskeleton 

regulatory proteins (including Vimentin and Desmin) at the midbody to organize the cleavage furrow 

for cytokinesis [27].  
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To enable the progress of the cell cycle, AURKA inactivation and degradation are essential 

processes during the phase known as "mitotic exit" [48]. These two processes operate independently, 

each involving different actors. The Anaphase-Promoting Complex/Cyclosome (APC/C), along with 

its co-activator Cell Division Cycle 20 (CDC20), recognizes TPX2 and promotes its destruction. The 

loss of interaction with TPX2 triggers the dephosphorylation of AURKA at Thr288, subsequently 

promoting PP1-mediated inactivation [49]. In the degradation process, APC/C is assisted by the 

coactivator Fizzy and Cell Division Cycle 20 Related 1 (FZR1). The APC/C-FZR1 complex 

recognizes AURKA as one of its substrates and catalyzes the transfer of ubiquitin molecules to 

specific lysine residues [50,51] in conjugation with two E2 ubiquitin enzymes. This ubiquitination 

process targets the substrate for proteasome-mediated degradation [52] (Figure 4). The inactivation 

and degradation of AURKA are crucial to ensure the correct progression of the cell cycle, preventing 

potential errors or anomalies. 

 

Figure 4. AURKA’s roles during mitosis. AURKA is primarily activated by its auto-phosphorylation 

on Thr288 (phospho-AURKA (p-AURKA)), which is promoted by several co-factors including the Ajuba 

LIM protein (AJUBA), the Targeting Protein for Xenopus Kinesin-Like Protein 2 (TPX2), and the Protein 

Aurora Borealis (BORA). Once activated, AURKA phosphorylates and activates Cyclin-Dependent Kinase 

1 (CDK1)-Cyclin B complex to unlock the G2/M checkpoint. In the G2/M phase, AURKA promotes 

centrosome maturation, mitotic entry, mitotic spindle formation, spindle assembly checkpoint (SAC) 

establishment, and cytokinesis. As mitosis concludes, AURKA’s degradation is mediated by Anaphase-

Promoting Complex/Cyclosome (APC/C) through ubiquitin-mediated proteolysis. 
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1.2.3 AURKA: A protein with various functions besides cell cycle regulation 

AURKA mainly undergoes degradation through ubiquitin-mediated proteolysis during “mitosis 

exit” [50,53]. Nevertheless, recent evidence suggests the presence of an interphase pool of AURKA 

with diverse functions [54,55]. This pool can be preserved from proteasomal degradation, possibly 

due to the phosphorylation of the Ser51 residue [56]. The undegraded pool of AURKA has various 

non-mitotic physiological functions that vary according to the cell cycle phase, cellular localization, 

and cell type [54].  

In the M phase, AURKA phosphorylates Geminin (GMNN) on Thr25 residue, which preserves 

Chromatin Licensing and DNA Replication Factor 1 (CDT1) from degradation, thus promoting the 

initiation of DNA replication [57,58]. During interphase, AURKA (Thr288) autophosphorylation 

promoted by the scaffolding protein Neural Precursor Cell Expressed Developmentally Down-

Regulated 9 (NEDD9) results in Histone Deacetylase 6 (HDAC6) phosphorylation, which promotes 

the disassembly of the primary cilium, a process associated with the cells re-entering the cycle 

[59,60]. 

AURKA can localize in the nucleus and regulate various epigenetic factors, such as Chromobox 

3 (CBX3), also known as Heterochromatin Protein 1γ (HP1γ) [61], and histone H3 [62,63]. AURKA 

mediates the H3S10 phosphorylation, which promotes the transcription of Cell Division Cycle 

Associated 7 (CDCA7) and Cell Division Cycle 25A (CDC25A) and blocks the recruitment of the 

Euchromatic Histone Lysine Methyltransferase 2 (EHMT2) transcriptional repressor [63]. AURKA 

can also localize in mitochondria to regulate mitochondrial fission. It promotes the phosphorylation 

of Dynamin-Related Protein 1 (DRP1) on Ser616, triggering mitochondrial fission and ensuring the 

proper distribution of mitochondria to daughter cells [64,65].  

Finally, AURKA is abundantly expressed in post-mitotic neurons, cells that undergo neurite 

outgrowth, playing a central role in neuromorphogenesis [66]. Atypical Protein Kinase C (aPKC) 

phosphorylates AURKA on Thr287, facilitating the binding of TPX2 to AURKA. This interaction 

promotes AURKA phosphorylation on Thr288 [67], leading to the phosphorylation of NudE 

Neurodevelopment Protein 1 Like 1 (NDEL1) on Ser251 residue by AURKA [68]. The 

aPKC/AURKA/NDEL1 pathway promotes the formation of a functional MTOC during neurite 

extension [67]. 
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 1.3 Aurora kinase A in hepatocellular carcinoma: A potential therapeutic target  

The association between AURKA and malignant phenotypes has become increasingly evident 

over the years. AURKA frequently exhibits elevated levels in tumors (Figure 5), attributed to gene 

amplifications [69], single point mutations [70–72], and post-transcriptional regulation mechanisms, 

such as micro-RNAs (miRNAs) [10,73].  

 

Figure 5. AURKA expression in tumor and paired normal tissues from the GEPIA database 

(http://gepia.cancer-pku.cn/). In most tumor types (T, in red), AURKA expression is significantly higher 

compared to paired normal tissues (T, in green), except for acute myeloid leukemia (LAML) where it is 

markedly decreased. ACC, Adrenocortical Carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA, Breast Invasive 

Carcinoma; CESC, Cervical Squamous Cell Carcinoma And Endocervical Adenocarcinoma; CHOL, Cholangiocarcinoma; COAD, 

Colon Adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-Cell Lymphoma; ESCA, Esophageal Carcinoma; GBM, 

Glioblastoma Multiforme; HNSC, Head And Neck Squamous Cell Carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney Renal 

Clear Cell Carcinoma, KIRP, Kidney Renal Papillary Cell Carcinoma; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade 

Glioma; LIHC, Liver Hepatocellular Carcinoma; LUAD, Lung Adenocarcinoma; LUSC, Lung Squamous Cell Carcinoma; MESO, 

Mesothelioma; OV, Ovarian Serous Cystadenocarcinoma; PAAD, Pancreatic Adenocarcinoma; PCPG, Pheochromocytoma And 

Paraganglioma; PRAD, Prostate Adenocarcinoma; READ, Rectum Adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous 

Melanoma; STAD, Stomach Adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THCA, Thyroid Carcinoma; THYM, 

Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma; UVM, Uveal Melanoma. 

According to the Genome Expression Profiling Interactive Analysis (GEPIA) database 

(http://gepia.cancer-pku.cn/), 82% of tumors (27 of 33 tumor types, including breast, uterus, ovaries, 

liver, and lung) show high levels of AURKA expression, with log2 (transcripts per million [TPM] + 
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1) values ≥2 (Figure 5). Conversely, only 18% of cancer types exhibit AURKA expression with log2 

(TPM + 1) values <2 such as brain lower-grade glioma (LGG), prostate adenocarcinoma (PRAD), 

and thyroid carcinoma (THCA) [10,25] (Figure 5). 

1.3.1 AURKA dysregulation in HCC 

Numerous studies have investigated AURKA expression in HCC across publicly available gene 

expression datasets, collectively pointing to higher expression of AURKA mRNA in tumors compared 

to non-cancerous tissues [74–86]. AURKA expression is markedly increased in HBV+ HCC samples 

when contrasted with the paired HBV+ non-tumoral liver tissues in two distinct datasets, GSE14520 

(HBV+ HCC: 128.00 (78.79-219.79), HBV+: 26.35 (22.63-33.63)) and GSE121248 (HBV+ HCC: 

227.54 (155.42-335.46), HBV+: 80.45 (64.00-101.83)) [82]. The dysregulation of AURKA was 

further corroborated in a cohort of HCC patients from the National Taiwan University Hospital, where 

AURKA mRNA exhibited overexpression in 137 out of 224 (61%) tumors compared to the paired 

non-tumor portion of the liver [69] (Table 1).  

The overexpression extends beyond the mRNA level, as the AURKA protein is frequently 

elevated in HCC tumors. AURKA protein was significantly upregulated in 17 out of 22 HCC patients’ 

liver samples (77.3%) from the Tianjin Medical University Cancer Institute and Hospital [87]. 

Consistent findings of AURKA protein overexpression have been reported in Asian cohorts of HCC 

patients [88–90] (Table 1). 

 

Molecule AURKA 

expression 

HCC tissues 

(n) 

Paired non-tumor 

tissues (n) 

References 

mRNA Up 10 10 [77] 

mRNA Up 244  199 [69] 

mRNA Up 40 40 [81] 

mRNA / protein Up 46 46 [90] 

mRNA / protein Up 3 3 [88] 

Protein Up 22 22 [87] 

Protein 
Up (WB) 24 24 

[89] 
Up (IHC) 141 139 

WB, Western blot; IHC, Immunohistochemistry 

 

Table 1. Literature evidence of the AURKA expression in HCC tissues.   
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High levels of AURKA have been linked to clinical aggressiveness, poor outcomes, unfavorable 

prognoses, therapeutic resistance, and higher early recurrence risk in HCC patients [90,91]. HCC 

patients exhibiting high AURKA and AURKB expression (n=51) experienced significantly shorter 

OS and disease-free survival (DFS) rates compared to those with low expression in at least one of the 

two proteins (n=87) [89] (Table 1). Likewise, another study observed poor prognosis in patients with 

high AURKA levels (n=15) compared to patients with low AURKA expression (n=17). Higher 

AURKA mRNA expression was noted in intrahepatic metastasis (n=26) compared to primary HCC 

samples (n=20) [90] (Table 1).  

1.3.2 AURKA regulates multiple pathways in HCC 

 The precise mechanisms of AURKA action in cancer, particularly in HCC, are not fully 

elucidated, highlighting a gap in the existing literature. However, the reported overexpression of 

AURKA in HCC suggests its involvement in crucial oncogenic processes within cancer cells, such 

as proliferation, survival, migration, and invasion. These fundamental cancer hallmarks are 

modulated by diverse signaling pathways, where AURKA may exert a pivotal role, contributing to 

malignant transformation and disease progression [92–94].  

Beyond its critical role in cell cycle regulation, AURKA can also regulate cell proliferation 

through interactions with different oncogenes. In an in vitro HCC model (MHCC-97H), AURKA 

regulated MYC Proto-Oncogene, BHLH Transcription Factor (MYC) by binding to its Nuclear 

hypersensitive element III 1 (NHEIII1) region, thereby enhancing its transcriptional activity and 

promoting the malignant phenotype of the cells [95]. Additionally, another study revealed that 

AURKA contributes to MYC expression by facilitating its mRNA expression and inhibiting its 

protein degradation. In HCC, elevated expression of Inhibitor of Differentiation 1 (ID1) was 

associated with a worse prognosis. The competitive binding of ID1 to the APC/C-FZR1 complex 

promotes AURKA overexpression, leading to an increase in MYC expression, thereby fostering a 

highly malignant phenotype characterized by enhanced metastatic ability and drug resistance [96]. In 

a feedback loop, MYC enhances AURKA expression by binding to its promoter regions containing 

highly conserved E-box regions in the CpG islands, thus sustaining a malignant phenotype in HCC 

cell lines [95]. AURKA can additionally be regulated by the Hypoxia-Inducible Factor 1 (HIF-1). 

In hypoxic conditions, HIF-1 can transcriptionally regulate AURKA by binding to the hypoxia-

responsive elements in the AURKA promoter and recruiting the co-activator p300/CREB Binding 

Protein (CBP). AURKA promotes hyperproliferation, increased survival, and a more malignant 
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phenotype in HCC cell lines (HepG2 and BEL-7405 cells), by regulating downstream signaling AKT 

and P-38/ MAPK pathways [97].  

AURKA plays a role in epithelial-mesenchymal transition (EMT) and stemness by regulating the 

Phosphoinositide 3-kinases (PI3K)/AKT pathway. In the context of HCC metastasis following ion 

radiation, stable expression of AURKA in vitro cell lines (HepG2 and Huh7 cells) enhanced cell 

invasive ability. AURKA-overexpressing cells exhibited decreased E-cadherin and increased N-

cadherin and vimentin levels, markers of EMT. Simultaneously, overexpression of AURKA 

enhanced the levels of the markers of Cancer stem cells (CSC), such as CD133 and CD44 levels. 

These oncogenic processes are driven by an increase in AKT phosphorylation. Thus, AURKA 

knockdown suppresses radiation-enhanced cell invasiveness in HCC [90]. Additionally, interleukin 

enhancer binding factor 3 (ILF3), a double-stranded RNA-binding protein, was recruited by the 

KDM4A antisense RNA 1 (KDM4A-AS1) to promote the stability of AURKA mRNA, which resulted 

in increased activation of the PI3K/AKT signaling, consequently promoting EMT in vitro HCC 

models (Hep3B and Huh7 cells) and in vivo (BALB/C mice) [98].   

Resistance to apoptotic signaling is a common hallmark in HCC. AURKA contributes to this 

resistance by dysregulating the Nuclear Factor kappa B (NF-κB) signaling pathway, a key regulator 

of cell death and inflammation [99]. AURKA promotes the classical activation of NF-κB signaling 

by phosphorylating the NF-κB inhibitor ɑ (NFKBIA) on Ser32 and Ser36 residues, leading to the 

proteasomal degradation of the protein and the translocation of the NF-κB complex into the nucleus. 

In turn, this promotes the transcription of pro-survival target genes such as MCL1 Apoptosis 

Regulator BCL2 Family Member (MCL-1) and B-Cell Leukemia/Lymphoma 2 (BCL-2) [100]. 

Likewise, NF-κB nuclear localization promotes the expression of miR-21. This non-coding RNA 

negatively regulates Phosphatase And Tensin Homolog (PTEN) and obstructs Caspase-3-mediated 

apoptosis by upregulating antiapoptotic proteins, including p-AKT and BCL-2. Through 

AURKA/NF-κB/miR-21/PTEN signaling axis, dysregulated AURKA promotes a potential initiation 

of chemoresistance in vitro (HepG2, SMMC-7721, and Hep3B cells) and in vivo mice models [101].  

1.3.3 AURKA can be a target for liver cancer therapy 

AURKA is consistently overexpressed in HCC [74–90], playing pivotal roles in promoting 

proliferation, migration, and resistance to apoptosis [93–98,100,101]. Given its significant 

involvement in hepatocarcinogenesis, AURKA emerges as a potential candidate for therapeutic 

targeting in HCC. Recent evidence investigated the molecular mechanisms which determine the 
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efficacy of lenvatinib treatment in HCC. Docking algorithms predicted the non-covalent interaction 

between the molecular targets and the drug, based on unbound 3D structures, and AURKA was one 

of the possible targets of lenvatinib in HCC [102].  

Several compounds able to inhibit AURKA were identified in vitro and some of them were further 

explored in preclinical or clinical trials as potential cancer therapies. The initial generation of 

AURKA inhibitors comprises ATP-competitive inhibitors that bind to the ATP binding pocket of 

AURKA. The components of this group currently are the most tested inhibitors in clinical studies 

[103]. Novel types of AURKA inhibitors bind to an allosteric site, impeding either the kinase activity 

or AURKA protein-protein interactions. Pan-Aurora kinase inhibitors target multiple Aurora family 

members (AURKA, AURKB, and AURKC) with moderate specificity. Recently, newly designed 

pan-Aurora kinase inhibitors have been tested in vitro and in vivo in preclinical studies, exhibiting 

potent inhibitory effects on Aurora kinase activity at low concentrations [104–106]. These inhibitors 

need to be evaluated in clinical studies to confirm their utility in tumor therapy.  

Alisertib (MLN8237), an ATP-competitive and reversible AURKA-specific inhibitor, is the most 

extensively studied AURKA inhibitor. It exhibits higher selectivity (200-fold higher) for AURKA 

than for AURKB. Alisertib promotes the arrest of cells at the G2/M phase, mitotic spindle 

disorganization, and chromosome misalignment [107,108]. In multiple cancer cell lines and xenograft 

models, alisertib inhibits cell proliferation by impairing mitosis, blocking the EMT process, and 

promoting cell cycle arrest and autophagy, as well as accelerating cancer cell apoptosis and 

senescence [107,109]. Due to its potent efficacy in preclinical studies, alisertib underwent Phase I/II 

clinical trials for several cancers, including lymphomas, leukemia, gastric, ovarian, and breast tumors. 

However, phase III trials were halted in 2015 due to the lack of significant effects on patient survival 

and the presence of strong side effects including hematologic- and gastrointestinal-related toxicities, 

commonly observed in single-agent alisertib studies [110,111]. Therefore, alisertib has undergone 

testing in combination therapies aimed at enhancing its anti-tumor efficacy while minimizing toxicity 

and managing adverse effects. A phase I clinical trial established that the combination of alisertib and 

docetaxel was well-tolerated and demonstrated antitumor activity across diverse cancer types, 

including prostate cancer and upper gastrointestinal adenocarcinomas [112,113]. Additionally, 

combining alisertib with paclitaxel has shown promising results in ovarian cancer, resulting in 

increased disease-free survival compared to paclitaxel monotherapy [114]. 
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AK-01 (LY3295668) is a reversible ATP-competitive inhibitor, exhibiting an over 2000-fold 

selectivity for AURKA over AURKB. First introduced in clinical trials in 2014, AK-01 features a 

fluorine atom within the pyrimidine ring, strategically positioned to bring the carboxylate of AK-01 

in closer proximity to Thr217 of AURKA, thus facilitating inhibition [115,116]. AK-01 exhibited 

promising efficacy in affecting cell proliferation and viability in vitro, thus it is currently undergoing 

phase II clinical trials (NCT03092934) in patients with small-cell lung cancer (SCLC), breast cancer, 

and other solid tumors [115].  

To gain a deeper understanding of how AURKA inhibitors combat hepatocarcinogenesis, both 

AK-01 and alisertib have undergone pre-clinical testing specifically in HCC models. AK-01 blocks 

proliferation in a time-dependent manner and influences cell viability in HCC-derived cell lines as 

well as in a broad range of cancer cells. Alisertib reduces the proliferative capacity and survival of 

the HCC cells compared to lenvatinib treatment alone and increases the cytotoxic effects and anti-

metastatic activity of lenvatinib in vitro HCC cell line (HepG2 cells). The combination of lenvatinib 

and alisertib can also inhibit DNA damage response pathways [87,115]. 

1.3.4 Modulation of the immune response by AURKA: A possibility for therapy 

combination 

Numerous studies have unveiled the regulatory function of oncogenes in modulating the immune 

microenvironment. The role of AURKA in immune checkpoint regulation and immune response to 

the tumor remains a subject of debate due to conflicting evidence [117–120]. However, regardless of 

its specific function in immune regulation, the combined inhibition of AURKA and PD-L1 has been 

shown to promote immune infiltration and the cytotoxic elimination of tumor cells. 

In triple-negative breast cancer (TNBC), AURKA enhances PD-L1 levels facilitating the immune 

escape for tumor cells [117,118]. Overexpression of AURKA in a TNBC cell line (MDA-MB-231 

cells) promotes PD-L1 expression through the activation of the MYC signaling pathway. Elevated 

PD-L1 levels in cancer patients are associated with high malignancy and poor clinical prognosis. In 

vitro, AURKA knockdown enhances immune response by promoting the proliferation and activity of 

CD8+ T cells. In vivo (4T1 engrafted BALB/c mouse), AURKA positively correlates with tumor 

growth, and negatively with the enrichment and activity of tumor-infiltrating CD8+ T cells [117]. The 

treatment of MDA-MB 231/LM xenograft mice with alisertib reduces CD44 levels and PD-L1 

expression, promoting CD8+ T cell infiltration. Combining alisertib with the anti-PD-L1 inhibitor 
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atezolizumab in xenograft mice results in decreased expression of the EMT marker vimentin, 

associated with a lack of organ metastasis [118].  

Novel studies have suggested a relevant role of AURKA in the negative regulation of PD-L1 

expression in tumors through various pathways, enhancing immune cell infiltration and the immune 

response [119,120]. In diverse solid tumor cell lines (BxPC3, A549, HCT116, and T24 cells), 

AURKA directly phosphorylates Cyclic GMP-AMP Synthase (cGAS), suppressing PD-L1 

expression. Alisertib-induced AURKA inhibition activates the cGAS/Stimulator of IFN Genes 

(STING)/NF-κB pathway, promoting PD-L1 expression [120]. In a breast cancer cell line (SKBR3 

cells), alisertib promotes PD-L1 expression in a time- and concentration-dependent manner through 

the phosphorylation of with Signal Transducer and Activator of Transcription 3 (STAT3) on the 

Tyr705 residue [119]. AURKA overexpression promotes STAT3 nuclear translocation with the 

consequent activation of the transcription activity [121]. In vivo (4T1-breast tumor xenograft mouse), 

treatment with alisertib decreases the CD3+ and CD8+ T cell infiltration. Considering that alisertib 

suppresses the anti-tumor immune function of T cells by upregulating PD-L1, an anti-PD-L1 antibody 

could promote the immune response against the tumor. Thus, the combination of alisertib with anti-

PD-L1 antibody can enhance the efficacy of the immunotherapy, significantly increasing CD3+ and 

CD8+ T cell infiltration in tumor tissues, accompanied by the reduction of the tumor volume in the 

MC38-colorectal cancer xenograft tumor model [119].   

The role of AURKA in the regulation of the immune microenvironment in HCC remains to be 

fully elucidated. The elevated expression of a cluster of genes containing AURKA and 8-related genes 

is associated with the increased expression of the immune checkpoints such as PD-L1, Sialic Acid-

Binding Ig Like Lectin 15 (SIGLEC15), T Cell Immunoreceptor with Ig and ITIM Domains (TIGIT), 

Hepatitis A Virus Cellular Receptor 2 (HAVCR2), and Programmed Cell Death 1 Ligand 2 

(PDCD1LG2), along with a higher percentage of immune cell infiltration (CD4+ T cells, 

macrophages, neutrophils, and dendritic cells) [74]. According to the TIMER database 

(https://cistrome.shinyapps.io/timer/), AURKA expression positively correlates with the infiltration of 

several immune cells in the HCC microenvironment, including B cells, CD4+ T cells, macrophages, 

dendritic cells [122,123], CD8+ T cells and neutrophils [122]. The combination of AURKA 

expression and macrophage levels demonstrates promising prognostic value for HCC patients (The 

Cancer Genome Atlas (TCGA), n=362), with a high macrophage number predicting significantly 

shorter OS in the high-AURKA group [123].  
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While AURKA may promote immune recruitment at the tumor level, the expression and 

localization of immune checkpoints on the cell surface protect tumor cells from degradation. Thereby, 

the tumor microenvironment enriched in immune cells fosters chronic inflammation and tissue 

remodeling, promoting tumor growth and metastasis [121]. AURKA represents an intriguing 

therapeutic target in HCC due to its role in immune recruitment and regulation within the tumor 

microenvironment. Considering that immune checkpoint inhibitors can enhance the activity of 

oncogene-targeted therapy, exploring the combination of AURKA-targeted therapy and immune 

checkpoint inhibitors, specifically anti-PD-L1 therapy, is an option warranting further investigation 

in hepatocarcinogenesis. 
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Chapter 2 - Aims of the study 

HCC is one of the most prevalent tumors globally and ranks as the fourth leading cause of cancer-

related deaths, with both the incidence and mortality expected to increase in the coming years. Despite 

the notable progress in HCC treatment, the persistently high mortality rate is mainly attributed to late-

stage diagnoses and limited therapeutic efficacy. In advanced stages, the combination of oncogene-

targeted therapy and immunotherapy became the first-line treatment in the last years, demonstrating 

slightly improved outcomes compared to previous therapies. The modest improvement observed can 

be attributed to the substantial heterogeneity of the disease, resulting in each patient being distinctly 

unique. Consequently, there is an urgent need to identify novel therapeutic targets, potentially in 

combination with immune checkpoint inhibitors, to address the intricate variability of the condition. 

AURKA has emerged as a relevant oncogene in HCC, showing substantial overexpression and 

playing a crucial function in key tumorigenic processes, including proliferation, survival, migration, 

invasion, and resistance to apoptosis. Thus, AURKA can be a promising candidate for targeted 

therapy in HCC, especially considering the ongoing clinical trials involving AURKA inhibitors in 

cancer treatments.  

Furthermore, recent studies have unveiled the role of AURKA in PD-L1 regulation, adding an 

intriguing novel layer to its role in cancer. This discovery not only deepens the understanding of 

AURKA's multifaceted functions in cancer but also creates exciting prospects for combination 

therapies. The potential synergic effects of AURKA inhibitors with immune checkpoint inhibitors 

further underscore the need to investigate AURKA as a possible therapeutic target, offering potential 

enhancements in treatment outcomes for HCC.  

Considering the lack of information available on AURKA in liver disease, this project aims to 

comprehensively investigate the expression of the kinase and its interactors in both HCC and 

precancerous conditions and assess the molecular and cellular effects of AURKA inhibition and 

knockdown, with a particular focus on PD-L1 regulation.  

The experimental setup was organized into three major tasks:  

1. Analysis of AURKA expression in HCC human samples: Investigate the changes in the 

kinase expression throughout hepatocarcinogenesis and establish correlations with TPX2 

and PD-L1. 
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2. Confirmation of AURKA expression changes in a mouse model: Validate the 

modifications in the kinase expression using an animal model recapitulating 

hepatocarcinogenesis. 

3. Identification of AURKA's role in PD-L1 regulation: Elucidate the possible functions of 

AURKA in regulating PD-L1 through in vitro experiments. 

This study could enhance the understanding of the intricate dynamics of AURKA and its 

interactions in the context of HCC. This knowledge could pave the way for the development of a 

synergic therapeutic approach through the combination of AURKA inhibitors and PD-L1 inhibitors, 

such as atezolizumab, as a promising strategy for HCC treatment. 



Chapter 3 - Materials and methods 

21 

 

Chapter 3 - Materials and methods 

 3.1 Human clinical tissue samples 

3.1.1 HCC patients 

Fifty-six consecutive patients diagnosed with HCC according to the EASL criteria were enrolled. 

Patients underwent partial hepatectomy (liver resection) between December 2008 and January 2023 

at the Surgery department of the University Hospital of Trieste, Italy. The inclusion criteria were 

restricted to adult patients with a confirmed diagnosis of HCC, while exclusion criteria encompassed 

those with concurrent hepatic malignancy or other malignant diseases, as well as pediatric HCC 

patients. 

From each patient, different portions of the diseased liver were collected, including tumor nodules 

and paired adjacent non-tumoral tissues. A standardized sample collection procedure (size, type of 

tissues, and storage condition) was executed. Fresh liver tissues were meticulously collected and 

stored using either RNAlater stabilization solution (M7021, Invitrogen™, Waltham, MA, USA) or 

snap-frozen in liquid nitrogen and then stored at −80◦C. Simultaneously, corresponding portions were 

fixed in formalin, embedded in paraffin, cut in serial sections, and subjected to comprehensive 

histological analysis, including hematoxylin and eosin (HE) staining, performed by Azienda Sanitaria 

Universitaria Giuliano Isontina (ASUGI), Trieste, Italy 

The population with a median age of 69.95 [62.33-74.48] consists of 44 males and 12 females. 

The etiology of the malignancy varied, with 11% (5/56) attributed to HBV, 30% (17/56) to HCV, 

38% (21/56) to MASLD or/and Alcohol-associated liver disease (ALD), and 9% (5/56) with mixed 

etiologies (Table 2). Edmondson Steiner (ES) HCC grading, tumor parameters, laboratory results, 

and other clinical variables were evaluated based on international criteria. Complete demographic, 

clinical, and pathological features of the study cohorts are listed in Table 2 and Table 3. The median 

follow-up for the cohort was 35.50 [17.25-59.00] months. During this period, 27 patients (48%) 

experienced tumor recurrence, with a median recurrence time of 18.00 [7.00-50.75] months, and 27 

(48%) died.  
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Variables HCC (N=56) 

Etiology (HCV/HBV/MASLD or/and ALD/Mix) 17/6/21/5 

Fibrosis Score (F0-F4/F5-F6) 16/38 

Child-Pugh Score (A/B/C) 53/3/0 

BCLC classes (0-A/B/C) 38/13/5 

Cirrhosis (Y/N) 43/13 

Grading (Well/Medium/Poor/Not diff.) 15/28/8/1 

Variables were represented by the number of patients. ALD, Alcohol-associated liver disease; HBV, Hepatitis B Virus; HCV, Hepatitis 

C Virus; MASLD, Metabolic dysfunction-associated steatotic liver disease; N, No; Y, Yes. 

 

The study was approved by the Comitato Etico Regionale Unico of Friuli Venezia Giulia, Prot. 

No. 18854. Informed consent was diligently obtained from each patient or their legal representative, 

and sensitive data were meticulously protected through anonymization. 

 

Variables HCC (N=56) MASLD (N=17) 

Gender (M/F) 44/12 9/8 

Age 69.95 [62.33-74.48] 53.00 [39.00-58.00] 

BMI  41.51 [38.82-45.60] 

Hemoglobin (g/dl) 14.15 [13.45-15.35]  

Platelet Count (X103/mm3) 165.00 [110.75-220.75] 266.00 [196.00-313.50] 

AST (U/l) 31.00 [24.00-57.75] 29.00 [19.5-46.00] 

ALT (U/l) 29.50 [19.00-56.75] 40.00 [29.5-66.00] 

Pseudocholinesterase (U/l) 6650.50 [5311.00-7472.75]  

Total Bilirubin (mg/dl) 0.85 [0.59-1.03] 0.53 [0.41-0.75] 

Direct Bilirubin (mg/dl) 0.20 [0.14-0.28] 0.10 [0.08-0.14] 

Albumin (g/dl) 4.10 [3.88-4.39] 4.24 [4.13-4.43] 

Creatinine (mg/dl) 0.82 [0.73-0.96]  

INR 1.09 [1.03-1.15] 1.03 [0.96-1.09] 

AFP (ng/ml) 9.80 [3.63-127.90]  

AFP classes (<20 / 20-40 />400ng/ml) 35/10/7  

Categorical variables were represented by the number of patients. Continuous variables are represented as median [IQR-IIIQR]. AFP, 

α-fetoprotein; ALT, Alanine transaminase; AST, Aspartate aminotransferase; BMI, Body mass index; F, Female; HCC, Hepatocellular 

carcinoma; INR, International normalized ratio; M, Male; MASLD, Metabolic dysfunction-associated steatotic liver disease. 

 

Table 2. Pathological variables of HCC patients. 

Table 3. Demographic and clinical variables of HCC and MASLD patients. 
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3.1.2 MASLD subjects 

Seventeen patients diagnosed with MASLD and with fibrosis stage F0-F4 were selected for this 

study from a cohort of morbidly obese individuals enrolled in a bariatric surgery program. Inclusion 

criteria for the program involved adult individuals, with a body mass index (BMI) exceeding 40 kg/m2 

(or >35 kg/m2 if obesity-related comorbidities were present), acceptable operative risks, a lack of 

response to nonsurgical treatments, and a commitment to lifelong medical surveillance. Exclusion 

criteria were the coexistence of chronic liver disease, including suspected/confirmed HCC, alcoholic 

liver disease (>25 g/day alcohol consumption), positivity for HBV, HCV, and HIV, and the use of 

drugs potentially affecting the liver. The liver biopsy was performed at the time of the surgical 

procedure. Fresh liver tissues were collected and stored at 4°C and processed within 1 hour. 

The patient group consisted of 9 male and 8 female patients, with a median age of 53.00 [39.00-

58.00] years. Among the patients, 41% (7/17) showed metabolic dysfunction-associated steatotic 

liver (MAFL), while 59% (10/17) had metabolic dysfunction-associated steatohepatitis (MASH) 

(Table 4). The histological diagnosis of MAFL/MASH and fibrosis was determined according to 

Kleiner-Brunt criteria [124]. Laboratory results and other clinical findings were assessed based on 

international criteria and are detailed in Table 3 and Table 4. 

 

Variables MASLD (N=17) 

Steatosis (0/1/2/3)  0/0/10/6 

Lobular Inflammation (0/1/2/3) 3/11/3/0 

Portal Inflammation (0/1/2/3) 6/11/0/0 

Ballooning (0/1/2/3) 6/9/2/0 

MAFL/MASH 7/10 

Fibrosis Score (F0/F1/F2/F3/F4) 9/0/0/6/2 

Categorical variables were represented by the number of patients. MAFL, Metabolic dysfunction-associated steatotic liver; MASH, 

Metabolic dysfunction-associated steatohepatitis; MASLD, Metabolic dysfunction-associated steatotic liver disease. 

 

 

The study received ethical approval from the local Ethical Committee under protocol N. 22979 

(Comitato Etico Regionale Unico, FVG, SSN, Italy). Informed consent to participate in the study was 

obtained from each patient or their legal representative, with sensitive data meticulously safeguarded 

through anonymization. 

Table 4. Pathological variables of MASLD patients. 



Chapter 3 - Materials and methods 

24 

 

3.1.3 Healthy individuals 

In this study, healthy liver tissues from 14 donors were included. These samples, obtained through 

collaboration with partners in Rome, Italy, were subjected to the exclusion criterion of the presence 

of liver diseases. Post-surgery, tissue samples were promptly snap-frozen and stored at -80°C. The 

median age of the subjects is 17.50 [6.75-27.75] years old. 

3.2 Mouse liver tissue samples 

An animal model, specifically the HBV-transgenic (TG) mice C57BL/6J-

TG(ALB1HBV)44BRI/J [125], was employed in this study to investigate the expression of target 

genes and proteins during the process of liver damage and carcinogenesis. The C57BL76J wild-type 

(WT) mouse was used as a control. TG mice showed various stages of liver damage, including 

inflammation, early hepatic injury, pre-neoplastic lesions, early neoplasia, and advanced neoplasia at 

3, 6, 9, 12, and 15 months of age, respectively. 

Corresponding protocols and animal studies were reviewed and approved by the ethics committee 

of the University of Trieste and the responsible administration of the Ministry of Health of the 

Republic of Italy (D.M. 57/2012-B). The mouse models were housed and maintained at the animal 

facility of the University of Trieste. The research experiments were conducted following the Guide 

for the Care and Use of Laboratory Animals.  

Male heterozygote TG and male WT mice were maintained until they reached specific age points. 

A total of 21 TG and 21 WT mice were sacrificed at 3, 6, 9, 12, and 15 months of age. During the 

procedure, at least three liver sections were harvested and cut from both the right and left liver lobes 

of each mouse. In the cases where visible nodules were present (at 12 and 15 months), HCC and non-

HCC sections were collected. Tissues were stored on ice during the procedures and preserved at -80°C 

for further analysis.  

 3.3 Cell culture 

Two distinct HCC cell lines were carefully selected for this study: JHH6 (JCRB1030) and Huh7 

(JCRB0403) cells. Both the cell lines were obtained from the Japan Health Science Research 
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Resources Bank (HSRRB) in Tokyo, Japan. JHH6, a mesenchymal-like, undifferentiated HCC cell 

line, originated from a 58-year-old Asian female patient. Huh7 is a hepatoblast-like and well-

differentiated HCC cell line derived from a 57-year-old Asian male patient. These cells represent 

different subtypes of HCC tumors: JHH6 is classified under subtype 1/Transforming Growth Factor 

β–Wingless Related Integration Site (S1/TGFβ-Wnt) activated subtype and Huh7 (JCRB0403) was 

classified as subtype 2 (S2)/ progenitor subtype [126].  

The culture media employed for these cell lines were Williams’ E medium (Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA) for JHH6 cells and high glucose Dulbecco's modified eagle medium 

(DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for Huh7 cells. The culture media 

were supplemented with 10% (v/v) fetal bovine serum (FBS), 1% L-glutamine 100X, and 1% 

penicillin/streptomycin (10.000 U/mL Penicillin and 10 mg/mL Streptomycin). The cells were 

maintained in a humidified 5% CO2 incubator at 37°C.  

Routine cell expansion involved using 0.05% trypsin for detachment when the cells reached 80% 

confluency. In the experimental setups, JHH6 cells were seeded at a concentration of 3,000 cells/cm2, 

while Huh7 cells were at 6,000 cells/cm2 unless further specified. 

 3.4 Chemical compounds treatments 

AURKA inhibition was conducted using two ATP-competitive and reversible AURKA inhibitors: 

Alisertib (MLN8237, Catalog No. A10004, Adooq Bioscience, Irvine, CA, USA) and AK-01 (LY-

3295668, CAS No. 1919888-06-4, ChemieTek, Indianapolis, IN, USA). Both compounds were 

dissolved in 100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA). According to 

the data from the literature [115,116,127], both the cell lines were treated with concentrations ranging 

from 0.001μM to 10μM for Alisertib and 0.01μM to 30μM for AK-01. The treatment with the vehicle 

(DMSO) served as the negative control. Both the cell lines were seeded as previously reported, and 

24 hours later, they were exposed to the inhibition treatments for durations of 24, 48, and 72 hours. 

Interferon-gamma (IFN-γ) (Z02915, Genscript Biotech, Piscataway, NJ, USA) was employed to 

induce PD-L1 expression in JHH6 cells. The compound was dissolved in nuclease-free H2O. 

According to the literature [128], concentrations between 25ng/ml and 300ng/ml were chosen. The 

vehicle (nuclease-free H2O) was employed as the negative control in the treatment. The cells were 
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seeded at a concentration of 8,000 cells/cm2, and 24 hours after, they were subjected to the IFN-γ 

treatment for durations of 6 and 24 hours.  

 3.5 AURKA and PD-L1 gene silencing 

Gene-silencing experiments were performed using small interfering RNA (siRNA) targeting 

AURKA (siR-AURKA, Silencer Select siRNA s197, Invitrogen™, Waltham, MA, USA) and PD-L1 

(siR-PD-L1, Silencer Pre-designed siRNA AM16708, Thermo Fisher, Waltham, MA, USA). As the 

negative control, siR-CTRL (Negative Control No. 2 siRNA, AM4613, Invitrogen™, Waltham, MA, 

USA) was employed. All siRNAs were dissolved in nuclease-free H2O, with a final concentration of 

1nM and 20nM for siR-AURKA and siR-PD-L1, respectively.  

siLentFect™ Lipid Reagent (170–3362, Bio-Rad, Hercules, CA, USA) was used as the 

transfection reagent, following the manufacturer's protocols (0.1% dilution in the culture medium). 

In brief, both cell lines were seeded as previously reported, and 24 hours later, the culture medium 

was replaced with the respective fresh antibiotic-free medium 1 hour before transfection. The mixture 

of siLentFect Lipid Reagent and siR-AURKA, siR-PD-L1, or siR-CTRL was prepared in an 

antibiotic-free and serum-free medium. After 30 minutes of incubation, the resulting complexes were 

added to the cultured cells. Following a 24-hour incubation, the medium was replaced with the 

corresponding fresh complete medium. The effects of the silencing were evaluated at 24, 48, 72, and 

144 hours post-silencing. For the 144-hour silencing, a second silencing process using the same 

procedure was performed 72 hours after the initial one. 

 3.6 MTT assay and LC50 

Cytotoxicity experiments were conducted to determine the lethal concentration 50 (LC50) and 

the working concentrations of the studied compounds. Cell viability was assessed after 24, 48, and 

72 hours of exposure to the chemical compounds and silencing agents using the 3-(4,5-dimethyl 

thiazolyl-2)-2,5 diphenyltetrazolium (MTT) assay (Sigma-Aldrich, St.Louis, MO, USA). Each 

treatment was performed in duplicate. After treatment, cells were incubated in MTT solution (0.5% 

MTT in culture medium with 10% (v/v) Phosphate-Buffered saline (PBS; 137 mM NaCl, 10 mM 

phosphate, 2.7 mM KCl; pH 7.4)) for 1 hour. The solution was replaced with DMSO to lyse cells and 
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dissolve the formazan salts resulting from cellular metabolic activity. Absorbance was evaluated at 

562nm through the Spectrophotometer EnSpire™ Multimode Plate Reader (PerkinElmer Inc, 

Waltham, MA, USA). Absorbance values were normalized to the negative controls to calculate the 

percentage of viable cells for each experimental condition. 

 3.7 Total RNA extraction from solid tissue samples and cell lines 

Total RNA extraction from human and mouse samples was carried out using Tri Reagent® 

(Sigma–Aldrich, St Louis, MO, USA), while TriFast™ (EMR517100, Euroclone S.P.A, Milan, Italy) 

was employed for both cell lines. Extraction procedures were performed following the respective 

manufacturer's protocols. 

Cells were harvested using cell scrapers, while tissues underwent a homogenization process. 

Frozen human and mouse samples were homogenized through homogenizer beads (1.4mm Ceramic 

Beads Bulk, 325g with 651mg per tube, Omni International, Kennesaw, GA, USA) using Bead Ruptor 

4 (Omni International, Kennesaw, GA, USA) at maximum speed for 60 seconds or potter-Elvehjem 

tissue grinders. Regardless of the samples' origin (tissues or cell lines), chloroform was then added to 

the homogenates and RNA was precipitated by isopropanol and washed with 75% ethanol. The RNA 

pellet was dissolved in nuclease-free water and stored at -80°C until further analysis. 

Quantification of RNA was performed at a wavelength of 260 nm using the ONDA touch UV-31 

scan UV/VIS Spectrophotometer (Vetrotecnica, Padova, IT) with a quartz cuvette MICRO-100μl, 

10mm (ONDA). RNA purity was assessed according to the Minimum information for publication of 

quantitative Real-Time polymerase chain reaction (PCR) experiments (MIQE) guidelines by 

measuring the A260/A280 ratio [129]. The integrity of the RNA was evaluated on a standard 2% agarose 

electrophoresis gel stained with GelRed (41003, Biotium, Landing Pkwy, Fremont, CA, USA), and 

the bands were visualized under UV lights. 

 3.8 Reverse transcription and quantitative real-time PCR 

Reverse transcription (RT) was conducted to synthesize cDNA from 1 μg of purified RNA using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). The 

kit components included 10x RT Buffer, 25x dNTP Mix (100mM), 10x RT Random Primers, Reverse 
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Transcriptase, and Nuclease-free H2O. The RT process followed the manufacturer's protocol and was 

performed in the T100 Thermal Cycler (Bio-Rad, Hercules, California, USA). The RT protocol (High 

Capacity) includes annealing for 25 minutes at 25°C, synthesis for 120 minutes at 37°C, and enzyme 

inactivation for 5 minutes at 85°C. The resulting cDNA was stored at -20°C until further use.  

The amplification of cDNAs was carried out using quantitative Real-Time PCR (RT-qPCR). The 

25μL reaction included cDNA (human samples: 25.00ng, excluding 1.00ng for 18S; mouse samples: 

13.70ng; cell lines: 6.25ng), SYBR Sso advanced 2x master-mix (Bio-Rad Laboratories, Hercules, 

CA, USA), and 250nM gene-specific forward and reverse primers (100nM for 18S). PCR reactions 

were performed in duplicate in 96-well plates following a protocol that included pre-

incubation/activation (30 seconds, 95°C), and 50 cycles of denaturation (5 seconds, 95°C) and 

annealing/extension (20 seconds, 60°C). 

The melting curve analysis was conducted to assess primer/product specificity. Standard curves 

for each gene were utilized to determine primer pair efficiency. Relative quantification was computed 

using Bio-Rad CFX maestro version 2.2 (Bio-Rad Laboratories, USA), and Ct values for each sample 

were obtained by calculating the arithmetic mean average of the duplicates. Finally, gene expression 

was evaluated by using the Pfaffl modification of the ∆∆Ct equation, considering the efficiencies of 

individual genes. The results were normalized to the housekeeping genes: 18S for human samples 

(human tissues and cell lines), while Actin β (Actb) and Glyceraldehyde-3-phosphate dehydrogenase 

(Gapdh) for mouse samples. The initial amount of template for each sample was determined as a 

relative expression compared to the expression of the sample selected as the reference.  

The primer sequences were designed using Beacon Designer 7.9 Software (PREMIER Biosoft 

International, Palo Alto, CA, USA) for the detection of the target genes and are listed in Table 5 and 

Table 6. 
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Genes Accession Number Forward Primer Reverse Primer 

AKT1  NM_005163.2 GATTGTGTCAGCCCTGGA ATCTTAATGTGCCCGTCC 

ATP1A1 NM_000701.7 AACTTAGCCTTGATGAACTTC AATCGCTCCAATCCACAG 

AURKA NM_198433 GAGAATTGTGCTACTTATACTG GGTACTAGGAAGGTTATTGC 

BRAF NM_004333.6  CTTGTATCACCATCTCCATA GGCGTGTAAGTAATCCAT 

C-MYC NM_002467.6 GAGGAGACATGGTGAACC ATACAGTCCTGGATGATGATG 

EGFR NM_005228.5  TTGGAAATTACCTATGTG TAGTTAGATAAGACTGCTA 

GSK3B  NM_002093.4 ATGCTCAGTCAAACCAAATCA TCTATCAACGCCACTACCTT 

HRAS  NM_005343.4 CATCAACAACACCAAGTCTT GTCATCCGAGTCCTTCAC 

KRAS  NM_033360.4 TTGCTACGATTCCACTGA TGAATATCTGACATACACCTTAA 

NFKB3  NM_021975.4 GAATGCTGTGCGGCTCTG CACGATTGTCAAAGATGGGATG 

NFKBIA NM_020529.3 CGTCTTATTGTGGTAGGA CTCAGAATTTCAATGATCTTTC 

PD-L1 NM_001314029.2 AAGTCCTGAGTGGTAAGA CATTAGTTGTTGTGTTGATTC 

PTEN  NM_000314.8 GCAGATAATGACAAGGAATA CTGGTGTTACAGAAGTTG 

TPX2 NM_012112.5 GCTCAGAAGGATTTGGAACAG TGATTACAGGAGTGGCACAT 

YAP1  NM_006106.5 GTGAGTAGGTTCATAATGTG ATAGAAGTAGGAGCAAGTC 

18S NR_003286.2 CGTCTGCCCTATCAACTTTCG GCCTGCTGCCTTCCTTGG 

AKT1, AKT Serine/Threonine Kinase 1; ATP1A1, ATPase Na+/K+ Transporting Subunit α1; AURKA, Aurora Kinase A; BRAF, B-Raf 

Proto-Oncogene, Serine/Threonine Kinase; C-MYC, MYC Proto-Oncogene, BHLH Transcription Factor; EGFR, Epidermal Growth 

Factor Receptor; GSK3B, Glycogen Synthase Kinase 3β; HRAS, HRas Proto-Oncogene, GTPase; KRAS, KRAS Proto-Oncogene, 

GTPase; NFKB3, RELA Proto-Oncogene, NF-kB Subunit; NFKBIA, NFKB Inhibitor α; PD-L1, Programmed Cell Death Ligand 1, 

CD274; PTEN, Phosphatase And Tensin Homolog; TPX2, TPX2 Microtubule Nucleation Factor; YAP1, Yes1 Associated 

Transcriptional Regulator. 

 

 

Genes Accession Number Forward Primer Reverse Primer 

Aurka NM_011497.4 AGAAGACCGAAGACACAA GCCAAGTAGACATTTCCAA 

Cd274  NM_021893.3 TTGTTCCTCATTGTAGTGT TATCTTCAACGCCACATT 

Myc NM_001177352.1 CACCACCAGCAGCGACTC TTGCCTCTTCTCCACAGACAC 

Tpx2 NM_001141977.1 GAGACTTGAGAACTTGATT TTCCAGGATTCTAATACTCT 

Actb  NM_007393.5 CCTTCTTGGGTATGGAATCCTGTG CAGCACTGTGTTGGCATAGAGG 

Gapdh NM_008084.3 CCAGTATGACTCCACTCACG CTCGCTCCTGGAAGATGGTG 

Aurka, Aurora Kinase A; Cd274, CD274 antigen, Programmed cell death ligand 1; Myc, Myelocytomatosis oncogene; Tpx2, TPX2, 

microtubule-associated; Actb, Actin β; Gapdh, Glyceraldehyde-3-phosphate dehydrogenase. 

 

 

 3.9 Tissue homogenization and protein extraction 

Tissue homogenization and protein extraction were conducted using multiple methodologies. 

Table 5. Primers for detection of human genes. 

Table 6. Primers for detection of mouse genes. 
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 Frozen HCC human samples and mouse samples underwent homogenization in Tissue 

Homogenization buffer (0.25M sucrose, 9.8mM K2HPO4, 40.2mM KH2PO4, 1mM 

Ethylenediaminetetraacetic acid (EDTA), and 0.1mM Dithiothreitol (DTT) in H2O; pH 7.4) with 

homogenizer beads and the Bead Ruptor 4 (Omni International, Kennesaw, GA 30144, USA) at 

maximum speed for 1 minute. Fresh MASLD samples were homogenized in HNTG lysis buffer 

(50mM HEPES, 150mM NaCl, 10% glycerol, 1% Triton X-100, pH 7.5) with 100 µM of 

Phenylmethylsulfonyl fluoride (PMSF) (P7626, Sigma-Aldrich, St. Louis, MO, USA), a protease 

inhibitor, using Potter-Elvehjem tissue grinders. For samples from healthy donors, proteins were 

extracted from the organic phase of TRI Reagent® following the manufacturer’s protocol. Protein 

precipitation was facilitated by adding isopropanol, followed by washing with Guanidine 

hydrochloride 0.3M in 95% ethanol and 100% ethanol. The retrieved protein pellet was resuspended 

in 1.0% sodium dodecyl sulfate (SDS).  

For cell lines, samples were detached using trypsin, washed twice with cold PBS, and lysed in 

Cell lysis buffer 1X (#9803, Cell Signaling, Danvers, MA, USA) on ice for 5 minutes. They were 

briefly sonicated (1 pulse of 15s at 10W) using a sonicator UW3100 (Bandelin Electronics, Berlin, 

Germany) to facilitate the extraction of DNA, RNA, and protein contents from the cells. Purification 

was achieved by centrifugation at 14,000 x g for 10 min at 4°C, and the supernatant was collected.  

Protein quantification was performed using the Bicinchoninic acid (BCA) method, and the 

samples were stored at -80°C until further use. 

3.10 Western blot analysis 

Protein expression was assessed through Western blot (WB) analysis. Protein lysates (50-80μg) 

were solubilized in Laemmli Buffer 5X and 10% β-mercaptoethanol, then heated at 95°C for 5 

minutes to facilitate denaturation. Samples were loaded onto the stacking gel of a 12% 

polyacrylamide sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

Electrophoresis was initially conducted at 80V for 20 minutes for the protein accumulation in the 

stacking gel followed by 180V for 90 minutes for the run. The samples were wet transferred onto a 

polyvinylidene difluoride (PVDF) membrane through electroblotting at 100V for 2 hours using a 

transfer buffer composed of 25mM Tris base, 190mM glycine, and 20% methanol.  
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PVDF membranes were incubated in blocking solutions for 1 hour using 4% milk or 5% Albumin 

BSA Fraction V Albumin (BSA) Fraction V (pH 7.0) (A1391, Panreac AppliChem ITW Reagents, 

Monza, Italy) in PBS-Tween 0.1% (T-PBS) or Tris-Buffered Saline (TBS; 20mM NaCl and 150mM)-

Tween 0.1% (T-TBS) to saturate non-specific binding sites. The blocking solutions are listed in Table 

7.  

 

Targets Human Tissues Mouse Tissues Cell Lines 

AURKA 

(SC-398814) 

4% milk in T-PBS 

1:1000 (primary) 

1:2000 (anti-mouse) 

 4% in T-PBS 0.1% 

1:250 (primary) 

1:500 (anti-mouse) 

AURKA 

(AB52973) 

5% BSA in T-PBS  

1:1,000 (primary) 

1:1,000 (anti-mouse) 

  

AURKA 

(66757-1-Ig) 

 5% BSA in T-TBS 

1:1,000 (primary) 

1:1,000 (anti-mouse) 

 

PD-L1/CD274 

(66248-1-Ig) 

5% BSA in T-PBS 

1:2,500 (primary) 

1:2,500 (anti-mouse) 

 5% BSA in T-PBS 

1:2,500 (primary) 

1:2,500 (anti-mouse) 

pAURKA (Thr288) 

(MA5-14904) 

5% BSA in T-TBS 

1:300 (primary) 

1:500 (anti-rabbit) 

  

pLATS2 (Ser83) 

(MAB0009) 

5% BSA in T-PBS 

1:667 (primary) 

1:1,000 (anti-mouse) 

 5% BSA in T-PBS 

1:667 (primary) 

1:1,000 (anti-mouse) 

Actin  

(A2066) 

 5% BSA in T-TBS 

1:2,000 (primary) 

1:2,000 (anti-rabbit) 

 

Β-Actin 

(A5441) 

4% milk in T-PBS 

1:2,000 (primary) 

1:2,000 (anti-mouse) 

 

 

4% milk in T-PBS 

1:2,000 (primary) 

1:2,000 (anti-mouse) 

AURKA, Aurora Kinase A; PD-L1/CD274, Programmed cell death ligand 1; pAURKA, phosphorylated AURKA; pLATS2, 

phosphorylated Large tumor suppressor kinase 2; T-PBS, PBS-Tween; T-TBS, TBS-Tween. 

 

Membranes were incubated overnight with primary antibodies against the following proteins: 

AURKA (sc-398814, Santa Cruz Biotechnology, Dallas, TX, USA; ab52973, Abcam, Waltham, MA, 

USA; 66757-1-Ig, Proteintech, Rosemont, IL, USA), pAURKA (Thr288) (MA5-14904, 

Invitrogen™, Waltham, MA, USA), PD-L1/CD274 (66248-1-Ig, Proteintech, Rosemont, IL, USA), 

Table 7. Dilutions of the antibodies and blocking solutions used in Western Blot experiments. 
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pLATS2 (Ser83) (MAB0009, Abnova, Taipei, Taiwan). β-Actin (A5441, Sigma-Aldrich, St. Louis, 

MO, USA) and Actin (A2066, Sigma-Aldrich) served as housekeeping proteins. Secondary 

antibodies included anti-mouse IgG HRP (p0260, Dako A/S, Glostrup, Denmark) and anti-rabbit IgG 

HRP (p0448, Dako A/S, Glostrup, Denmark), depending on the primary antibody. Primary and 

secondary antibody dilutions are detailed in Table 7. 

Membranes were exposed to Immobilon Classico western HRP substrate (WBLUC, Merck 

Millipore, Burlington, MA, USA) for 1-5 minutes to obtain a peroxidase reaction. The blots were 

visualized using a C-Digit blot scanner and the densitometry analyses were performed using Image 

Studio™ Version 5.2 Acquisition software (LI-COR Biosciences, Lincoln, NE, USA). Protein 

relative quantifications were computed using β-Actin or Actin as housekeeping proteins.  

3.11 The immunohistochemical assay 

The expression and distribution of AURKA, PD-L1, and Ki67 (a cell proliferation marker) 

proteins were examined in paraffin-embedded sections from 12 subjects, including 8 HCC patients, 

2 MASLD individuals, and 2 subjects with a healthy liver. For HCC patients, both HCC and paired 

non-HCC tissues were stained. 

The immunohistochemical assay for AURKA involved the following steps. Tissues were 

deparaffinized by incubating in xylene and hydrated with decreasing concentrations of ethanol. 

Antigen retrieval was executed using Sodium Citrate Buffer (10mM Sodium Citrate, 0.05% Tween 

20, pH 6.0), and endogenous peroxidase was inhibited using 3% hydrogen peroxide. The staining was 

performed using the VECTASTAIN® Universal Quick HRP Kit (PK-8800, Vector Laboratories, 

Newark, CA, USA) and ImmPACT® DAB Substrate Kit (SK-4105, Vector Laboratories, Newark, 

CA, USA), following the manufacturer’s protocols. Slices were incubated in blocking solution (5% 

horse serum in PBS) for 1 hour to saturate non-specific binding sites, and then overnight in AURKA 

primary antibody (sc-398814, Santa Cruz Biotechnology, Dallas, TX, USA) diluted in blocking 

solution (1:500). The Biotinylated Pan-Specific Universal Antibody functioned as a secondary 

antibody, followed by incubation with the Streptavidin/Peroxidase complex and its sensitive 

colorimetric DAB substrate, resulting in the generation of a brown product in the presence of the 

protein of interest. Counterstaining with hematoxylin facilitated the detection of nuclei, and 

dehydration was performed by washing in increasing concentrations of ethanol and xylene. 
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The staining of PD-L1 (Clone SP263, VENTANA, Roche Diagnostics, Basel, Switzerland) and 

Ki67 (Clone 30-9, VENTANA, Roche Diagnostics, Basel, Switzerland) was performed by an 

automated system at ASUGI.  

The stained section images were collected using an automated slide scanner (D-Sight FLUO 

(Combo), A. Menarini Diagnostics, Firenze, Italy) and analyzed by an expert anatomic pathologist 

from ASUGI. 

3.12 Flow cytometry assay 

The chromatin content was estimated in both cell lines through flow cytometry analysis, using 

the following procedure. Cells were detached by trypsin, washed with PBS, resuspended in 0.5ml of 

PBS, and fixed in 4.5ml of 70% ethanol to achieve a single-cell suspension. The samples were 

preserved at -20°C for later use. Upon usage, the cells were pelleted and resuspended in a Propidium 

Iodide (PI)/TritonX-100 staining solution for 30 minutes to stain DNA. The staining solution 

consisted of TritonX-100 0.1% v/v in PBS, 0.2mg/mL of RNAse A (6513, Sigma-Aldrich, St. Louis, 

MO), and 0.02mg/mL of PI (P4864, Sigma-Aldrich, St. Louis, MO), a fluorescent intercalating agent. 

As a negative control, cells resuspended in TritonX-100 0.1% v/v in PBS without PI were used. 

Flow cytometric analysis was immediately performed through the Flow Cytometer BD Accuri™ 

C6 Plus (BD Biosciences, Franklin Lakes, New Jersey, USA), considering at least 10,000 events for 

each sample. Data were analyzed with FlowJo™ 10.8.1 version (FlowJo™ Software, Ashland, OR, 

USA), utilizing different gates to distinguish the percentage of cells with specific chromosome 

content: Diploid cells (2n), tetraploid cells (4n), or aneuploid cells with more than 4 sets of 

chromosomes (>4n). 

3.13 Immunofluorescence assay 

The organization of chromatin and Tubulin-α protein, along with the localization of Pericentrin 

(PCNT) protein (a centrosome marker), was evaluated in the cell lines through an 

immunofluorescence (IF) assay. 
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The cells were fixed and permeabilized with Paraformaldehyde (PFA) 3% in PBS for 20 minutes. 

They were incubated in a blocking solution for 90 minutes to saturate non-specific binding sites and 

favor the complete permeabilization of cell membranes. The blocking solution consisted of Albumin 

(BSA) Fraction V (pH 7.0) (A139, PanReac AppliChem, Monza, Italy) at 1% v/v in PBS, Triton X-

100 0.3% (X100, Sigma-Aldrich, St. Louis, Missouri, USA), and Normal goat serum (NGS) 5% 

(G9023, St. Louis, MO). The fixed cells were incubated with the primary antibody against Tubulin α 

(sc32293, Santa Cruz Biotechnology, Dallas, TX, USA) and the corresponding secondary antibody, 

anti-mouse green-fluorescent dye, AlexaFluor 488 (A21202, Invitrogen™, Waltham, Massachusetts, 

USA), for 1 hour each. This procedure was then repeated for PCNT (CSB-PA017627LA01HU, 

Cusabio, Houston, TX, USA), followed by anti-rabbit orange-fluorescent dye, AlexaFluor 546 

(A11035, Invitrogen™, Waltham, Massachusetts, USA). All the antibodies were diluted in the 

blocking solution, and the concentrations are listed in Table 8. 

 

Targets Dilutions 

Tubulin ɑ 

(SC-32293) 

1% BSA 0.3% Triton X-100, and 5% NGS in PBS 

1:100 (primary) 

1:1000 (AlexaFluor 488) 

PCNT 

(CSB-PA017627LA01HU) 

1% BSA 0.3% Triton X-100, and 5% NGS in PBS 

1:500 (primary) 

1:1000 (AlexaFluor 546) 

PCNT, Pericentrin. 

 

Finally, the samples were counterstained with Hoechst 33258 nucleic acid stain (H3569, Thermo 

Fisher Scientific, Waltham, MA, USA) for 10 minutes at room temperature, protected from direct 

light. Using Fluorescent Mounting Media (JA1750, Calbiochem, Germany), coverslips were mounted 

onto glass slides. The samples were analyzed under a Fluorescence Microscope (Leica DM2000, 

Germany), and images were captured using LAS X software (Leica Application Suite X software, 

Leica, Germany). 

3.14 Gene reporter assay 

A gene reporter assay was conducted in JHH6 cells to investigate the influence of AURKA on 

PD-L1 transcription.  

Table 8. The antibody dilutions and blocking solution used in the immunofluorescence experiments. 
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Cells were transfected (minimum 24 hours before the assay) with pGL3-Basic PD-L1 promoter 

(-1000~+200) (PVTB00385-2a, Lifescience Market, Hong Kong, China) (Figure 6) and pRL-CMV 

Renilla luciferase at a ratio of 49∶1, achieving a final concentration of 170ng/ml. Transfection was 

performed using TransFectin™ Lipid Reagent (1703350, Bio-Rad, Hercules, CA, USA) diluted to 

0.6% in an antibiotics-free culture medium, following the manufacturer's protocol. The culture 

medium was replaced with the respective fresh antibiotic-free medium 1 hour before the transfection. 

The mixture of TransFectin™ Lipid Reagent and plasmids was prepared in an antibiotic-free and 

serum-free medium, and after 30 minutes of incubation, the complexes were added to the cells. The 

medium containing the complexes was replaced with a fresh complete medium 24 hours later. 

The gene reporter assay utilized the Dual-Luciferase Reporter Gene Assay Kit (KA3784, Abnova, 

Taipei, Taiwan) following the manufacturer’s protocol. This assay allows for the sequential 

measurement of the activity of two different luciferases, firefly (FFL) and Renilla (RL), in a single 

sample. The procedure involved washing cells with PBS and lysing them with Lysis Buffer for 15 

minutes. A total of 12.5µL of cell lysate was dispensed in a 384-well plate. FFL reagent (2mg/ml 

FFL in Assay Buffer, 25µL) was added to the lysate, and the FFL luciferase luminescence was 

measured at 560 nm using The EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). 

Subsequently, RL reagent (35 mg/ml RL in Assay Buffer, 25µL) was added to the same well, 

quenching the FFL luciferase luminescence and initiating the RL luciferase reaction. The RL 

 

Figure 6. The construction scheme of the luciferase reporter vector plasmid containing the pGL3-

Basic PD-L1. The luciferase reporter vector includes the promoter sequence (spanning from nucleotide -

1,000 to +200) flanked by two cloning sites, KpnI at the 5’ end and XhoI at the 3’ end. The luciferase coding 

sequence is positioned downstream of the PD-L1 promoter. The backbone size without the insert is 4818 

base pairs (bp). KpnI serves as a cloning site for the Type-II restriction enzyme KpnI (Klebsiella 

pneumoniae), and XhoI functions as the cloning site for the Type-II restriction enzyme XhoI (Xanthomonas 

vasicola). 
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luminescence was measured at 480 nm using the same plate reader. The Relative Light Unit (RLU) 

was calculated using the following formula: 

RLU = FFL Luminescence / RL Luminescence 

3.15 Online databases and bioinformatic tools 

The GEPIA database (http://gepia.cancer-pku.cn/) was employed to investigate gene expression 

and correlation in both disease patients (utilizing data from TCGA) and healthy samples (utilizing 

data from both TCGA and Genotype-tissue expression (GTEx)). GEPIA facilitates the exploration of 

the gene expression changes based on the disease stage and provides information on OS and DFS 

according to gene expression. The Human Protein Atlas (THPA) (https://www.proteinatlas.org/) was 

employed to collect images of immunohistochemical sections from HCC tissues. 

The DepMap portal (https://depmap.org/portal/) can assess gene expression in numerous cell lines 

(Expression Public 23Q4) and provides valuable insights into the dependency of a cell line on a 

specific gene using RNA interference (RNAi) and Clustered regularly interspaced short palindromic 

repeats (CRISPR)-Cas9 knockdown.  

3.16 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism Software version 9.2.0 (GraphPad 

Software, San Diego, CA) and NCSS 11 Statistical Software (2016) (NCSS, LLC, Kaysville, UT, 

USA). Initially, the normal distribution of the data was assessed. The significance level was set at 

0.05 (* p <0.05, ** p <0.01, *** p <0.001). 

For the patients' data, which exhibited a non-Gaussian distribution, results were presented as 

median [IQR-IIIQR]. The differences in mRNA and protein expression between human and mouse 

groups were analyzed as follows. Statistical significance was calculated employing Wilcoxon signed-

rank tests to examine the disparities between HCC and paired non-HCC tissues in both human and 

mouse samples, Kruskal-Wallis tests to assess the differences among multiple groups of samples, and 

Mann-Whitney U for non-paired tissues in humans (HCC, MASLD, and healthy samples) and mice 

(TG mice vs. WT mice or groups from different time points).  
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The potential impact of clinical and pathological variables on gene expression was assessed 

through regression analysis. Correlations were calculated using Spearman's rank correlation test. The 

statistical significance of the differences between categorical variables in each group was calculated 

using Fisher’s exact test. OS and DFS analyses related to a single gene were conducted using the log-

rank Mantel-Cox test. Survival analyses related to the combinations of multiple genes were assessed 

by Cox proportional-hazards regression analysis. The receiver operating characteristic (ROC) curve 

was used to assess the overall diagnostic performance of a variable. 

For in vitro analyses, each experiment was conducted in a minimum of three independent 

replicates. The results were presented as mean ± standard deviation (SD) since the data exhibited a 

Gaussian distribution. Unpaired t-tests were employed to assess the statistical significance of the 

differences in mRNA, protein, and chromatin content between two sample groups (treatment vs. 

vehicle). 
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Chapter 4 – Results 

4.1 In silico evaluation of AURKA expression 

Freely accessible data repositories are valuable sources of information and offer beneficial 

support for research. Among all, GEPIA is a comprehensive platform offering extensive gene 

expression data, enabling diverse comparisons and analyses. 

By analyzing HCC data from GEPIA, a marked AURKA mRNA overexpression was observed in 

tumors, compared to normal tissues (median: 7.35 TPM vs. 0.99 TPM, p ≤ 0.05), with a fold change 

(FC) of 7.42 (Figure 7.A). A deeper exploration revealed a progressive increase in AURKA expression 

from stage I to stage III, followed by a decrease in stage IV (F value = 3.58, p = 0.014) (Figure 7.B). 

The impact of elevated AURKA levels in tumors extended to clinical outcomes, revealing an 

association between high levels of AURKA expression in tumors and a shorter OS rate (p <0.001), or 

heightened likelihood of early recurrence (p = 0.001) (Figure 7.C-D). Moreover, the database revealed 

a positive correlation between AURKA and PD-L1 expression in both HCC (Spearman r = 0.18, p 

<0.001) and normal liver tissues (Spearman r = 0.39, p <0.001) (Figure 7.E-F).  
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Figure 7. The expression of AURKA in HCC according to the GEPIA database 

(http://gepia.cancer-pku.cn/). (A-B) AURKA mRNA expression (A) in HCC (n=369) vs. normal LIVER 

tissues (n=160) and (B) in the different stages of the disease. (C) OS and (D) DFS curves based on AURKA 

expression level in HCC patients. (E-F) Correlation between AURKA and PD-L1 in (E) HCC tissues and 

(F) normal liver tissues. * p <0.05. TPM, Transcripts per million. 
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4.2 The cellular and molecular alterations determined by in vitro AURKA 

inhibition or knockdown  

4.2.1 AURKA expression in human cell lines 

AURKA mRNA expression is prominent across various human cell lines, as evidenced by the 

Expression Public 23Q4 dataset from DepMap Portal. Over 400 cell lines exhibited expression levels 

ranging from 72.52 to 110.42 TPM, including JHH6 (81.71 TPM) and Huh7 (96.68 TPM) cells 

(Figure 8.A). The examination through qRT-PCR unveiled comparable AURKA mRNA expression 

levels in JHH6 and Huh7 cells (Ct: 24.18±0.49 vs. 24.15±0.20, p = 0.930) (Figure 8.B).  

 

Figure 8. The expression of AURKA in JHH6 and Huh7 cell lines. (A) AURKA expression in human 

cell lines according to the Expression Public 23Q4 dataset from DepMap Portal (https://depmap.org/portal/). 

(B) AURKA expression in JHH6 and Huh7 by qRT-PCR expressed in Ct (n=4). Statistical analyses were 

calculated using the student’s t-test. Ns, not significant. (C-D) Dependency of the human cell lines on the 

expression of AURKA using (C) RNAi database and (D) CRISP-Cas9 database from DepMap Portal 

(https://depmap.org/portal/).  
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However, the dependency of these two cell lines on the AURKA gene varied, as indicated by data 

from the DepMap portal. In this context, a score of 0 implies a non-essential gene for cell growth, 

while a score near -1 signifies essentiality. According to RNAi databases (Achilles, DRIVE, 

Marcotte, and DEMETER2), both JHH6 (-0.208) and Huh7 (-0.460) demonstrated a moderate 

dependency on AURKA mRNA expression, albeit to different extents (Figure 8.C). These findings 

were further strengthened by querying databases collecting results from CRISPR-Cas9 experiments 

(22Q4+Score, Chronos). The database analysis revealed the essential role of AURKA in both cell 

lines, with more pronounced effects on JHH6 (scores: -1.230 and -0.663 for JHH6 and Huh7, 

respectively) (Figure 8.D).  

4.2.2 Determining the optimal working concentration for the in vitro experiments 

AURKA inhibition was performed using two ATP-competitive and reversible AURKA 

inhibitors: Alisertib and AK-01. We selected concentrations ranging from 0.001μM to 10μM for 

Alisertib and from 0.01μM to 30μM for AK-01 to test cell viability after 72 hours of treatment. The 

MTT assay was employed to determine the optimal dose-response curve models for cell survival, 

consisting of the rational model for Alisertib and the Weibull model for AK-01 in JHH6 cells, and 

the modified Hoerl model and the Hoerl model in Huh7 cells (Figure 9.A-D). Based on these models, 

LC50 values were calculated for each compound-cell line combination (Table 9).  
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Figure 9. The effects of AURKA inhibition or knockdown on cell viability. (A-B) Dose-response 

curves of JHH6 cells treated with (A) alisertib and (B) AK-01 for 72h (n=3). (C-D) Dose-response curves 

of Huh7 cells treated with (C) alisertib and (D) AK-01 for 72h (n=3). (E-F) Relative (E) JHH6 and (F) Huh7 

cell viability assessed at 72h post treatments with 0.25µM of alisertib, 1.00µM of AK-01, and 1nM of 

siR-AURKA. Statistical significance was calculated using the student’s t-test relative to DMSO for AURKA 

inhibition (* p <0.05, ** p <0.01, *** p <0.001) and to siR-CTRL for AURKA knockdown (# p <0.05, ## 

p <0.01, ### p <0.001). 
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Taking into account the existing literature, the LC50 values derived from our cellular models, and 

the documented decrease in target specificity of alisertib and AK-01 at concentrations higher than 

0.25µM and 1.00µM, respectively, we selected 0.25µM for Alisertib and 1.00µM for AK-01 as the 

optimal working concentrations (Table 9). It is necessary to mention that 1.00µM represents the 

highest concentration of AK-01 specifically inhibiting the enzymatic activity of AURKA without 

affecting AURKB activity [115].  

 

AURKA inhibitors JHH6 cells Huh7 cells Working concentrations  

Alisertib 1.05µM 0.08µM 0.25µM 

AK-01 1.30µM 0.09µM 1.00µM 

 

The working concentration for siR-AURKA was determined to be 1.00nM. This choice was 

supported by consistent findings across all tested concentrations (1.00nM, 5.00nM, and 20.00nM), 

revealing a comparable decrease in AURKA mRNA expression 72 hours post-transfection. 

4.2.3 The reduction in cell viability following AURKA inhibition or knockdown 

The two AURKA inhibitors determined a gradual decline in the viability of both cell lines, with 

a more substantial impact observed in Huh7 (Table 10 and Figure 9.D-E). AK-01 demonstrated a 

greater reduction in cell viability compared to alisertib in both JHH6 and Huh7 cell lines (Table 10).  

 

Treatment 

Times 

Alisertib in 

JHH6 cells 

P-value Alisertib in 

Huh7 cells 

P-value AK-01 in 

JHH6 cells 

P-value AK-01 in 

Huh7 cells 

P-value 

24 hours 91.02±3.81 0.015 78.75±1.87 <0.001 87.21±3.95 0.005 82.85±5.46 0.006 

48 hours 73.15±5.29 <0.001 58.54±9.22 0.002 72.79±0.78 <0.001 50.34±4.06 <0.001 

72 hours 63.83±3.19 <0.001 44.45±4.37 <0.001 57.45±4.00 <0.001 34.11±0.93 <0.001 

 

Conversely, AURKA knockdown exerted a more pronounced effect on JHH6 cell viability, 

reaching its maximum impact at 72 hours post-transfection (Table 11 and Figure 9). 

Table 9. LC50 and working concentrations of treatment with alisertib and AK-01 for 72 hours in 

JHH6 and Huh7 cells. 

Table 10. Cell viability following treatments with AURKA inhibitors in JHH6 and Huh7 cells.  



Chapter 4 - Results 

44 

 

Treatment 

Times 

JHH6 cells P-value Huh7 cells P-value 

24 hours 97.39±6.01 0.420 101.90±3.26 0.230 

48 hours 74.20±1.82 <0.001 86.86±4.94 <0.001 

72 hours 56.60±7.18 <0.001 71.18±4.83 <0.001 

 

4.2.4 The effects of AURKA inhibition and knockdown on AURKA expression and 

activity 

The efficacy of the treatments was verified by assessing both AURKA expression and kinase 

activity, using LATS2 phosphorylation (Ser83) as the marker for the enzymatic activity of AURKA, 

as evidenced by various studies [10,164,165]. Additionally, changes in TPX2 mRNA expression, a 

known co-activator/interactor of AURKA, were examined. 

In JHH6 cells, both alisertib and AK-01 resulted in an increase in AURKA mRNA expression at 

24 hours (2.12±0.48, p = 0.005; 2.92±1.59, p = 0.052), 48 hours (1.80±0.55, p = 0.028; 5.10±1.27, p 

<0.001), and 72 hours (1.64±0.30, p = 0.005; 5.59±1.90, p = 0.004) (Figure 10.A). Conversely, 

AURKA knockdown significantly decreased AURKA mRNA expression at all three selected time 

points (0.14±0.02, p <0.001; 0.16±0.04, p <0.001; 0.29±0.07, p <0.001) (Figure 10.A).  

The protein expression was assessed at 72h and 144 hours after the silencing treatment. The 

selection of these time points aligns with the estimated half-life of some AURKA targets (i.e. PD-

L1), ensuring a comprehensive evaluation of the treatment effects over a duration corresponding to 

the stability and dynamics of these relevant AURKA interactors. Consistently with the previous 

results, both alisertib and AK-01 increased AURKA protein expression at 72 hours (3.48±0.84, p = 

0.001; 4.50±1.76, p = 0.007), while AURKA knockdown decreased AURKA protein expression at 

72 hours (0.00±0.01, p <0.001) and 144 hours (0.00±0.01, p <0.001) (Figure 10.C and E). A moderate 

reduction in LATS2 phosphorylation (Ser83) was observed after AURKA silencing at both time 

points, with significant results at 72 hours (0.69±0.18, p = 0.040) (Figure 10.D-E). In contrast, kinase 

activity inhibition led to a pronounced reduction in LATS2 phosphorylation (Alisertib: 0.52±0.21, p 

<0.001; AK-01: 0.41±0.12, p <0.001) (Figure 10.D-E). 

Regarding TPX2 mRNA expression, both AK-01 and siR-AURKA treatments increased its 

expression at 48 hours (3.32±1.34, p = 0.013; 1.42±0.14, p = 0.001) and 72 hours (5.11±2.23, p = 

Table 11. Cell viability following AURKA silencing in JHH6 and Huh7 cells. 
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0.012; 1.88±0.32, p = 0.002), whereas alisertib showed an increase only at 24 hours (2.91±1.70, p = 

0.066) (Figure 10.B).  

 

Figure 10. The effects of AURKA inhibition or knockdown on AURKA and TPX2 expression and 

AURKA activity in JHH6 cells. (A-B) Relative (A) AURKA and (B) TPX2 mRNA expression at 24h, 48h, 

and 72h post inhibition or knockdown (n=5). (C-D) Relative expression of (C) AURKA protein and (D) 

phospho-LATS2 (Ser83) at 72h post inhibition or knockdown and 144h post knockdown (n=4). (E) 

Representative protein blots of LATS2 (Ser83) phosphorylation, AURKA, and β-Actin post inhibition or 

knockdown. Statistical significance was calculated using the student’s t-test relative to DMSO for AURKA 

C

C 

E 

D 

A B AURKA TPX2 

AURKA  LATS2 (ser83) 
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In Huh7 cells, the treatment with alisertib and AURKA knockdown resulted in decreased AURKA 

(0.86±0.05, p = 0.010; 0.10±0.01, p <0.001) and TPX2 (0.92±0.03, p = 0.015; 0.62±0.02, p <0.001) 

mRNA expression at 72 hours (Figure 11.A-B). In contrast, both inhibitors induced an elevation in 

AURKA protein expression (alisertib: 1.37±0.49, p = 0.259; AK-01: 2.02±0.24, p = 0.002) and a 

reduction in LATS2 phosphorylation (Ser83) (0.82±0.29, p = 0.344; 0.82±0.10, p = 0.032), with 

statistically significant results observed solely in the case of AK-01 treatments (Figure 11.C-E).  

AURKA knockdown decreased AURKA protein expression and LATS2 phosphorylation (Ser83) 

at both 72 hours (AURKA: 0.03±0.05, p <0.001; pLATS2 (Ser83): 0.70±0.23, p = 0.090) and 144 

hours (0.01±0.00, p <0.001; 0.84±0.03, p = 0.003) (Figure 11.C-E). 

inhibition (* p <0.05, ** p <0.01, *** p <0.001) and siR-CTRL for AURKA knockdown. (# p <0.05, ## p 

<0.01, ### p <0.001) 
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Figure 11.  The effects of AURKA inhibition or knockdown on AURKA and TPX2 expression and 

AURKA activity in Huh7 cells. (A-B) Relative (A) AURKA and (B) TPX2 mRNA expression at 72h post 

inhibition or knockdown (n=4). (C-D) Relative expression of (C) AURKA protein and (D) phospho-LATS2 

(Ser83) at 72h post inhibition or knockdown and 144h post knockdown (n=3). (E) Representative protein 

blots of LATS2 (Ser83) phosphorylation, AURKA, and β-Actin post inhibition or knockdown. Statistical 

significance was calculated using the student’s t-test relative to DMSO for AURKA inhibition (* p <0.05, 

** p <0.01, *** p <0.001) and siR-CTRL for AURKA knockdown. (# p <0.05, ## p <0.01, ### p <0.001). 

A B 

C D 

E 

AURKA TPX2 

AURKA  Phospho-LATS2 (ser83) 



Chapter 4 - Results 

48 

 

4.2.5 AURKA inhibition or knockdown promotes incorrect chromosome segregation 

and aneuploidy 

AURKA plays a crucial role in G2/M transition, spindle assembly, and centrosome 

maturation, prompting an investigation into mitotic spindle assembly and cell mitosis defects 

following AURKA inhibition and knockdown. Both AURKA inhibition and knockdown led to an 

increase in the percentage of cells in the G2/M phase and chromatin accumulation. 

 

Sets of  

chromosomes 

DMSO Alisertib AK-01 SiR-CTRL SiR-AURKA 

2n 50.70±4.16 17.97±1.35 24.50±0.20 44.37±1.94 25.63±2.50 

4n 23.73±0.38 47.73±2.54 54.27±0.71 32.17±1.19 48.87±3.41 

>4n 3.10±0.48 27.20±1.65 14.53±1.36 5.49±0.18 16.00±1.40 

Data were reported as cell percentage (mean±SD). 2n: Diploid cells; 4n: Tetraploid cells; >4n: Aneuploid cells with more than 4 sets 

of chromosomes. 

 

In JHH6 cells, alisertib and AK-01, by blocking the AURKA kinase activity, markedly 

increased the percentage of tetraploid cells (both p <0.001) and aneuploid cells with more than 4 sets 

of chromosomes (both p <0.001) compared to the control (Figure 12.A and Table 12). Similar effects 

were obtained following AURKA knockdown (p = 0.001; p <0.001) (Figure 12.A and Table 12). The 

increase in aneuploid cells treated with alisertib, AK-01, and siR-AURKA was 48% (4n+>4: 

24%+24%), 42% (31%+11%), and 28% (17%+11%), respectively. 

 

Sets of 

chromosomes 

DMSO Alisertib AK-01 SiR-CTRL SiR-AURKA 

2n 50.70±4.16 17.97±1.35 21.13±3.30 44.10±4.33 27.40±5.05 

4n 22.03±0.57 34.60±1.56 39.03±0.83 20.73±1.27 29.37±2.61 

>4n 11.00±2.30 22.53±4.11 17.43±3.43 10.46±0.91 20.27±3.56 

Data were reported as cell percentage (mean±SD). 2n: Diploid cells; 4n: Tetraploid cells; >4n: Aneuploid cells with more than 4 sets 

of chromosomes. 

 

In Huh7 cells, Alisertib and AK-01 significantly increased the percentage of tetraploid cells 

(both p <0.001) and aneuploid cells with more than 4 sets of chromosomes (p = 0.013; p = 0.054) 

Table 12. Cell ploidy after AURKA inhibition or knockdown in JHH6 cells. 

Table 13. Cell ploidy after AURKA inhibition or knockdown in Huh7 cells. 
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compared to the control (Figure 12.B and Table 13). AURKA knockdown led to a modest significant 

increase compared to the control (p = 0.007; p = 0.010) (Figure 12.B and Table 13). The increase in 

aneuploid cells with alisertib, AK-01, and siR-AURKA was 26% (4n+>4: 14%+12%), 23% 

(17%+6%), and 19% (9%+10%), respectively.  

JHH6 cells showed a higher percentage of aneuploid cells compared to Huh7 in response to 

all treatments, and AURKA inhibition induced a greater increase in aneuploid cells compared to 

AURKA knockdown in both cell lines (Figure 12.A-B).  

 

Figure 12. The effects of AURKA inhibition or knockdown on cell chromatin content. (A-B) The 

percentages of 2n, 4n, and >4n cells at 72h post inhibition or knockdown in (A) JHH6 and (B) Huh7 cells 

(n=3). Statistical significance was calculated using the student’s t-test relative to DMSO for AURKA 

inhibition (* p <0.05, ** p <0.01, *** p <0.001) and siR-CTRL for AURKA knockdown. (# p <0.05, ## p 

<0.01, ### p <0.001). 2n: Diploid cells; 4n: Tetraploid cells; >4n: Aneuploid cells with more than 4 sets of chromosomes 

A 

B 

JHH6 cells 

Huh7 cells  
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An immunofluorescent assay further confirmed changes in cell ploidy and alterations in cell 

mitosis following AURKA inhibition and knockdown. All treatments resulted in an increased number 

of cells with multiple nuclei compared to the controls (Figure 13.A).  

 

Figure 13. The effects of AURKA inhibition or knockdown on cell ploidy and chromatin 

organization. (A) Cell ploidy at 72h post inhibition or knockdown in Huh7 cell line. (B) Chromatin and 

centrosome organization during chromosome segregation at 72h post inhibition or knockdown in JHH6 

cells. Blue: Hoechst 33258; Green: Tubulin α; Red: Pericentrin. Magnification: 40X. 

A 

B 
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Analysis of chromosome segregation during mitosis revealed that control cells exhibited well-

organized DNA with a visible metaphase plate in dividing cells, microtubule spindle formation by 

tubulin α, and correct localization of PCNT (a centrosome marker) at the two opposite sides. AURKA 

inhibition or knockdown disrupted DNA organization and showed numerous PCNT spots, indicating 

the presence of multiple unorganized centrosomes (Figure 13.B). These findings underscore the 

crucial role of AURKA in mitotic processes and the impact of its modulation on cell cycle dynamics 

and mitotic fidelity. 

4.2.6 The multiple effects of AURKA inhibition or knockdown on PD-L1 regulation 

The contribution of AURKA to immune checkpoint regulation and cancer immune surveillance 

remains unclear due to conflicting evidence. This hypothesized mechanism is yet to be explored in 

HCC. Consequently, we undertook a thorough examination to comprehensively assess the effects of 

AURKA inhibition or knockdown on PD-L1 expression and regulation. 

 PD-L1 mRNA expression is generally low in human cell lines, with Huh7 cells exhibiting a lower 

expression (0.20 TPM) compared to JHH6 cells (18.84 TPM), which represents the second-highest 

expression in HCC-derived cell lines after SNU423 cells (21.63 TPM) (Figure 14.A). qRT-PCR 

confirmed the higher abundance of PD-L1 mRNA expression in JHH6 compared to Huh7 cells (Ct: 

27.98±0.21 vs. 34.15±0.49, p <0.001) (Figure 14.B).  

In JHH6 cells, both alisertib and AK-01 increased PD-L1 mRNA expression at 24 hours 

(2.41±1.09, p = 0.041; 1.92±0.48, p = 0.030) (Figure 14.C). AK-01 treatment demonstrated a 

sustained elevation in PD-L1 mRNA expression at 48 hours (2.13±0.65, p = 0.014) and 72 hours 

(5.70±3.61, p = 0.087), although the latter was not statistically significant (Figure 14.C). Conversely, 

AURKA knockdown initially led to a decreased PD-L1 mRNA expression at 24 hours (0.76±0.12, p 

= 0.002), transitioning into increased expression after 72 hours of treatment (1.71±0.50, p = 0.030) 

(Figure 14.C). In Huh7 cells, AURKA inhibition resulted in an increase of PD-L1 mRNA expression 

at 72 hours (Alisertib: 1.34±0.12, p = 0.008; AK-01: 1.44±0.26, p = 0.044) (Figure 14.D), while 

knockdown in a reduction (0.80±0.04, p <0.001) (Figure 14.D).  

 



Chapter 4 - Results 

52 

 

When analyzing the protein expression a distinct effect resulted from the different treatments, 

possibly indicating multiple roles of AURKA in PD-L1 regulation. PD-L1 protein expression 

exhibited multiple bands in WB analysis, with lower bands representing the unglycosylated immature 

form and upper bands indicating glycosylated mature forms of PD-L1, which are more stable and 

with membrane localization [130,131]. AK-01 treatment notably decreased the expression of 

glycosylated PD-L1 in both JHH6 (0.68±0.07, p <0.001) and Huh7 (0.53±0.14, p = 0.005) cells 

 

Figure 14. The regulation of PD-L1 mRNA expression following AURKA inhibition or 

knockdown. (A) PD-L1 expression in human cell lines according to the Expression Public 23Q4 dataset 

from DepMap Portal (https://depmap.org/portal/). (B) PD-L1 expression in JHH6 and Huh7 cells (n=4). 

Statistical significance was calculated by using the student’s t-test. *** p <0.001. (C) Relative PD-L1 

mRNA expression at 24h, 48h, and 72h post inhibition or knockdown in JHH6 cells (n=4). (D)  Relative 

PD-L1 mRNA expression at 72h post inhibition or knockdown in Huh7 cells (n=3). Statistical significance 

was calculated by using the student’s t-test relative to DMSO for AURKA inhibition (* p <0.05, ** p <0.01, 

*** p <0.001) and to siR-CTRL for AURKA knockdown (# p <0.05, ## p <0.01, ### p <0.001). 
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PD-L1 PD-L1 
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(Figure 15.A, B, E, and F). AURKA knockdown for 144 hours led to a reduction of unglycosylated 

non-mature PD-L1 forms in both JHH6 (0.49±0.28, p = 0.040) and Huh7 (0.77±0.06, p = 0.030), and 

the glycosylated mature forms in JHH6 (0.40±0.21, p = 0.008) (Figure 15.A-F). 

 

Figure 15. The effects of AURKA inhibition or knockdown on PD-L1 protein expression. (A-B) 

Relative expression of mature PD-L1, upper bands, at 72h post inhibition or knockdown and 144h post 

knockdown in (A) JHH6 cells (n=4) and (B) Huh7 cells (n=3). (C-D) Relative expression of unglycosylated 

PD-L1, lower bands, at 72h post inhibition or knockdown and 144h post knockdown in (C) JHH6 cells 

(n=4) and (D) Huh7 cells (n=3). (E-F) Representative protein blots of PD-L1 and β-Actin post inhibition or 
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C D 

E F 

Mature PD-L1 in JHH6 cells Mature PD-L1 in Huh7 cells 
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To assess the impact on PD-L1 mRNA expression, IFN-γ, a recognized inducer of PD-L1, was 

employed. PD-L1 showed a concentration-dependent expression at 6 hours (25ng/ml: 1.89±0.39, p = 

0.020; 50ng/ml: 2.26±0.36, p = 0.040; 150ng/ml: 2.58±0.27, p <0.001; 300ng/ml: 3.12±1.14, p = 

0.030) (Figure 16.A). At 24 hours, a higher and more consistent PD-L1 expression was observed 

(25ng/ml: 2.97±0.69, p = 0.008; 50ng/ml: 3.15±0.35, p <0.001; 100ng/ml: 3.23±0.94, p = 0.010; 

150ng/ml: 3.28±0.67, p <0.001; 300ng/ml: 3.66±0.48, p <0.001) (Figure 16.A). Based on these 

results, the 25ng/ml concentration was selected for subsequent experiments. Notably, the treatments 

with IFN-γ did not induce any significant changes in AURKA expression (Figure 16.B)  

To gain insights into the mechanism of PD-L1 regulation by AURKA, a preliminary gene reporter 

assay was performed, in which the luciferase gene was cloned downstream of the PD-L1 promoter 

(Figure 6). Concordantly with the mRNA expression data, AK-01 increased the activation of the PD-

knockdown in (E) JHH6 cells and (F) Huh7 cells. Statistical significance was calculated using the student’s 

t-test relative to DMSO for AURKA inhibition (* p <0.05, ** p <0.01, *** p <0.001) and to siR-CTRL for 

AURKA knockdown. (# p <0.05, ## p <0.01, ### p <0.001). 

 

Figure 16. The effects of AURKA inhibition or knockdown on PD-L1 promoter activation. (A-B) 

Relative (A) PD-L1 and (B) AURKA mRNA expression at 6h (n=2) and 24h (n=3) post-treatment with 

different concentrations of IFN-γ in JHH6 cells. Statistical analyses were calculated using the student’s t-

test. * p <0.05, ** p <0.01, *** p <0.001 (C-D) Luciferase reporter assay for PD-L1 promoter at (C) 48h 

post-treatment with AK-01 (n=1) or (D) 24h post-treatment with siR-AURKA (n=1) in JHH6 cells. 
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L1 promoter measured by RLU (25.41) compared to controls (DMSO: 6.79; untreated: 1.00) after 48 

hours of treatment (Figure 16.C). The addition of IFN-γ further elevated PD-L1 promoter activation 

in all tested conditions (AK-01: 28.93; DMSO: 20.82; untreated: 15.03) (Figure 16.C). AURKA 

knockdown for 24 hours did not affect the PD-L1 promoter activation (siR-AURKA: 1.13; siR-

CTRL: 1.61; untreated: 1.00) (Figure 16.D). However, under IFN-γ stimulation, AURKA knockdown 

inhibited the PD-L1 promoter activation (1.53) compared to controls (siR-CTRL: 2.04; untreated: 

4.36) (Figure 16.D). Despite the preliminary nature of these findings, they align with the observed 

results for PD-L1 mRNA regulation, potentially highlighting distinct cellular mechanisms influenced 

by inhibitors or siRNAs targeting AURKA.  

4.2.7 PD-L1 knockdown influences AURKA expression 

A research group at the Italian Liver Foundation revealed a diminished AURKA mRNA 

expression in both JHH6 (0.51±0.03, p = 0.002) and Huh7 cells (0.24±0.08, p <0.001) following PD-

L1 silencing (Figure 17.D). As expected, PD-L1 mRNA expression was strongly silenced in JHH6 

(0.09±0.05, p = 0.002) and Huh7 cells (0.24±0.05, p <0.001) (Figure 17.A).  

Our preliminary findings in JHH6 cells indicated a reduction in both the mature (0.73) and non-

mature forms (0.64) of PD-L1) (Figure 17.B and F), with a concurrent decrease in AURKA protein 

expression (0.16) (Figure 17.E-F). This observation unveils a potential feedback loop between PD-

L1 and AURKA in cancer.  
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Figure 17. The effects of PD-L1 knockdown on AURKA expression. (A) Relative PD-L1 mRNA 

expression at 48h post-PD-L1 knockdown in JHH6 (n=2) and Huh7 cells (n=3). (B-C) Relative expression 

of (B) mature PD-L1, upper bands, and (C) unglycosylated PD-L1, lower bands, at 72h post-PD-L1 

knockdown in JHH6 (n=1). (D) Relative AURKA mRNA expression at 48h post-PD-L1 knockdown in JHH6 

(n=2) and Huh7 cells (n=3). (E) Relative expression of AURKA protein at 72h post-PD-L1 knockdown in 

JHH6 (n=1). (F) Representative protein blots of AURKA, PD-L1 upper and lower bands, and β-Actin at 

72h post-PD-L1 knockdown in JHH6 cells. Statistical significance was calculated using the student’s t-test. 

* p <0.05; ** p <0.01; *** p <0.001 
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 4.3 AURKA mRNA expression in hepatocarcinogenesis and its correlation with 

PD-L1 

The investigation into patient samples was initially conducted to assess AURKA expression in 

HCC and during hepatocarcinogenesis, encompassing both human and mouse samples. The 

correlation between AURKA and TPX2, as well as AURKA and PD-L1, was examined. Subsequently, 

the analysis was expanded to include 12 other oncogenes that are potentially implicated in oncogenic 

pathways alongside AURKA. This comprehensive examination aimed to unravel the complex 

molecular interactions associated with AURKA in the context of HCC and shed light on potential 

connections with PD-L1. 

4.3.1 The increased AURKA mRNA expression in HCC 

Numerous studies [74–86] (Table 1) and data collected from the GEPIA database (Figure 7) 

consistently demonstrate an overexpression of AURKA mRNA in HCC. Our exploration of AURKA 

mRNA expression in HCC liver tissues (n=52) revealed a significant 3.54-fold increase in tumors 

compared to adjacent non-tumoral tissues (median: 0.097 [IQR: 0.021-0.212] vs. 0.028 [0.013-0.078], 

p <0.001) (Figure 18.A), with 75% of patients (39/52) showing an increase in AURKA expression in 

tumors (Figure 18.B). All the female patients (n=11) showed AURKA overexpression in tumors, with 

a median ratio between tumor and adjacent non-tumoral tissues of 4.78 [2.58-17.54]. AURKA 

expression did not correlate between tumors and adjacent non-tumoral tissues (r: 0.142 [CI95%: -

0.313; 0.409], p = 0.320) (Figure 18.C). 
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Further analysis revealed a positive correlation between AURKA expression and direct bilirubin 

levels in both tumor and adjacent non-tumoral tissues (r: 0.327 [0.293; 0.362], p <0.001; 0.172 [0.154; 

0.191], p<0.001) (Table 14). Direct bilirubin, or conjugated bilirubin, represents bilirubin that has 

undergone conjugation with glucuronic acid within the liver [132].  

 

 

 

 

Figure 18. AURKA mRNA expression in HCC patients. (A)  Relative AURKA mRNA expression in 

tumor and adjacent non-tumoral tissues (n=52). Statistical significance was calculated by using the 

Wilcoxon signed-rank tests. (B) Ratio of the relative AURKA mRNA expression in tumor and adjacent non-

tumoral tissues (n=52). (C) Correlation between the relative AURKA mRNA expression in tumor and 

adjacent non-tumoral tissues (n=52). Correlations were calculated using Spearman's rank correlation test.   

* p <0.05; ** p <0.01; *** p <0.001 

A 
B 

C 

AURKA 

AURKA correlation 

AURKA 



Chapter 4 - Results 

59 

 

The correlations were represented using the correlation coefficient (CI95%). α-fetoprotein; ALD, Alcohol-associated liver disease; F, 

Female; HCC, Hepatocellular Carcinoma; INR, International normalized ratio; M, Male; MASLD, Metabolic dysfunction-associated 

steatotic liver disease; N, No; Y, Yes. * p <0.05; ** p <0.01; *** p <0.001 

 

The association between AURKA expression and both OS and DFS in both tumors and adjacent 

non-tumoral tissues was investigated (Figure 19.A-D). Patients were divided into high- vs. low-

AURKA expression groups based on the median expression values in tumors (0.097) and adjacent 

non-tumoral tissues (0.028). No significant differences in either OS or DFS were observed between 

the two groups when considering AURKA tumoral expression (OS: Hazard ratio (HR): 0.752 

[CI95%: 0.313-1.810], p = 0.529; DFS: HR: 0.571 [CI95%: 0.246-1.326], p = 0.192) (Figure 19.A-

B) or AURKA expression in adjacent non-tumoral tissues (OS: HR: 1.675 [CI95%: 0.691-4.060], p 

= 0.253; DFS: HR: 0.725 [CI95%: 0.312-1.685], p = 0.454) (Figure 19.C-D). These results suggest 

that AURKA expression alone is not a reliable prognostic indicator for OS or DFS in the considered 

population, at the specified cutoff values. 

Table 14. Regression analysis of AURKA mRNA relative expression to the clinic-pathological 

variables. 

Variables Correlation in HCC P Value Correlation in  

Adjacent tissues 

P Value 

Gender (M/F) -0.072 (-0.765; 0.621) 0.835 -0.112 (-0.476; 0.252) 0.539 

Age 0.003 (-0.026; 0.033) 0.827 -0.001 (-0.016; 0.015) 0.912 

Hemoglobin (g/dl) 0.013 (-0.168; 0.194) 0.886 0.019 (-0.077; 0.114) 0.697 

Platelet count (X103/mm3) -0.001 (-0.004; 0.002) 0.400 -0.001 (-0.002; 0.001) 0.303 

AST (U/l) 0.007 (-0.002; 0.016) 0.144 0.002 (-0.003; 0.007) 0.437 

ALT (U/l) 0.002 (-0.006; 0.011) 0.573 0.000 (-0.005; 0.004) 0.951 

Pseudocholinesterase (U/l) 0.000 (0.000; 0.000) 0.897 0.000 (0.000; 0.000) 0.827 

Total Bilirubin (mg/dl) 0.206 (-0.487; 0.898) 0.553 0.039 (-0.327; 0.405) 0.833 

Direct Bilirubin (mg/dl) 0.327 (0.293; 0.362) <0.001*** 0.172 (0.154; 0.191) <0.001*** 

Albumin (g/dl) -0.572 (-1.192; 0.047) 0.069 -0.160 (-0.495; 0.174) 0.340 

Creatinine (mg/dl) -0.553 (-1.900; 0.796) 0.414 -0.265 (-0.976; 0.447) 0.458 

INR -0.099 (-1.329; 1.131) 0.872 0.024 (-0.624; 0.673) 0.940 

AFP (ng/ml) 0.000 (0.000; 0.000) 0.805 0.000 (0.000;0.000) 0.894 

Etiology  

(Viral/MASLD or/and ALD) 
0.378 (-0.324; 1.081) 0.283 0.222 (-0.153; 0.596) 0.239 

Fibrosis Score  

(F0-F4/F5-F6) 
0.349 (-0.274; 0.972) 0.266 0.122 (-0.209; 0.452) 0.463 

BCLC classes (0-A/B-C) -0.071 (-0.666; 0.523) 0.811 -0.113 (-0.425; 0.199) 0.469 

Cirrhosis (Y/N) 0.100 (-0.553; 0.754) 0.759 0.084 (-0.260; 0.428) 0.626 

Grading  

(Well-Medium/Poor-Not diff.) 0.156 (-0.487; 0.800) 0.627 0.103 (-0.240; 0.446) 0.549 
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Figure 19.  The Kaplan-Meier survival estimates based on AURKA mRNA expression. (A) OS and 

(B) DFS analyses in high-AURKA (n=26) vs. low-AURKA (n=26) patients in tumor tissues. (C) OS and (D) 

DFS analyses in high-AURKA (n=26) vs. low-AURKA (n=26) patients in adjacent non-tumoral tissues. 

Median expression of AURKA mRNA in tumor and adjacent tissues was used as the cut-off values to divide 

the population into the two groups. Statistical significance was calculated using the log-rank Mantel-Cox 

test. 

 

4.3.2 The increase in gene expression during hepatocarcinogenesis in human samples  

To comprehensively understand the dynamic changes in AURKA, TPX2, and PD-L1 expression 

throughout hepatocarcinogenesis, different sample groups, including individuals with healthy livers 

(n=13), subjects with MASLD (n=17), and HCC patients (tumors and adjacent non-tumor tissues, 

n=52) were analyzed. These groups of samples provided a simplified representation of some 

pathological stages during hepatocarcinogenesis. 

AURKA, TPX2, and PD-L1 exhibited significant differential expression across all the groups (all 

p <0.001) (Figure 20.A). AURKA expression gradually increased from healthy to MASLD tissues 

(0.003 [0.002-0.005] vs. 0.013 [0.007-0.029], p = 0.001), from MASLD to adjacent non-tumoral 

tissues (0.013 [0.007-0.029] vs. 0.028 [0.013-0.078], p = 0.050), and from adjacent non-tumoral 

tissues to tumors (0.028 [0.013-0.078] vs. 0.097 [0.021-0.212], p <0.001) (Figure 20.A).  

A 

C D 

B Overall survival Disease-free survival 

Overall survival Disease-free survival 
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TPX2 exhibited a significant increase only from healthy to MASLD samples (0.016 [0.008-0.048] 

vs. 0.061 [0.038-0.159], p = 0.008) and from adjacent non-tumoral tissues to tumors (0.095 [0.050-

0.228] vs. 0.340 [0.148-1.059], p <0.001) (Figure 20.A). PD-L1 was markedly upregulated from 

healthy to MASLD samples (0.030 [0.021-0.092] vs. 0.128 [0.050-0.194], p = 0.030) and from 

MASLD to adjacent non-tumoral tissues (0.128 [0.050-0.194] vs. 0.248 [0.107-0.821], p = 0.010), 

while no differences were reported between adjacent non-tumoral tissues and tumors (0.248 [0.107-

0.821] vs. 0.234 [0.112-0.926], p = 0.500) (Figure 20.A). Both TPX2 and PD-L1 expression did not 

show a significant correlation between tumor and adjacent non-tumoral tissues (r: 0.085 [CI95%: -

0.203; 0.360], p = 0.550; r: 0.151 [-0.138; 0.417], p = 0.290) (Figure 20.B-C).  

 

 

Figure 20. The gene expression in human HCC patients, MASLD individuals, and subjects with 

healthy livers. (A) Relative AURKA, TPX2, and PD-L1 mRNA expression in healthy (n=13), MASLD 

(n=17), adjacent non-tumor (n=52), and HCC (n=52) liver tissues. Statistical significance was calculated 

using Kruskal-Wallis tests for multiple group comparison, Wilcoxon signed-rank tests for the paired tissues, 

and Mann-Whitney U for non-paired tissues. (B-C) Correlations of the relative (B) TPX2 or (C) PD-L1 

mRNA expression between tumors and adjacent non-tumoral tissues (n=52). Correlation analyses were 

calculated using Spearman's rank correlation test. * p <0.05; ** p <0.01; *** p <0.001 
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4.3.3 The diagnostic potential of AURKA 

The gradual increase in AURKA expression during hepatocarcinogenesis suggests its potential 

role in discriminating liver diseases. At the considered cutoff (0.040), AURKA can distinguish 

between tumors and adjacent non-tumoral tissues (Area under the curve (AUC): 0.670 [CI95%: 

0.564-0.776], p = 0.003) (Figure 21.A), with both sensitivity and specificity corresponding to 0.69. 

Better performance was obtained when considering the capacity of AURKA in discriminating 

patients with HCC from those with MASLD or a healthy liver, possibly demonstrating the diagnostic 

potential of AURKA for HCC. AURKA showed a good ability in distinguish both HCC tumors (AUC: 

0.847 [CI95%: 0.756-0.937], cutoff: 0.019; sensitivity: 0.77, specificity: 0.77, p < 0.001) (Figure 

21.B) and HCC-adjacent non-tumoral tissues (AUC: 0.766 [CI95%: 0.652-0.880], cutoff: 0.014; 

sensitivity: 0.70, specificity: 0.73, p < 0.001) from MASLD and healthy samples (Figure 21.C). Thus, 

AURKA could be useful to diagnose HCC in patients with chronic liver disease. 

 

4.3.4 The changes in gene expression during hepatocarcinogenesis in mice samples 

To further explore the expression of Aurka, Tpx2, and Cd274 (Pd-L1) during 

hepatocarcinogenesis an HBV-TG mice model developing HCC was used. The genes were studied at 

5 different time points (3, 6, 9, 12, and 15 months of age) and exhibited a significant differential 

expression across all tested conditions (n = 11, all p <0.001) (Figure 22.A-C).  

 

Figure 21.  The diagnostic potential of AURKA for HCC. (A-D) Receiver Operating Characteristic 

(ROC) curve of AURKA ability in discriminating between (A) tumors vs. adjacent non-tumor tissues, (B) 

tumors vs. MASLD and healthy samples, (C) HCC-adjacent non-tumoral tissues vs. MASLD and healthy 

samples. Sens, Sensitivity; Spec, Specificity. 
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Aurka is overexpressed in TG mice compared to WT with significant differences at 6 months and 

12 months (both p <0.001) (Figure 22.A and Table 15). Aurka exhibited an increase in the neoplastic 

 

Figure 22.  The gene expression analysis in TG and WT mice. (A) Relative Aurka, (B) Tpx2, and (C) 

Cd274 mRNA expression in TG and WT mice at 3m, 6m, 9m, 12m, and 15m of age (per condition, n=11). 

(D) The Aurka, (E) Tpx2, and (F) Cd274 expression trends in TG and WT mice assessed using the median 

gene expression for each condition. Macroscopic HCC lesions were visible at 12 months of age. Statistical 

significance was calculated using Kruskal-Wallis tests for multiple groups, Wilcoxon signed-rank tests for 

the paired tissues, and Mann-Whitney U for non-paired tissues. * p <0.05; ** p <0.01; *** p <0.001 
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nodule compared to the adjacent-non neoplastic tissues both at 12 months (p = 0.037) and 15 months 

(p = 0.014) (Figure 22.A and Table 15). 

 

Age WT mice TG mice 

3 months 0.093 [0.005-0.133] 0.114 [0.085-0.186] 

6 months 0.089 [0.069-0.097] 0.323 [0.183-0.501] 

9 months 0.076 [0.058-0.113] 0.150 [0.082-0.176] 

  Adjacent non-tumoral Neoplastic nodules 

12 months 0.113 [0.079-0.132] 0.320 [0.243-0.426] 0.880 [0.389-1.170] 

15 months 0.123 [0.102-0.196] 0.236 [0.084-0.456] 0.786 [0.372-1.175] 

Gene expression was represented as median [IQR-IIIQR]. 

 

Aurka expression showed dynamic changes in TG mice with an increase from 3 to 6 months (p = 

0.001), a decrease from 6 to 9 months (p = 0.004), followed by an increase from 9 to 12 months in 

both adjacent non-neoplastic tissues (p = 0.013) and neoplastic nodules (p <0.001) (Figure 22.D and 

Table 15). Aurka was stable over time in WT mice, with only a slight increase from 9 to 12 months 

(p = 0.043) (Figure 22.D and Table 15).  

In TG mice, the expression pattern of Tpx2 closely mirrored the trend observed for Aurka. 

However, it also exhibited an increase during the tumor progression both in adjacent non-neoplastic 

tissues (p = 0.024) and neoplastic nodules (p = 0.005) (Figure 22.B and E and Table 16). 

 

Age WT mice TG mice 

3 months 0.320 [0.153-0.450] 0.044 [0.003-0.185] 

6 months 0.243 [0.110-0.258] 1.235 [0.938-1.443] 

9 months 0.132 [0.109-0.261] 0.207 [0.152-0.697] 

  Adjacent non-tumoral Neoplastic nodules 

12 months 0.109 [0.045-0.137] 0.298 [0.160-1.011] 1.039 [0.711-2.052] 

15 months 0.469 [0.243-0.890] 1.156 [0.434-2.185] 3.221 [1.617-4.149] 

Gene expression was represented as median [IQR-IIIQR]. 

 

Although there was minimal fluctuation over time, the expression of Cd274 in WT mice remained 

constant (Figure 22.C and F and Table 17). In TG mice, Cd274 reached its maximum increase at 6 

Table 15. Aurka expression in TG and WT mice.  

Table 16. Tpx2 expression in TG and WT mice. 
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months of age (p <0.001). After this age, the expression consistently decreased until the appearance 

of the tumor at 12 months. Interestingly, an opposite trend was observed for both neoplastic nodules 

(p = 0.010) and non-neoplastic tissue (p = 0.006) (Figure 22.C and F and Table 17). Importantly, it 

cannot be excluded that the similar increase of Cd274 in both tissues was a consequence of the aging 

process in mice.  

 

Age WT mice TG mice 

3 months 2.096 [0.370-2.429] 1.265 [0.531-1.671] 

6 months 2.500 [1.226-2.953] 3.602 [2.354-4.399] 

9 months 1.854 [1.484-2.317] 2.396 [0.967-2.996] 

  Adjacent non-tumoral Neoplastic nodules 

12 months 2.152 [1.621-2.928] 1.480 [1.040-1.796] 1.383 [1.009-2.090] 

15 months 2.193 [1.701-3.896] 2.263 [2.035-3.503] 2.620 [1.744-3.528] 

Gene expression was represented as median [IQR-IIIQR]. 

 

These results support the observations made in human samples, providing a novel perspective on 

the roles of Aurka and Cd274 within the context of liver disease and HCC. 

4.3.5 The positive correlations between AURKA, TPX2, and PD-L1  

The analysis of AURKA, TPX2, and PD-L1 expressions in HCC patients revealed significant 

correlations among these genes. The high-AURKA group exhibits elevated TPX2 and PD-L1 

expressions compared to the low-AURKA group in both tumor samples (TPX2: 0.910 [0.360-2.191] 

vs. 0.163 [0.127-0.329], p <0.001; PD-L1: 0.888 [0.230-1.867] vs. 0.147 [0.090-0.233], p <0.001) 

(Figure 23.A) and adjacent non-tumoral tissues (0.758 [0.248-1.860] vs. 0.135 [0.062-0.234], p 

<0.001; 0.184 [0.095-0.761] vs. 0.057 [0.023-0.097], p <0.001) (Figure 23.B).  

Positive correlations between AURKA and TPX2 (Figure 23.C) and between AURKA and PD-L1 

(Figure 23.D) were observed not only in the tumor (r: 0.818 (CI95%: 0.696; 0.894), p <0.001; r: 0.709 

(CI95%: 0.533; 0.826), p <0.001) and adjacent non-tumoral tissues (r: 0.813 (CI95%: 0.688; 0.891), 

p <0.001; r: 0.748 (CI95%: 0.589; 0.851), p <0.001) but also in MASLD subjects (r: 0.746 (CI95%: 

0.365; 0.913), p = 0.002; r: 0.811 (CI95%: 0.531-0.932), p <0.001) (Figure 23.C-D). AURKA and 

TPX2 positively correlated in healthy livers (r: 0.825 (CI95%: 0.489; 0.948), p <0.001), but not 

AURKA and PD-L1 (Figure 23.C-D). 

Table 17. Cd274 expression in TG and WT mice.  



Chapter 4 - Results 

66 

 

AURKA expression in adjacent non-tumoral tissues showed a positive association with total 

bilirubin and the International Normalized Ratio (INR) (Table 18 and Table 19). The high-AURKA 

 

Figure 23. The correlations between AURKA, TPX2, and PD-L1 mRNA expression. (A-B) Relative 

AURKA, TPX2, and PD-L1 mRNA expression in high-AURKA (n=26) vs. low-AURKA (n=26) in (A) HCC 

tumors and (B) adjacent non-tumoral tissues. Median expression of AURKA mRNA in tumor and adjacent 

tissues was used as the cut-off values to divide the population into the two groups. Statistical significance 

was calculated using the Mann-Whitney U tests. (C-D) Correlation between the relative mRNA expression 

of AURKA and (C) TPX2 or (D) PD-L1 in HCC (n=52), adjacent non-tumor (n=52), MASLD (n=17), and 

healthy (n=13) liver tissues. Correlations were calculated using Spearman's rank correlation test. * p <0.05; 

** p <0.01; *** p <0.001 
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group showed higher levels of total bilirubin and INR compared to the low-AURKA group (0.90 [0.74-

1.29] vs. 0.70 [0.52-0.96], p = 0.010; 1.12 [1.06-1.15] vs. 1.07 [0.98-1.12] (Table 19). Bilirubin is a 

pigment generated through the breakdown of various heme-containing proteins, particularly from 

hemoglobin catabolism. Elevated levels of total bilirubin are commonly linked to liver lesions [133]. 

INR serves as a blood clotting test, assessing an individual's response to anticoagulation therapy with 

a vitamin-K antagonist. A standard INR value is 1.0, and any increase signifies a diminished clotting 

ability, often associated with liver disease and cirrhosis [134]. 

 

Variables Total patients 

 (HCC = 52) 

High-AURKA  

group (HCC = 26) 

Low-AURKA 

group (HCC = 26) 

P-value 

AURKA mRNA 0.097 [0.021-0.212] 0.221 [0.157-0.624] 0.024 [0.013-0.060] <0.001*** 

Gender (M/F) 41/11 18/8 23/3 0.173 

Age 69.90 [62.33-73.65] 69.90 [62.25-73.28] 69.25 [62.68-75.43] 0.750 

Hemoglobin (g/dl) 14.15 [13.60-15.43] 13.95 [12.78-15.05] 14.30 [13.95-15.80] 0.090 

Platelet Count 

(X103/mm3) 
171 [111-223] 171 [106-232] 172 [112-222] 0.820 

AST (U/l) 30.00 [24.00-51.00] 35.00 [25.75-61.00] 27.50 [22.00-48.75] 0.350 

ALT (U/l) 29.50 [19.00-52.75] 28.00 [19.00-54.25] 29.50 [18.50-53.50] 0.790 

Pseudocholinesterase 

(U/l) 
6651 [5447-7384] 6790 [5086-7286] 6597 [5499-7484] 0.930 

Total Bilirubin (mg/dl) 0.82 [0.57-1.01] 0.86 [0.66-1.19] 0.74 [0.57-0.98] 0.270 

Direct Bilirubin (mg/dl) 0.19 [0.13-0.25] 0.19 [0.14-0.30] 0.19 [0.13-0.22] 0.500 

Albumin (g/dl) 4.10 [3.88-4.40] 4.12 [3.81-4.43] 4.10 [3.99-4.38] 0.870 

Creatinine (mg/dl) 0.82 [0.73-0.96] 0.81 [0.73-0.96] 0.87 [0.73-0.95] 0.920 

INR 1.08 [1.03-1.14] 1.08 [1.05-1.14] 1.09 [1.03-1.14] 0.920 

AFP (ng/ml) 9.65 [3.63-111.03] 10.10[4.25-133.00] 5.20 [3.60-11.03] 0.420 

Etiology (Viral/SLD) 22/19 13/10 9/9 0.758 

Fibrosis Score  

(F0-F4/F5-F6) 
16/34 6/19 10/15 0.364 

BCLC Classes  

(0-A/B-C) 
34/18 15/11 19/7 0.382 

Cirrhosis (Y/N) 39/13 19/7 20/6 1.000 

Grading (Well/ 

Medium-Poor-Not diff.) 
15/34 7/16 8/18 1.000 

Vascular invasion (Y/N) 12/35 6/17 6/18 1.000 

Categorical variables were represented by the number of patients and the differences were calculated using Fisher’s exact test. 

Continuous variables were represented as median [IQR-IIIQR] and the differences were calculated using the Mann-Whitney U test. 

AFP, α-fetoprotein; F, Female; HCC, Hepatocellular carcinoma; INR, International normalized ratio; M, Male; N, No; SLD, Steatotic 

liver disease; Y, Yes. * p <0.05; ** p <0.01; *** p <0.001 

 

 

Table 18. The association between demographic, clinical, and pathological variables and high-

AURKA vs. low-AURKA groups in HCC tumors. 
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Variables Total patients 

(HCC = 52) 

High-AURKA group 

(HCC = 26) 

Low-AURKA group 

(HCC = 26) 

P-value 

AURKA mRNA 0.028 [0.013-0.078] 0.073 [0.036-0.240] 0.013 [0.010-0.019] <0.001*** 

Gender (M/F) 41/11 22/4 19/7 0.499 

Age 69.90 [62.33-73.65] 69.20 [62.38-73.03] 70.15 [61.65-75.25] 0.800 

Hemoglobin (g/dl) 14.15 [13.60-15.43] 14.40 [13.55-15.73] 14.00 [13.53-15.05] 0.380 

Platelet Count 

(X103/mm3) 
171 [111-223] 165 [112-225] 178 [110-225] 0.910 

AST (U/l) 30.00 [24.00-51.00] 39.50 [24.75-61.00] 26.50 [22.00-48.75] 0.170 

ALT (U/l) 29.50 [19.00-52.75] 38.50 [19.00-52.25] 25.50 [18.50-58.00] 0.650 

Pseudocholinesterase 

(U/l) 
6651 [5447-7384] 6704 [5344-7260] 6597 [5395-7837] 0.570 

Total Bilirubin (mg/dl) 0.82 [0.57-1.01] 0.90 [0.74-1.29] 0.70 [0.52-0.96] 0.010* 

Direct Bilirubin (mg/dl) 0.19 [0.13-0.25] 0.20 [0.16-0.40] 0.16 [0.13-0.22] 0.060 

Albumin (g/dl) 4.10 [3.88-4.40] 4.09 [3.79-4.29] 4.13 [3.98-4.46] 0.250 

Creatinine (mg/dl) 0.82 [0.73-0.96] 0.89 [0.74-0.96] 0.80 [0.72-0.98] 0.330 

INR 1.08 [1.03-1.14] 1.12 [1.06-1.15] 1.07 [0.98-1.12] 0.030* 

AFP (ng/ml) 9.65 [3.63-111.03] 10.85 [5.45-133.50] 5.05 [3.23-16.30] 0.060 

Etiology (Viral/SLD) 22/19 11/11 11/8 0.756 

Fibrosis Score  

(F0-F4/F5-F6) 
16/34 7/19 9/15 0.547 

BCLC Classes  

(0-A/B-C) 
34/18 18/8 16/10 0.771 

Cirrhosis (Y/N) 39/13 21/5 18/8 0.523 

Grading (Well/ 

Medium-Poor-Not diff.) 
15/34 

7/16 8/18 
1.000 

Vascular invasion (Y/N) 12/35 6/16 6/19 1.000 

Categorical variables were represented by the number of patients and the differences were calculated using Fisher’s exact test. 

Continuous variables were represented as median [IQR-IIIQR] and the differences were calculated using the Mann-Whitney U test. 

AFP, α-fetoprotein; F, Female; HCC, Hepatocellular carcinoma; INR, International normalized ratio; M, Male; N, No; SLD, Steatotic 

liver disease; Y, Yes. * p <0.05; ** p <0.01; *** p <0.001 

 

Despite the strong correlation between AURKA, TPX2, and PD-L1 in HCC, the combination of 

AURKA, TPX2, and PD-L1 expression lacks prognostic significance for OS and DFS. As an example, 

Cox proportional-hazards regression analysis combining AURKA expression (Exp(b): 0.845 (CI95%: 

0.173; 4.141), p = 0.836) and PD-L1 expression (Exp(b): 0.843 (CI95%: 0.534; 1.333), p = 0.466) 

did not provide significant results for OS (p = 0.241) (Table 20, Table 21, and Table 22). 

 

 

Table 19. The association between clinic-pathological variables and high-AURKA vs. low-AURKA 

groups in adjacent non-tumoral tissues. 
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Null model -2 Log Likelihood 151.672 

Full model -2 Log Likelihood 148.823 

Chi-squared 2 2.849 

P-value 0.241 

 

 

Values AURKA PD-L1 

b±SE -0.168±0.811 -0.171±0.234 

Wald 0.043 0.533 

P-value 0.836 0.466 

Exp(b) 0.845 (CI95%: 0.173; 4.141) 0.843 (CI95%: 0.534; 1.333) 

 

 

Time 

(Months) 

Baseline 

Cumulative Hazard 

At the mean of Covariates 

Cumulative Hazard 

At the mean of Covariates 

Survival 

1 0.070 0.035 0.965 

2 0.120 0.061 0.941 

3 0.173 0.087 0.917 

5 0.201 0.101 0.904 

7 0.230 0.116 0.891 

9 0.260 0.131 0.877 

11 0.293 0.147 0.863 

13 0.331 0.167 0.847 

16 0.370 0.186 0.830 

18 0.413 0.208 0.812 

22 0.463 0.234 0.792 

24 0.519 0.261 0.770 

26 0.632 0.318 0.727 

40 0.697 0.351 0.704 

41 0.765 0.385 0.680 

51 0.855 0.431 0.650 

53 0.953 0.480 0.619 

Table 20. The overall model fit of the Cox proportional-hazards regression analysis assessing overall 

survival using the combined AURKA and PD-L1 mRNA expression in HCC.  

Table 21. Coefficients and standard errors of the Cox proportional-hazards regression analysis 

assessing overall survival using the combined AURKA and PD-L1 mRNA expression in HCC.  

Table 22. Baseline cumulative hazard function of the Cox proportional-hazards regression analysis 

assessing overall survival using the combined AURKA and PD-L1 mRNA expression in HCC. 
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While the gene association may not be significant as a prognostic tool, AURKA demonstrates a 

robust correlation with TPX2 and PD-L1 in hepatocarcinogenesis. This connection holds potential 

clinical relevance, as indicated by associations with liver function parameters. 

4.3.6 The positive correlations between AURKA expression and other oncogenes 

A comprehensive analysis was conducted to investigate the correlation between AURKA and a 

selected set of oncogenes known to be associated with pathways in which AURKA is involved 

[95,135–144]. The expression levels of AKT Serine/Threonine Kinase 1 (AKT1), ATPase Na+/K+ 

Transporting Subunit α1 (ATP1A1), B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF), C-

MYC, Epidermal Growth Factor Receptor (EGFR), Glycogen Synthase Kinase 3β (GSK3B), HRas 

Proto-Oncogene, GTPase (HRAS), KRAS Proto-Oncogene, GTPase (KRAS), RELA Proto-Oncogene, 

NF-kB Subunit (NFKB3), NFKBIA, PD-L1, PTEN, TPX2, Yes1 Associated Transcriptional Regulator 

(YAP1) were examined using the GEPIA database (Figure 24.A). ATP1A1 (136.19 TPM), NFKBIA 

(77.79), and AKT1 (38.40) exhibited the highest expression, while PD-L1 (0.52), BRAF (3.59), and 

KRAS (3.92) showed the lowest expression levels (Figure 24.A). 

The correlation between AURKA and these genes was investigated in 39 HCC-paired tissues 

divided into high- vs. low-AURKA groups according to the median AURKA expression in tumor 

tissues (0.059) and adjacent non-tumoral tissues (0.026). For each gene, the mean rank difference was 

calculated, and the adjusted p-value was determined. The graphical representation (Figure 24.B-C) 

illustrates the mean rank differences (X-axis) and log10 (adjusted P-values) (Y-axis) for the 

correlations of each gene with AURKA expression in HCC patients. 

The upper-right quadrant (Figure 24.B-C) indicates genes with a significantly positive difference 

in mean ranks between high-AURKA and low-AURKA groups, and the lower-right quadrant (Figure 

24.B-C) represents genes with a non-significant positive difference. Conversely, the lower-left 

quadrant (Figure 24.B-C) contains genes with a non-significant negative difference, and the upper-

left quadrant (Figure 24.B-C) shows genes with a significantly negative difference. PD-L1, TPX2, 

and KRAS exhibited the highest and most significant differences in both tumor tissues (PD-L1: mean 

rank difference: 16.93, p <0.001; TPX2: 14.88, p <0.001; KRAS: 12.96, p <0.001) and adjacent non-

tumoral tissues (PD-L1: 14.37, p <0.001; TPX2: 14.88, p <0.001; KRAS: 13.13, p <0.001) (Figure 

24.B-D). 
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Figure 24. The correlations between AURKA expression and 14 oncogenes in HCC. (A) The mRNA 

expression of AURKA, AKT1, ATP1A1, BRAF, C-MYC, EGFR, GSK3B, HRAS, KRAS, NFKB3, NFKBIA, 

PD-L1, PTEN, TPX2, and YAP1 from GEPIA database (http://gepia.cancer-pku.cn/). (B-C) The correlations 

between the expression of AURKA and the 14 oncogenes in (B) tumor (n=39) and (C) adjacent non-tumoral 

(n=39) tissues. The statistical significance was calculated using the Mann-Whitney U tests. (D) The adjusted 

p-values of the associations between the relative mRNA expression of AURKA and the oncogenes in tumors 

and adjacent non-tumoral tissues. * p <0.05; ** p <0.01; *** p <0.001. AKT1, AKT Serine/Threonine Kinase 1; 

ATP1A1, ATPase Na+/K+ Transporting Subunit α1; BRAF, B-Raf Proto-Oncogene, Serine/Threonine Kinase; C-MYC, MYC 

Proto-Oncogene, BHLH Transcription Factor; EGFR, Epidermal Growth Factor Receptor; GSK3B, Glycogen Synthase Kinase 3β; 

HRAS, HRas Proto-Oncogene, GTPase; KRAS, KRAS Proto-Oncogene, GTPase; NFKB3, RELA Proto-Oncogene, NF-kB Subunit; 

NFKBIA, NFKB Inhibitor α; PTEN, Phosphatase And Tensin Homolog; YAP1, Yes1 Associated Transcriptional Regulator. 

Despite PD-L1 being the least expressed oncogene among the analyzed group in HCC, it showed 

the most robust association with AURKA expression. These findings not only reinforce previous 

observations regarding AURKA's correlation with PD-L1 and TPX2 but also spotlight KRAS as a 

potential key player in AURKA-related signaling pathways.  
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4.4 AURKA protein expression in human and mice samples 

4.4.1 The decrease in AURKA protein expression in HCC 

In contrast to prior reports suggesting AURKA protein overexpression in tumors (Table 1) [87–

90], the analysis, utilizing two distinct antibodies targeting different AURKA domains (sc-398814 

from Santa Cruz Biotechnology targeting amino acids 1-130 (N-terminal) and ab52973 from Abcam 

targeting amino acids 350-450 (C-terminal)), revealed a significant decrease in AURKA expression 

in HCC tumor tissues (Figure 25.A-D). 

AURKA showed a 2.66-fold decrease in tumors compared to adjacent non-tumoral tissues (n=54) 

(0.276 [0.094-0.478] vs. 0.733 [0.393-0.971], p <0.001) (Figure 25.A and C), with only the 17% of 

patients showing an AURKA overexpression in tumors (Figure 25.E). Among patients 

overexpressing AURKA in tumors, 56% (5/9) had HCV infection, while 33% (3/9) and 11% (1/9) 

were associated with steatotic liver disease (SLD) and HBV, respectively. 

These results were further confirmed by testing a subset of samples (12 out of 54 patients) with 

the ab52973 antibody, revealing a robust decrease in AURKA expression in tumor samples (0.027 

[0.005-0.177] vs. 0.170 [0.098-0.317], p = 0.052) (Figure 25.B and D). Once again, only 17% of the 

samples exhibited AURKA overexpression in tumors.  

There was no observable correlation in AURKA expression between the tumors and adjacent non-

tumoral tissues (r: 0.266 [CI95%: -0.015; 0.509], p = 0.056) (Figure 25.F). Additionally, no 

correlation was observed between AURKA mRNA and AURKA protein expression in tumor tissues 

(r: 0.127 [CI95%: -0.169; 0.401], p = 0.386) (Figure 25.G) and adjacent non-tumoral tissues (r: -0.098 

[CI95%: -0.383; 0.203], p = 0.510) (Figure 25.H). 
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Figure 25. AURKA protein expression in HCC patients. (A-B) Relative AURKA protein expression 

in tumor and adjacent non-tumoral tissues using the antibody (A) sc-398814, from Santa Cruz 

Biotechnology (n=54), or (B) ab52973, from Abcam (n=12). Statistical significance was calculated using 

the Wilcoxon signed-rank test. (C-D) Representative protein blots of AURKA and β-Actin in tumor and 

adjacent non-tumoral tissues with the antibody (C) sc-398814 or (D) ab52973. (E) Ratio of the relative 

AURKA protein expression between tumors and adjacent non-tumoral tissues (n=52). (F) Correlation 

between the relative AURKA protein expression in the tumor and adjacent non-tumoral tissues (n=52). (G-
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H) Correlation between the relative AURKA mRNA and AURKA protein expression in (G) tumor or (H) 

adjacent non-tumoral tissues (n=49). Correlations were calculated using Spearman's rank correlation test. * 

p <0.05; ** p <0.01; *** p <0.001 

 

4.4.2 The phosphorylation of AURKA on Thr288 residue in HCC 

To evaluate the activation status of AURKA in human HCC tissues (n=12), we examined 

AURKA phosphorylation on Thr288 in both tumor and adjacent non-tumoral tissues. This particular 

phosphorylation site is commonly associated with the enzymatic activation of AURKA [145,146].  

A low signal of phosphorylated AURKA (Thr288) was detected in both tissues, with no 

significant differences between tumors and adjacent tissues (0.011 [0.003-0.035] vs. 0.027 [0.011-

0.052], p = 0.380) (Figure 26.A-B). Interestingly, in 50% of the patients (6/12), the expression of 

phospho-AURA (Thr288) was higher in tumors compared to the adjacent non-tumoral tissues (Figure 

26.C). The mean percentage of activated AURKA was higher in tumors compared to adjacent non-

tumoral tissues (13.84% vs. 6.14%) (Figure 26.C). Thus, although expressing lower levels of 

 

Figure 26. The phosphorylation of AURKA on Thr288 in HCC patients. (A) Relative expression of 

phosphor-AURKA (Thr288) in tumor and adjacent non-tumoral tissues (n=12). Statistical significance was 

calculated using the Wilcoxon signed-rank tests. Ns, Non-significant. (B) Representative protein blots of 

phospho-AURKA (Thr288) and β-Actin in tumor and adjacent non-tumoral tissues. (C) Percentage of 

phosphor-AURKA (Thr288) relative to the total AURKA protein expression in both tumor and adjacent 

non-tumoral tissues for each patient (n=12). 
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AURKA, tumors showed a higher amount of activated AURKA. However, until now, no 

experimental explanation can be provided regarding the implications of this activation in tumors. 

Given the higher percentage of AURKA phosphorylation (Thr288) in tumors, AURKA might 

play a significant role in cell mitosis and replication. The phosphorylation of AURKA on Thr288 

promotes a conformational change to an opened state, enhancing the kinase activity of the protein 

and facilitating the phosphorylation of its co-factors and substrates. These alterations are crucial in 

the mitotic process, where the correct activation of AURKA is pivotal for the G2/M transition and 

the organization of the mitotic spindle [27].  

However, immunohistochemical assays conducted in 8 HCC patients not only confirmed the 

generally low abundance of AURKA in tumors but also revealed limited Ki67 positivity, a marker of 

cell proliferation. Although with slight positivity, Ki67 staining was higher in 37% of the tumor 

tissues (3/8), while the remaining patients exhibited a very low signal (0-2% positivity to the marker) 

in both tumor and adjacent non-tumoral tissues. Despite the increased AURKA phosphorylation 

(Thr288) in tumor components, it does not appear to significantly affect cell proliferation. However, 

considering the diverse range of functions associated with active AURKA and total AURKA, further 

analyses are warranted to unravel the potentially distinct roles of this protein in both tumor and 

adjacent non-tumoral tissues. 

A representative case (Figure 27) illustrated weak positivity for the AURKA antibody in the 

tumor tissue compared to the contiguous non-cirrhotic non-tumoral hepatic parenchyma, showing 

intense positivity (Figure 27, left panels). Conversely, Ki-67 antibody positivity was evident only in 

the tumor component (Figure 27, right panels).  
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Figure 27. Immunohistochemical staining of AURKA and Ki67 in a representative HCC patient 

(sample 15). The top panels show the transition area between the tumor and adjacent non-tumoral tissues, 

the middle panels the tumor component, and the bottom panels the adjacent non-tumoral component. Ki67: 

a marker of cell proliferation. Magnification:10X. 

In another case (Figure 28), both tumor and adjacent non-tumoral components showed moderate 

AURKA positivity (Figure 28, left panels), and Ki-67 expression remained consistent between the 

tissues (Figure 28, right panels). 
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Figure 28. Immunohistochemical staining of AURKA and Ki67 in a representative HCC patient 

(sample 39). The top panels show the transition area between the tumor and adjacent non-tumoral tissues, 

the middle panels the tumor component, and the bottom panels the adjacent non-tumoral component. Ki67: 

a marker of cell proliferation. Magnification:10X 

 

4.4.3 The changes in AURKA protein expression during hepatocarcinogenesis 

In response to the unexpected findings regarding AURKA expression in HCC, our investigation 

expanded to include individuals with MASLD and subjects with healthy livers. AURKA exhibited 

significant (p <0.001) differential expression across healthy (0.945 [0.563-1.470]), MASLD (1.945 

[0.455-2.423]), adjacent non-tumor (0.733 [0.393-0.971]), and tumor samples (0.276 [0.094-0.478]). 

AURKA was overexpressed in both healthy and MASLD samples compared to tumors (both p 

<0.001) (Figure 29.A-B) and in MASLD samples compared to adjacent non-tumoral tissues (p = 

0.031) (Figure 29.A-B).  
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Immunohistochemical staining revealed widespread and intense positivity for the AURKA 

antibody in the epithelial elements of hepatocytes, with sparing of the stromal component in healthy, 

MASLD, and adjacent non-tumoral samples (Figure 29.A). In contrast, the tumor sample displayed 

weak positivity with a heterogeneous distribution (Figure 29.A), aligning with the results available 

from the THPA database obtained using CAB001454 (Novocastra Antibodies) or HPA002636 

(Sigma-Aldrich) antibodies (Figure 29.C). The first and third representative cases exhibited focal 

weak positivity for the antibody, while the second tissue sample was completely negative (Figure 

29.C). 

 The analysis of AURKA protein expression in the mouse model revealed significant differential 

expression across all tested conditions (p = 0.001) (Figure 30.A-B). A stable expression was observed 

in WT mice, while AURKA expression increased in TG mice from 3 to 9 months, with a significant 

difference between 6 and 9 months (0.559 [0.336-0.683] vs. 0.783 [0.500-0.853], p = 0.033) (Figure 

30.C). After the neoplastic formation, AURKA expression was decreased in neoplastic nodules 

compared to adjacent non-neoplastic tissues, although not significantly (0.655 [0.520-0.780] vs. 0.765 

[0.634-0.924], p = 0.084) (Figure 30.A-B), aligning with the observations in human samples.  

Figure 29. The protein expression of AURKA in human HCC patients, MASLD individuals, and 

subjects with healthy liver. (A) Relative AURKA protein expression by Western Blot in HCC (n=54), 

adjacent non-tumor (n=52), MASLD (n=10), and healthy (n=10) liver tissues and immunohistochemical 

staining of AURKA performed on tissue samples from one representative subject per each condition.  

Statistical significance was calculated using Kruskal-Wallis tests for multiple groups, Wilcoxon signed-rank 

tests for the paired tissues, and Mann-Whitney U for non-paired tissues. * p <0.05; ** p <0.01; *** p <0.001 

(B) Representative protein blots of AURKA and β-Actin in the tumor, adjacent non-tumoral, MASLD, and 

healthy liver tissues. (C) Immunohistochemical staining of AURKA performed on tissue samples from three 

representative patients from the THPA database (https://www.proteinatlas.org/).  
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Together, these findings suggest a dynamic pattern of AURKA expression, increasing during 

chronic liver disease and the pre-neoplastic stage, followed by a decrease in tumors. 

  

 

Figure 30. The protein expression of AURKA in TG and WT mice at different ages. (A) Relative 

AURKA protein expression in TG and WT mice at 3m, 6m, 9m, 12m, and 15m of age (per condition, n=10). 

(B) Representative protein blots of AURKA and Actin in mice liver tissues from all the different twelve 

conditions. (C) The AURKA expression trend in TG and WT mice assessed using the median AURKA 

expression for each condition. Macroscopic HCC lesions were visible at 12 months of age. Statistical 

significance was calculated using Kruskal-Wallis tests for multiple groups, Wilcoxon signed-rank tests for 

the paired tissues, and Mann-Whitney U for non-paired tissues. * p <0.05; ** p <0.01; *** p <0.001  
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4.5 PD-L1 protein expression in HCC: A possible correlation with AURKA 

After establishing correlations at the mRNA levels and identifying potential mechanisms linking 

AURKA and PD-L1 in vitro, a subsequent investigation was conducted in human HCC samples to 

validate and strengthen the evidence related to PD-L1.  

4.5.1 PD-L1 protein expression in HCC 

In the analyzed 54 HCC samples, total PD-L1 protein exhibited an overall increased expression 

in tumor tissues compared to adjacent non-tumoral tissues (0.607 [0.354-0.834] vs. 0.447 [0.305-

0.599], p = 0.029) (Figure 31.A and E), with 59% of patients demonstrating PD-L1 overexpression 

in tumors (Figure 31.B). Upon more detailed analysis, this difference was primarily attributed to 

unglycosylated non-mature forms (lower bands) of PD-L1 (tumor: 0.219 [0.102-0.326] vs. adjacent 

non-tumoral: 0.168 [0.108-0.253], p = 0.135) (Figure 31.C and E). No differences in glycosylated 

mature forms of PD-L1 were observed (upper bands) (0.168 [0.101-0.267] vs. adjacent 0.139 [0.054-

0.239], p = 0.023 (Figure 31.D-E). 
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Upon categorizing the population into two groups based on the median expression (0.607) in 

tumors, PD-L1 was found to be overexpressed in tumors compared to adjacent non-tumoral tissues 

in 35% (9/26) of the samples in the low-PD-L1 group (Figure 32.A), while in 85% (22/26) in the 

high-PD-L1 group (Figure 32.A). Further analysis revealed a positive correlation in total PD-L1 

expression between tumor and adjacent non-tumoral tissues (r: 0.385 [CI95%: 0.117; 0.601], p = 

0.005) (Figure 32.B). Additionally, we observed a positive correlation between PD-L1 mRNA and 

PD-L1 protein expression (n=49) only in tumor tissues (r: 0.322 [CI95%: 0.036; 0.559], p = 0.024) 

(Figure 32.C). No correlation was observed in adjacent non-tumoral tissues (r: -0.023 [CI95%: -0.310; 

0.267], p = 0.873) (Figure 32.D). 

 

Figure 31.  PD-L1 protein expression in HCC patients. (A) Relative total PD-L1 protein expression 

in tumor and adjacent non-tumoral tissues (n=54). (B) Ratio of the relative PD-L1 protein expression 

between tumor and adjacent non-tumoral tissues (n=51). (C-D) Relative expression of (C) immature 

unglycosylated (lower bands) and (D) mature glycosylated (upper bands) PD-L1 in tumor and adjacent non-

tumoral tissues (n=54). (E) Representative protein blots of total PD-L1 and β-Actin in tumor and adjacent 

non-tumoral tissues. Statistical significance was calculated using the Wilcoxon signed-rank tests. * p <0.05; 

** p <0.01; *** p <0.001 
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4.5.2 PD-L1 and AURKA protein expression in HCC 

Despite the previous analysis uncovered a correlation between AURKA and PD-L1 mRNA 

expression (Figure 20.C), no correlation was observed between the protein expressions of AURKA 

and PD-L1 in tumor tissues (r: -0.005 [CI95%: -0.280; 0.271], p = 0.972) (Figure 33.A) or adjacent 

non-tumoral tissues (r: 0.186 [CI95%: -0.100; 0.443], p = 0.188) (Figure 33.B).  

 

Figure 32. PD-L1 correlation in HCC patients. (A) Relative PD-L1 protein expression in each tumor 

tissue, flanked by its adjacent non-tumoral tissue (n=52). Samples were ordered according to PD-L1 

expression in the tumor. (B) Correlation between the relative PD-L1 protein expression in tumor and 

adjacent non-tumoral tissues (n=52). (C-D) Correlation between the relative PD-L1 mRNA and PD-L1 

protein expression in (C) tumor and (D) adjacent non-tumoral tissues (n=49). Correlations were calculated 

using Spearman's rank correlation test. * p <0.05; ** p <0.01; *** p <0.001 
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The immunohistochemical staining for PD-L1 in 8 HCC patients consistently revealed low 

expression (0-1%) in both tumor and adjacent non-tumoral tissues. A representative case (Figure 34) 

illustrated focal intense positivity for the AURKA antibody in the tumor tissue and diffuse positivity 

at the epithelial level in the non-tumoral cirrhotic tissue counterpart (Figure 34, left panels). Only 

macrophage elements displayed positivity for the PD-L1 antibody (Figure 34, right panels), implying 

that the higher positivity in the tumor component may be indicative of increased inflammation in this 

tissue.  

 

Figure 33. The correlation between AURKA and PD-L1 protein expression. (A-B) Correlation 

between the relative protein expression of AURKA and total PD-L1 in (A) HCC (n=54) or (B) adjacent 

non-tumor tissues (n=52). Correlations were calculated using Spearman's rank correlation test. * p <0.05; 

** p <0.01; *** p <0.001 
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In another case (Figure 35), both tumor and adjacent non-tumoral components exhibited moderate 

AURKA positivity (Figure 35, left panels), while PD-L1 was not expressed (Figure 35, right panels). 

These results were consistent with the immunohistochemical staining for PD-L1 (CAB076385 

antibody, Cell Signaling Technology) in HCC tissues from the THPA database (Figure 36). The first 

case exhibited focal positivity in some elements likely of macrophage origin, while the second and 

third tissue samples showed complete negativity. 

Figure 34. Immunohistochemical staining of AURKA and PD-L1 in a representative HCC patient 

(sample 28). The top panels show the tumor component and the bottom panels the adjacent non-tumoral 

component. Magnification:10X. 

 

Figure 35. Immunohistochemical staining of AURKA and PD-L1 in a representative HCC patient 

(sample 39). The top panels show the transition area between the tumor and adjacent non-tumoral tissues, 

the middle panels the tumor component, and the bottom panels the adjacent non-tumoral component. 

Magnification:10X.  
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The immunohistochemical staining unveiled a lower expression of PD-L1 protein compared to 

the WB results. This variance can be attributed to the use of a different antibody, validated for clinical 

practice in various tumors (though not specifically in HCC).  

 

  

  

 

 

 

Figure 36. Immunohistochemical staining of PD-L1 in HCC patients from The Human Protein 

Atlas (https://www.proteinatlas.org/). The staining was performed on tissue samples from three 

representative patients, distinct from those used for AURKA staining. 
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Chapter 5 - Discussion 

HCC is a significant global health concern, ranking as the fourth leading cause of cancer-related 

deaths [1], with both the incidence and mortality expected to increase in the coming years [2]. The 

persistently high mortality associated with HCC is mainly attributed to late-stage diagnoses and 

limited therapeutic options. 

Diagnoses at advanced stages limit access to curative treatment options, impacting overall 

prognosis. LT and hepatic resection, which offer improved survival and lower recurrence rates, are 

restricted to patients with single nodules or a maximum of three small lesions [1,19]. For patients 

diagnosed with advanced-stage HCC, systemic therapies give limited prospects for long-term 

survival. The recent introduction of combinatorial treatments, specifically the combination of targeted 

therapy and immunotherapy, has improved outcomes in advanced-stage patients [147]. This 

combination treatment can optimize treatment efficacy and long-term effectiveness through its dual 

impact on both tumor cells and immune modulation [23]. Thus, recent clinical trials have focused on 

the development of targeted therapies, immune checkpoint inhibitors, and synergistic treatments 

[147]. The generation of a comprehensive panel of therapeutic targets and immune checkpoint 

inhibitors can offer a more personalized and efficient treatment approach for patients. 

During the last two decades, studies exploring the genomic landscape of HCC have identified 

several key genes crucial in carcinogenesis. Among these, AURKA, a member of the Aurora 

serine/threonine kinase family [10], plays a crucial role in regulating the mitotic process, particularly 

in G2/M transition, centrosome maturation, mitosis entry, and formation of the mitotic spindle 

[27,35]. AURKA overexpression has been reported in various tumor types, where it can drive cancer 

cell proliferation. Our study revealed a significant 3.54-fold increase in AURKA mRNA expression 

in 75% of tumor tissues compared to adjacent non-tumoral tissues in a population of 52 HCC patients 

who underwent hepatic resection. This finding is consistent with data from the TCGA database and 

aligns with numerous studies investigating AURKA expression in HCC across diverse gene 

expression datasets [74–86] and patient cohorts from local hospitals [69,77,81,90]. 

According to the TCGA database, AURKA expression in the liver is a potential prognostic 

biomarker. Patients exhibiting high AURKA expression demonstrated a twofold increase in the 

likelihood of shorter OS and a 1.6 times higher risk of earlier recurrence. However, our study did not 

confirm these findings, potentially due to variations in the population characteristics. Notably, the 
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TCGA database comprises a substantial proportion (43%) of Asian individuals [148]. Asian HCC 

patients are predominantly affected by chronic HBV infection [1,149]. Among the patients enrolled 

in the INSIGHT study, HBV was the predominant risk factor for HCC in numerous Asian countries, 

including China (91.3%), Taiwan (62.2%), South Korea (64.4%), Hong Kong (82.8%), Thailand 

(48.0%), and Singapore (46.0%) [150]. In contrast, our HCC population exhibited HBV as the 

etiology of malignancy in only 11% of patients. No significant associations were observed in our 

population between AURKA expression and etiology or other pathological features, such as tumor 

grades. Notably, the limited number of cases available for analysis in our study may contribute to the 

absence of observed associations. 

Intriguingly, AURKA expression positively correlated with the quantity of direct bilirubin, and 

the high-AURKA group of patients displayed elevated levels of total bilirubin. Increased total bilirubin 

levels are commonly associated with hepatic damage [133], suggesting a possible association between 

AURKA expression and liver dysfunction. This hypothesis highlights the potential multiple 

mechanisms of action and roles of the kinase during the progression of the disease. While AURKA 

is traditionally associated with mitosis, its role expands to other functions linked to liver dysfunction 

during disease progression. Notably, AURKA can play a crucial role in promoting liver fibrosis and 

is involved in various oncogenic pathways beyond cell replication. In hepatic stellate cells, the 

increased stability of AURKA is associated with a reduction in cellular senescence, contributing to 

alcohol-related liver fibrosis [151]. Additionally, AURKA is implicated in resistance to apoptosis by 

dysregulating the NF-κB signaling pathway [99] and promoting stemness by regulating the 

PI3K/AKT pathway [90]. 

This initial evidence prompted an extension of the research to include precancerous conditions, 

encompassing human MASLD and healthy liver samples, along with an HBV-TG mouse, a model of 

chronic liver disease leading to HCC. The analysis revealed a gradual increase in AURKA expression 

during the progression of liver disease, from a healthy state to tumor development, with elevated 

levels observed in the presence of hepatic damage, irrespective of its etiology, whether metabolic or 

viral. To our knowledge, this study [152] represents the first investigation evaluating AURKA 

expression throughout hepatocarcinogenesis, offering new insights into the role and significance of 

AURKA, even in precancerous conditions. The observed increase in AURKA expression in the 

presence of liver disease suggests non-canonical functions of AURKA in the context of hepatic 

damage. Notably, AURKA's potential involvement in liver fibrosis and steatosis, and its association 



Chapter 5 - Discussion 

89 

 

with HBV-HCC susceptibility and viral replication highlights the multifaceted role of this kinase in 

various aspects of liver pathology. 

In zebrafish, AURKA overexpression promoted the expression of lipogenic factors and enzymes. 

In AURKA-TG fish, stably overexpressing AURKA, the expression of peroxisome proliferator-

activated receptor γ (pparγ), sterol regulatory element-binding protein 1 (srebp1), carbohydrate-

responsive element-binding protein (chrebp) were upregulated, suggesting a potential role of 

AURKA in steatosis [72]. AURKA has been implicated in enhancing HBV replication and expression 

independently of its kinase activity. In HepG2 cells transfected with recombinant Adeno-associated 

virus-hepatitis B virus (HBV1.3), AURKA knockdown significantly inhibited viral replication and 

expression. Intriguingly, the kinase-dead mutant K162R, incapable of binding ATP at the catalytic 

site, and the non-phosphorylatable mutant T288A exhibited a marked increase in viral DNA [153]. 

Furthermore, a specific AURKA polymorphism (Ile31Phe) has been associated with mediating 

susceptibility to HBV-related  HCC in a Chinese population [154].  

The progressive increase of AURKA expression observed during hepatocarcinogenesis suggests 

its potential utility as a promising biomarker for diagnosing the progression of chronic liver disease 

toward HCC. This becomes particularly significant when considering the transition from MASLD to 

more severe pathological conditions. However, the practical use of this biomarker in real-world 

applications is constrained by the reliance on tissue specimens since liver biopsy is an invasive and 

risk-prone procedure [155], and the lack of studies demonstrating superior performance of tissue 

biomarkers compared to current imaging-based methods. 

 

The analysis of AURKA protein expression in human and mouse tissues revealed unexpected 

results compared to prior studies, which showed a general upregulation of AURKA in HCC [87–89] 

(Table 1). However, it is essential to consider that these study populations were predominantly 

composed of Asian patients. Conversely, our study revealed a noteworthy decrease (2.66-fold) in 

AURKA protein expression in 83% of tumors compared to adjacent non-tumoral tissues. This 

disparity between mRNA and protein expression may be attributed to differential post-transcriptional 

regulation in tumoral and normal contexts, resulting in multiple isoforms of AURKA mRNA with 

distinct translation efficiencies. 

Sixteen high-scoring transcript isoforms resulting from alternative splicing have been annotated 

until 2022 in the National Center for Biotechnology Information (NCBI) and Ensemble databases, 
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primarily involving 5′UTR splicing variants. Given that the splicing process is tightly coupled to 

transcription, and considering the cell cycle periodicity of AURKA transcription, it is not surprising 

that AURKA is among the genes undergoing periodic alternative splicing during the cell cycle [30]. 

A study identified three 5′UTR splicing isoforms in a breast cancer cell line, while only one isoform 

lacking exon II was found in a non-cancerous cell line, suggesting that exon II might be implicated 

in tumorigenesis. However, all three alternative splicing isoforms supported equal AURKA protein 

translation, excluding exon II as the sole determinant for AURKA protein overexpression in breast 

cancers [156]. Conversely, in colorectal cancers, an exon II-dependent mechanism of AURKA 

translational activation was proposed. The two exon II-containing transcripts were the most expressed 

AURKA splicing isoforms in colorectal cancer. Exon II enabled AURKA mRNA to respond to the 

Epidermal Growth Factor (EGF) stimulus, leading to translational up-regulation [157], possibly 

explaining why exon II-dependent AURKA overexpression could not be detected using in vitro 

assays.  

Moreover, AURKA mRNA also exhibited short and long 3'UTR isoforms in breast cancer due to 

alternative polyadenylation. The short isoform was prevalent in TNBC, correlating with faster relapse 

times. It demonstrated higher translational efficiency resulting in increased proliferation and 

migration rates of cells in vitro since the translation and decay rates of the long isoform were regulated 

by hsa-let-7a tumor-suppressor miRNA [158]. Additionally, a recent study revealed the existence of 

AURKAPS1, a long non-coding RNA (lncRNA) and AURKA pseudo-gene. This lncRNA showed 

higher expression in HCC tumor tissues, mainly associated with tumor size and tumor, node, and 

metastases (TNM) stage. In vitro, AURKAPS1 promoted cell migration, and invasion, increasing the 

protein expression of Rac Family Small GTPase 1 (RAC1), activating Mitogen-Activated Protein 

Kinase (ERK), and enhancing membrane ruffle formation by competitively binding with miR-182, 

miR-155, and miR-142 [159].  

The complexities of post-transcriptional regulation, context-dependent isoform with different 

translation efficiencies, and the presence of the non-protein-coding AURKAPS1 may contribute to 

the observed disparities between AURKA mRNA and protein expression. Ongoing investigations by 

our group aim to explore potential differences in mRNA isoforms between HCC tissues and adjacent 

non-tumoral tissues, as well as inter-patient variations. 
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The analysis of precancerous conditions showed a higher AURKA protein expression in MASLD 

subjects compared to HCC patients, suggesting a potential role of AURKA in chronic liver diseases. 

Interestingly, various studies showed AURKA’s potential role in promoting fibroblast proliferation 

and fibrosis in different organs. Indeed, the selective AURKA inhibitor MK-5108 alleviated renal 

fibrosis in mouse samples, possibly by inhibiting fibroblast proliferation and activation and 

suppressing the phenotypic transition of renal cells. In vitro, MK-5108 inhibited the pro-fibrotic 

response in renal cells induced by TGF-β1 [160]. In lung fibrosis, MK-5108 led to a consequential 

reduction in the expression of profibrotic genes through YAP phosphorylation and cytoplasmic 

retention independently of the Hippo pathway [161]. Possibly some of those mechanisms are 

responsible for the fibrotic process in the liver, although our immunohistochemical assays did not 

reveal the presence of AURKA in fibrogenic cells. In addition, AURKA expression was markedly 

increased in patients with liver fibrosis and a history of alcohol consumption, as well as in 

acetaldehyde-stimulated hepatic stellate cells (HSC-T6 and LX-2 cells). The overexpression of 5'-

Nucleotidase Ecto (NT5E) in hepatic stellate cells protected AURKA from ubiquitination, promoting 

its stability, and resulting in a reduction of cellular senescence. AURKA inhibition by alisertib 

attenuated high levels of Actin α2, Smooth Muscle (α-SMA), and Collagen Type I α1 Chain (COL1A1) 

induced by acetaldehyde, while increasing Senescence-Associated β-galactosidase (SA-β-gal) 

staining, a marker of cellular senescence. Thus, the authors hypothesized that AURKA inhibition may 

attenuate acetaldehyde-stimulated fibrosis by promoting hepatic stellate cell senescence, implying a 

potential positive role of AURKA in aggravating alcohol-related liver fibrosis [151]. However, the 

limited data related to the role of AURKA in the pathogenesis of chronic liver disease, combined with 

the results of the present study highlight the importance of further research exploring the still 

unknown functions of this kinase in the progression of liver disease.   

Interestingly, the AURKA co-activator and interactor, TPX2, follows the AURKA’s expression 

trend in hepatocarcinogenesis, exhibiting a gradual increase from healthy individuals to those with 

hepatic steatosis and a further overexpression in HCC. In the mouse model of HCC progression, Tpx2 

demonstrates a marked increase from early-stage to advanced neoplasia. Multiple studies showed 

overexpression of TPX2 mRNA or TPX2 protein in HCC tissues compared to adjacent normal liver 

tissues [162–164]. The positive correlation between AURKA and TPX2 expression underscores a 

persistent association throughout the progression of the disease. Beyond being activated and 

stabilized by TPX2 during mitosis [10,165], AURKA exhibited a positive feedback loop with TPX2. 

In vitro, AURKA phosphorylated TPX2 on two residues (Ser121 and Ser125), a process crucial for 
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maintaining the normal length of the mitotic spindle [166,167]. This intricate interplay between 

AURKA and TPX2 suggests a coordinated regulation that contributes to the dynamics of HCC 

development and progression.  

Moreover, several genes that are either regulated by AURKA or involved in common pathways 

with AURKA [95,135–144] exhibited co-expression in the human HCC samples of the present study. 

Among all, KRAS, an oncogene encoding a small GTPase transductor protein, plays a crucial role in 

regulating cell division by relaying external signals to the cell nucleus [168,169]. In pancreatic ductal 

adenocarcinomas (PDAC), the high expression of AURKA and TPX2 was associated with shorter 

patient survival and the presence of oncogenic KRAS mutations. KRAS knockdown in KRAS-mutant 

PDAC cells reduced AURKA and TPX2 mRNA and protein expression [170]. AURKA or AURKB 

knockdown, as well as the dual inhibition of AURKA and AURKB, resulted in decreased growth, 

viability, proliferation, transformation, and increased apoptosis in KRAS-positive lung cancer cell 

lines. AURKA knockdown in non-small cell lung cancer (NSCLC) cells (A549 cell line) determined 

a reduction in tumor growth in vivo [171]. In activated-KRAS gastrointestinal cancer cell lines, 

AURKA plays a pivotal role in the phosphorylation of Ribosomal Protein S6 Kinase B1 (RPS6KB1) 

on Thr389, thereby facilitating cell proliferation, survival, and the growth of xenograft tumors in 

mice. In vivo, the administration of alisertib resulted in reducing tumor growth, diminishing the 

phosphorylation of RPS6KB1, suppressing cell proliferation, and concurrently enhancing apoptosis 

[138]. The emerging correlation between AURKA and KRAS in cancer underscores a potential 

interplay that necessitates further investigation, particularly in the context of therapeutic strategies 

for HCC. 

 

AURKA phosphorylation on Thr288 is a post-translational modification that induces a 

conformational change, transitioning the protein to an opened state. This modification enhances the 

kinase activity of the protein, facilitating the phosphorylation of its co-factors and substrates [146]. 

Despite the analysis being conducted only on 12 patients, the percentage of phosphorylated AURKA 

(Thr288) on the total AURKA protein was higher in tumor samples compared to adjacent non-tumoral 

tissues. This finding suggests an enhanced kinase activity in the tumor microenvironment. 

AURKA's kinase activity is pivotal for proper mitotic progression, and the phosphorylation of 

Thr288 is associated with its role in the cell cycle. In mitosis, the kinase activity of AURKA is tightly 

regulated through the phosphorylation of the Thr288 residue by various co-factors, including AJUBA, 
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TPX2, BORA, and Transforming Acidic Coiled-Coil Containing Protein 3 (TACC3) [10,27]. Despite 

heightened phosphorylation on Thr288 in HCC, the kinase activity of AURKA did not result in 

promoting cell proliferation. No correlation was evidenced with Ki67, a marker of cell proliferation, 

in human specimens.  

In the literature, the phosphorylation of the Thr288 residue was not exclusively associated with 

the cell cycle process, indicating diverse roles in other cellular processes. AURKA's kinase activity 

is implicated in DNA transcription [57,58], primary cilium remodeling [59,60], neuromorphogenesis 

[66–68], mitochondrial fission [64,65], and regulation of epigenetic factors [61–63]. The increased 

AURKA phosphorylation in the HCC nodules may be linked to its potential localization within 

mitochondria, where it controls organelle dynamics and energy production. The presence of AURKA 

enzymatic activity within mitochondria was demonstrated using a FRET biosensor, which tracked 

AURKA activation through autophosphorylation at Thr288 using the FRET/FLIM system. The 

AURKA inhibitor alisertib counteracted AURKA activation in mitochondria [146].  

In vitro studies with breast cancer cell lines have further elucidated the impact of AURKA on 

mitochondrial function. When expressed at physiological levels, AURKA maintained mitochondrial 

fission, while its overexpression actively enhanced ATP production by promoting mitochondrial 

interconnectivity. Mitochondria with high metabolic capacity could escape turnover through fusion 

mechanisms, sustaining the high metabolic needs of cancer cells and potentially providing a selective 

advantage for cancer progression [64]. Moreover, AURKA directly interacted with the Complex V 

core subunits ATP synthase F1 subunit α (ATP5F1A) and β (ATP5F1B). Altering AURKA, 

ATP5F1A, or ATP5F1B levels induced dramatic metabolic changes affecting both the mitochondrial 

respiratory chain and glycolysis rates. The G1-phase arrest observed upon AURKA, ATP5F1A, or 

ATP5F1B downregulation was specific to oxidative cell lines expressing high levels of AURKA 

(MCF7 and T47D cells). Conversely, no impact on the cell cycle was observed in cells expressing 

low levels of AURKA and relying more on glycolysis (Hs 578T). In this model, AURKA, ATP5F1A, 

or ATP5F1B downregulation triggered cell death, possibly implying that the cellular metabolic state 

played a crucial role in determining cell fate [172]. Thus, determining the cells and the sub-cellular 

localization of the enzymatically active AURKA inside HCC tissues would provide valuable insights 

into its functional roles within the tumor microenvironment. This can contribute to a comprehensive 

understanding of AURKA's activity and its potential implications for HCC development and 

progression. 
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The findings from human and mouse samples prompted an investigation into the effects of two 

AURKA inhibitors, alisertib and AK-01, on in vitro models of HCC (JHH6 and Huh7 cells). The aim 

was to elucidate the role of the kinase in tumors and provide evidence supporting the hypothesis that 

AURKA is involved in the regulation of PD-L1, a key player in immune tumor surveillance and a 

target of current anticancer therapies. 

The two selected cellular model exhibited high AURKA expression and strong dependency on 

AURKA for their growth. The chosen concentrations of 0.25µM for alisertib and 1.00µM for AK-01 

were selected to efficiently inhibit AURKA, considering their significant impact on cell viability in 

Huh7 cells and their proximity to the LC50 in JHH6 cells at 72 hours. Importantly, these 

concentrations were chosen to minimize potential off-target effects of the drugs, as higher 

concentrations were shown to impact AURKB [115]. 

Both AURKA inhibitors demonstrated efficacy in reducing AURKA enzymatic activity, with 

AK-01 exhibiting superior AURKA inhibition in both cell lines. The higher effectiveness of AURKA 

inhibition treatments in JHH6 cells, belonging to the S1/TGFβ-Wnt activated subtype [126], 

suggested that differences in response could be attributed to the distinct HCC subtypes of the two cell 

lines, supporting the importance of tumor heterogeneity when considering eligible therapies. The 

differences in the response to drug treatments according to the cell subtypes have been observed in 

other contexts, such as for sorafenib, being effective in down-regulating targets in the S2/progenitor 

subtype, to which Huh7 cells belong [173].  

As expected, the inhibition of AURKA resulted in the disruption of cell mitosis, causing 

centrosomal disorganization, defective mitotic spindle assembly, chromosome misalignments, 

impaired chromosome separation, and incomplete cytokinesis. These disruptions led to a delay in 

mitotic progression [115,174,175], promoting cellular stress and a gradual reduction in cell viability 

over time. Cancer cells, characterized by resistance to apoptosis and the accumulation of aberrations, 

demonstrated the ability to progress through anaphase and telophase but were incapable of completing 

cytokinesis accurately. This led to the accumulation of multiple chromosomes and the formation of 

aneuploid cells, especially pronounced in JHH6 cells. However, the accumulation of multiple 

aberrations contributed to a progressive increase in cell death. 

In JHH6 cells, the inhibition of AURKA resulted in an elevation of both AURKA mRNA and 

AURKA protein expression, concomitant with the overexpression of TPX2. This observation implies 
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the activation of a compensatory mechanism in response to the inhibition of phosphorylated AURKA, 

aiming to generate new enzymatically active AURKA proteins. However, the presence of the drugs 

inhibited the activity of these newly generated proteins. Similar results have been observed in various 

cell lines, including neuroblastoma, HCC (HepG2 cells), glioma, and colorectal adenocarcinoma cell 

lines following 48 hours of AURKA inhibition by alisertib [109,176]. In Huh7 cells, alisertib 

decreased AURKA and TPX2 mRNA expression, while AK-01 increased AURKA protein expression, 

highlighting the subtype-specific nature of the response to each AURKA inhibitor. However, 

additional analysis is necessary to fully understand the disparities between AURKA mRNA and 

protein expression in Huh7 cells. 

AURKA silencing significantly reduced both AURKA mRNA and protein expression in the two 

cell lines, leading to alterations in TPX2 expression that varied based on the specific cell line. 

Consistent with chemical inhibition, AURKA knockdown disrupted cell mitosis, resulting in an 

increased population of aneuploid cells, particularly prominent in JHH6 cells, and a reduction in cell 

viability over time. These results emphasize the essential role of both the kinase activity and the 

presence of the AURKA protein itself in maintaining a correct cell cycle process. 

 

The role of AURKA in immune checkpoint regulation and tumor immune response is complex 

and context-dependent, with conflicting evidence in different cancer types [117–120]. In TNBC, 

AURKA has been associated with enhancing PD-L1 levels, contributing to the immune escape of 

tumor cells [117,118]. AURKA showed a positive correlation with tumor growth in vivo and a 

negative correlation with the enrichment and activity of tumor-infiltrating CD8+ T cells. [117]. The 

treatment with alisertib reduced CD44 levels and PD-L1 expression, promoting the infiltration of 

CD8+ T cells [118]. Contrastingly, recent studies proposed a significant role of AURKA in negatively 

regulating PD-L1 expression in tumors through the cGAS/STING/NF-κB pathway or the 

phosphorylation of STAT3, leading to enhanced immune cell infiltration and improved immune 

responses [119,120]. Alisertib treatment in 4T1-breast tumor xenograft models decreased CD3+ and 

CD8+ T cell infiltration [119]. These results indicate the presence of multiple regulatory layers and 

potentially a context- (cell-, tissue-, and disease-) dependent role of AURKA in immune regulation, 

necessitating further in-depth investigations. 

In the in vitro models employed in our study, PD-L1 expression was higher in JHH6 cells 

compared to Huh7 cells. The results after AURKA knockdown or inhibition in terms of PD-L1 
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mRNA and protein expression, as well as promoter activation, implied the existence of diverse 

mechanisms through which AURKA regulates PD-L1.  

One potential mechanism involves the kinase activity of AURKA. The treatment with the 

AURKA inhibitor AK-01 resulted in a decrease in mature glycosylated PD-L1 in both cell lines, 

suggesting a potential role in stabilizing PD-L1. The reduction in stable forms of the protein could 

trigger a compensatory mechanism, leading to increased transcription of PD-L1 mRNA to restore 

physiological conditions, which became particularly pronounced over time in JHH6 cells. Supporting 

this finding, initial observations revealed increased PD-L1 promoter activation at 48 hours following 

AK-01 treatment. However, this enhanced gene transcription did not result in a corresponding 

increase in protein translation, possibly requiring longer experiment durations to observe. AURKA 

inhibition did not impact the expression of non-mature PD-L1 forms, emphasizing the need for 

extended experiments to confirm these hypotheses. 

To further verify the involvement of AURKA in PD-L1 regulation independently of its kinase 

activity, silencing experiments were conducted. AURKA knockdown results suggest the existence of 

a regulatory mechanism that requires AURKA. In JHH6 cells, AURKA knockdown for 24 hours led 

to decreased PD-L1 mRNA expression, confirmed by preliminary results indicating reduced PD-L1 

promoter activation following AURKA knockdown for the same time duration. However, since PD-

L1 transcription is regulated by numerous transcriptional factors [177], other mechanisms may 

contribute to the increased PD-L1 mRNA following AURKA knockdown for 72 hours. In Huh7 cells, 

AURKA silencing for 72 hours resulted in a slight decrease in PD-L1 expression, potentially 

reflecting differences in the response to treatment attributed to distinct HCC subtypes. At the protein 

level, 72-hour knockdown did not impact PD-L1 protein expression in both cell lines, while extending 

the treatment duration to 144 hours significantly reduced unglycosylated forms. This can be attributed 

to the temporal requirements for the effective silencing of AURKA, coupled with our preliminary 

experimental findings indicating that the half-life of PD-L1 is estimated to be approximately 72 hours. 

Thus, an extended timeframe is necessary to observe the effects of PD-L1 transcription dysregulation 

at the translational level. Furthermore, the reduction in unglycosylated forms was more pronounced 

in JHH6 cells, suggesting greater efficacy of the silencing treatment on PD-L1 expression in this cell 

line. Additionally, knockdown led to a decrease in glycosylated forms, with significant differences in 

JHH6 cells. We hypothesized that the glycosylated protein is degraded over time, and its replacement 

by newly translated protein is limited due to the overall reduction in gene translation, resulting in 

reduced protein synthesis. 
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Our preliminary findings, along with the results obtained by Cabral and collaborators [173], 

collectively observed the downregulation of AURKA mRNA and protein following PD-L1 silencing. 

These results, coupled with the roles of AURKA in PD-L1 regulation, reveal a potential positive 

feedback loop between AURKA and PD-L1. To our knowledge, this represents the first evidence of 

PD-L1 regulation on AURKA. Further analyses are necessary to unravel the complexities of this 

intricate interplay and understand the regulatory mechanisms governing the mutual interaction 

between AURKA and PD-L1 in HCC. Despite the need for deeper clarification, these preliminary 

results open an important and new perspective in anticancer treatments.  

 

To better clarify the possible association between AURKA and PD-L1 in vivo, both human and 

mouse tissue were analyzed. PD-L1 mRNA increased from healthy to MASLD individuals and was 

further elevated in HCC patients. Interestingly, PD-L1 exhibited comparable expression levels 

between tumor and adjacent non-tumoral liver tissues. In the mouse model, the gene also displayed a 

significant increase during neoplastic progression from early-stage to advanced neoplasia. Data from 

the GEPIA database revealed a positive correlation between AURKA and PD-L1 in both HCC-paired 

normal tissues and tumoral samples. In our samples, the positive correlation expression persisted 

throughout the hepatocarcinogenesis. These findings align with evidence indicating that elevated 

expression of a gene cluster containing AURKA was associated with increased expression of immune 

checkpoints, including PD-L1, in HCC [74]. This underscores the potential role of AURKA in the 

immune regulatory landscape during hepatocarcinogenesis, presenting opportunities for further 

exploration in therapeutic interventions targeting immune checkpoint pathways in HCC. 

The analysis of PD-L1 protein expression in HCC revealed potential roles of the oncogene that 

extend beyond the traditional immunological context. Total PD-L1 protein was overexpressed in 59% 

of HCC tumor tissues compared to adjacent non-tumoral tissues, consistent with existing literature 

[178], with a positive expression correlation between the two tissues. Further exploration of PD-L1 

indicated that the distinct expression between tumors and adjacent non-tumoral tissues can be 

attributed to the unglycosylated non-mature forms. This observation suggests potential additional 

functions for the protein beyond its established immunological roles. Various studies have 

underscored PD-L1's participation in non-immunological, pro-oncogenic processes, including but not 

limited to EMT, cellular metabolism, maintenance of stemness, and regulation of autophagy  

[179,180]. Nevertheless, even with these intriguing findings, a notable gap persists in our 
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understanding. Currently, there is no evidence confirming that the PD-L1 forms analyzed in these 

studies are indeed the unglycosylated ones. 

The promotion of EMT by PD-L1 varies across tumor types, engaging different cellular pathways. 

In renal tumors, PD-L1 induced EMT through the regulation of Sterol Regulatory Element-Binding 

Transcription Factor 1 (SREBF1), a key factor in cancer-cell migration [181]. In hypopharyngeal 

squamous-cell carcinoma, the PI3K/AKT pathway was implicated [182], while in glioblastoma 

multiforme, the Ras/MEK/ERK pathway was involved [183]. Additionally, PD-L1 demonstrated 

diverse roles in regulating glycolysis and influencing embryonic stem-cell transcription factors. In 

sarcoma, PD-L1 knockdown resulted in the downregulation of glycolysis through inhibition of the 

AKT/ mTOR pathway [184]. Similarly, in NSCLC, PD-L1 influenced glycolysis through the 

PI3K/AKT and ERK pathways [185]. RNAi-based studies also revealed PD-L1's direct regulation of 

embryonic stem-cell transcription factors, including Octamer-binding protein 4 (OCT4), Nanog 

Homeobox (NANOG), and the stemness factor BMI1 Proto-Oncogene Polycomb Ring Finger 

(BMI1) [186,187]. The involvement of PD-L1 in autophagy remains controversial. In glioblastoma 

multiforme, elevated PD-L1 suppressed autophagy by facilitating AKT translocation to the plasma 

membrane [188], while in ovarian cancer, PD-L1 enhanced autophagy by upregulating Beclin 1 

(BECN1) [189]. The multifaceted roles of PD-L1 and its involvement in intricate pathways across 

numerous cancer types underscore the need for further investigation to fully understand the potential 

non-immunological pro-oncogenic functions of PD-L1 in HCC. 

An alternative interpretation suggests that the increase in unglycosylated forms of PD-L1 in HCC 

can represent an initial step for the subsequent PD-L1 maturation and membrane localization during 

advanced stages when further dysregulations may occur. The membrane localization of PD-L1 and 

its interaction with PD-1 plays a pivotal role in tumor immunosuppression by inhibiting T lymphocyte 

activation and enhancing immune tolerance, ultimately facilitating tumor immune escape [190]. 

Notably, a significant portion (68%) of the patients in our study were classified as BCLC 0/A, 

suggesting that they might not have yet localized the mature PD-L1 forms on the cell membrane.  

The use of immune checkpoint inhibitors, particularly those targeting PD-L1, has become a 

common first-line treatment for patients with advanced HCC [1,19,191]. However, recent insights 

from the IMbrav050 trial have provided a new perspective on the application of immune checkpoint 

inhibitors in HCC. In the study, a total of 668 patients who underwent liver resection or ablation were 

enrolled. They were then divided into two groups: One received treatment with a combination of 



Chapter 5 - Discussion 

99 

 

atezolizumab and bevacizumab, while the other group underwent active surveillance. Notably, the 

study demonstrated the unprecedented efficacy of the atezolizumab and bevacizumab combination as 

a recurrence-suppressing therapy (recurrence of 32.9% and 39.8% for atezolizumab/bevacizumab and 

active surveillance, respectively) following curative therapy by resection or ablation, with an HR for 

DFS at the primary endpoint of 0.72 (CI95%: 0.56–0.93, p = 0.012) [192]. The obtained results 

indicate that immune checkpoint inhibitors may exhibit efficacy even in the early stages of the 

disease, despite the current absence of evidence elucidating the underlying molecular mechanisms. 

Immunohistochemical assays utilizing a clinically approved antibody for tumor diagnosis across 

various cancer types (not HCC) showed a generally low PD-L1 expression in both HCC nodules and 

adjacent non-tumoral samples. The limited positivity observed in certain tissues was attributed to 

macrophage elements. This low detection is consistent with results from the THPA database, 

highlighting the crucial importance of using specific antibodies for accurate diagnostic assessments.  

The disparity between immunohistochemical and western blot results in the present study may be 

attributed to the utilization of different antibodies designed to recognize distinct epitopes [193] 

(https://www.thermofisher.com). It is essential to highlight that false negatives in IHC assessments 

can occur, as evidenced in previous research, particularly due to extensive PD-L1 glycosylation. This 

glycosylation phenomenon has been estimated to impact approximately 50% of the samples, leading 

to the underestimation of PD-L1 levels [194]. 

A comprehensive immunohistochemical analysis involving a cohort of 453 HCC patients who 

underwent resection provided additional insights into the intricate patterns of PD-L1 expression. 

Notably, PD-L1 was absent in both tumor cells and macrophages in most patients (70.2%), with only 

15.2% exhibiting PD-L1 expression in macrophages and 19.2% in tumor cells [195]. These findings 

highlight significant heterogeneity in PD-L1 expression within the patient population, questioning 

the efficacy of current anticancer treatments. Conflicting reports in the literature, indicating increased 

PD-L1 signals in HCC tumor samples compared to peritumoral normal tissues [196] or adjacent non-

tumoral tissues [178], emphasize the necessity for expanded immunohistochemical assays across a 

broader spectrum of HCC cases.  

Exploring the possible co-localization of PD-L1 and phosphorylated form (Thr288) of AURKA 

associated with the kinase activity is crucial, given the potential interplay between these molecules. 

Thus, comprehensive investigations are essential to unravel the multifaceted roles of PD-L1 in HCC 

and to elucidate its potential interactions with AURKA. 
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In this study, the analysis of AURKA expression in HCC and pre-tumor conditions revealed a 

gradual increase in mRNA expression as the disease progressed. AURKA expression positively 

correlated with several oncogenes, including TPX2, PD-L1, and KRAS in HCC patients. The 

correlation with TPX2 and PD-L1 persisted from precancerous conditions to malignancy, with both 

genes increasing with the progression of the disease.  

Interestingly, AURKA protein levels were reduced in HCC tumor tissues, with the highest 

expression observed in steatotic tissues. However, within the tumor, the AURKA phosphorylated 

form (Thr288) was augmented, indicating increased kinase activity. At the protein level, the study 

found an increase in unglycosylated immature PD-L1 forms in tumor tissues. This suggests potential 

non-immunological pro-oncogenic functions of PD-L1 in HCC or can represent the initial step for 

subsequent membrane localization of PD-L1, promoting the immune escape of tumor cells. In HCC-

derived JHH6 and Huh7 cell lines, AURKA was shown to regulate PD-L1 through multiple 

mechanisms. The kinase-mediated activity of AURKA on PD-L1 involves protein stabilization, while 

the presence of the AURKA protein, independently from its kinase activity, influenced PD-L1 

transcription. Treatment with AK-01 decreased PD-L1 glycosylated mature forms, triggering a 

compensatory mechanism that promoted new AURKA transcription. Conversely, AURKA 

knockdown led to a decrease in PD-L1 promoter activation, PD-L1 mRNA, and newly translated PD-

L1 forms. 

Moreover, AURKA was found to play a crucial role in proper mitotic progression and cell 

division. As expected, in vitro the inhibition of AURKA with alisertib and AK-01, as well as AURKA 

silencing, resulted in centrosomal disorganization, defective mitotic spindle assembly, chromosome 

misalignments, impaired chromosome separation, and incomplete cytokinesis, leading to cell 

aneuploidy. However, the accumulation of multiple aberrations contributed to a progressive increase 

in cell death. 

The findings from this study represent a significant advancement in our understanding of 

AURKA's role in HCC. The identified interplay between PD-L1 and AURKA not only deepens our 

comprehension of their interaction in HCC but also holds great promise for the development of more 

precise and effective therapeutic strategies. This approach, characterized by the concurrent targeting 

of multiple pathways implicated in HCC, has the potential to significantly improve treatment 

outcomes for patients affected by this challenging cancer. 
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Chapter 6 - Conclusions and future perspectives 

HCC is a global health burden, with incidence and mortality rates projected to worsen over the 

years. Late-stage diagnoses and limited therapeutic options contribute to the complexity of managing 

this cancer, emphasizing the need for innovative approaches. While the recent advancements in 

combination treatments integrating oncogene-targeted therapies and immune checkpoint inhibitors 

are promising, the unique challenges of HCC warrant intensified translational research efforts. 

This study represents a novelty in this field by focusing on AURKA, a pivotal kinase in mitosis, 

and deciphering its mRNA and protein expression dynamics during liver disease progression. We 

explored correlations with TPX2, an AURKA interactor, and the immune checkpoint PD-L1. Novel 

evidence uncovered opposing roles of AURKA in PD-L1 regulation, dependent on tumor type, 

underscoring the need for further investigation in HCC. Thus, we investigated the effects of AURKA 

inhibition and knockdown on mitosis and PD-L1 regulation, seeking potential therapeutic 

approaches. 

Our findings revealed a gradual increase in AURKA mRNA during disease progression, 

suggesting its potential as a tissue biomarker for HCC diagnosis. AURKA protein expression 

displayed a different trend, peaking in pre-tumoral conditions, indicating a plausible role in 

fibrogenesis. Despite its lack of direct involvement in cell proliferation, the heightened AURKA 

kinase activity in tumors underscores its significance in HCC. This suggests the need for further 

analysis to comprehend the diverse roles of the kinase in the progression of the disease. 

The AURKA inhibitor AK-01 exhibited superior efficacy over alisertib in reducing AURKA 

enzymatic activity in vitro, with cell subtype-specific responses. AURKA inhibition and silencing 

induced mitotic dysregulation, resulting in aneuploidy and increased cell mortality. Intriguingly, our 

study unveiled multiple regulation mechanisms of AURKA on PD-L1, possibly acting at 

transcriptional and post-translation levels, emphasizing the need for further exploration. 

Consistent positive correlations between AURKA and TPX2 or PD-L1 throughout 

hepatocarcinogenesis pointed to potential interplays independently of disease progression. The 

additional correlations between AURKA and KRAS in HCC tissues hinted at additional complexities 

requiring in-depth exploration for therapeutic strategies.  

Based on our findings and the emerging landscape of combination therapy in HCC management, 

it would be relevant to explore the combination of AURKA-targeted therapy with immune checkpoint 
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inhibitors like atezolizumab. This approach holds promise for enhanced therapeutic benefits by 

concurrently targeting multiple pathways implicated in HCC progression. This strategy can provide 

a more effective and personalized treatment approach, especially considering the existence of a 

possible feedback loop involving AURKA and PD-L1. 

The assessment of combined treatments involving AK-01 and atezolizumab in vitro is a pivotal 

step in unraveling their impact on HCC progression. Our comprehensive plan aims to delve into the 

effects on tumor cell mortality and the modulation of immune effector molecules, specifically 

Perforin 1 (PRF-1) and Interleukin 2 (IL2), released by CD8+ T cells.  

Atezolizumab, a monoclonal antibody targeting PD-L1, enhances T-cell activity against HCC 

cells by disrupting the PD-L1/PD-1 interaction. To simulate a physiological environment, our strategy 

involves establishing co-cultures encompassing various ratios of HCC-derived cells (JHH6 or Huh7) 

and peripheral blood mononuclear cells (PBMCs), including CD8+ T cells. These immune cells are 

recognized for their cytotoxic role in promoting apoptosis in target cells, mirroring the complex 

interplay within the immune microenvironment. 

In our preliminary experiments, HCC-derived cells were exposed to atezolizumab in 

monocultures, employing a range of concentrations (25ng/ml to 400ng/ml) chosen based on prior 

experiments conducted with HCC-derived cell lines [197]. The observations made at 24 and 48 hours 

indicated no significant impact of atezolizumab on tumor cells (Figure 37.A-B). This initial 

assessment established the treatment conditions for further co-culture experiments designed to 

evaluate the efficacy of the combined treatments. 

 

Figure 37. The effects of atezolizumab on cell viability in vitro. (A-B) Relative cell viability at 24h 

and 48h post-treatment with different concentrations of atezolizumab in (A) JHH6 and (B) Huh7 cells (n=2). 

B A JHH6 cells  Huh7 cells 
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The upcoming co-culture experiments will offer a more comprehensive understanding of the 

dynamic interactions between AK-01 and atezolizumab, providing insights into their potential 

synergistic effects on tumor cells. 

In conclusion, our study revealed the multifaceted roles of AURKA in the HCC progression, 

uncovering its potential as both a biomarker and a therapeutic target. The investigation into 

combination therapy with immune checkpoint inhibitors aligns with evolving trends in HCC 

management, offering a more effective and personalized approach for this challenging cancer. Future 

studies should delve deeper into the intricate molecular mechanisms and roles of AURKA in 

hepatocarcinogenesis, paving the way for innovative advancements in HCC treatment. 
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