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Summary 

This study investigated the potentially distinct role of Aurora Kinase A (AURKA) in 

chronic liver disease (CLD) and hepatocellular carcinoma (HCC), revealing context-

dependent regulatory mechanisms that remain poorly investigated in CLD and HCC 

contexts.  

Analyses of 56 paired HCC samples revealed a striking mRNA-protein discordance. 

While AURKA mRNA was significantly elevated in tumors, AURKA protein 

demonstrated the opposite pattern, with marked upregulation in the adjacent, non-

tumoral tissues. Immunohistochemical (IHC) validation confirmed the 

overexpression of AURKA with predominantly hepatocytic expression within the 

chronically injured liver tissues across various etiologies. Notably, phospho-AURKA 

(Thr288), the activated form of the enzyme associated with cell cycle control, was 

elevated in 61% of the tumors, suggesting that enhanced regulatory activity of the cell 

cycle, rather than the total expression, is linked to neoplastic transformation.  

In the adjacent tissues, AURKA protein levels significantly correlated with the 

expression of Yes-associated protein 1 (YAP1), while no correlation was found in HCC. 

YAP1 protein was also significantly increased in both adjacent and metabolic 

dysfunction-associated steatotic liver (MASLD) tissue samples. Functional validation 

through AURKA silencing in JHH6 cells demonstrated a marked reduction in total 

YAP1 protein with minimal effect on phospho-YAP1 (Ser397) expression, suggesting 

AURKA modulates YAP1 stability rather than phosphorylation-dependent activation, 

potentially affecting liver regeneration, DNA damage response and apoptosis. 

AURKA has emerged as a positive regulator of PD-L1 expression in HCC cells. Both 

pharmacological inhibition (AK-01) and knockdown (siRNA) consistently reduced 

PD-L1 protein levels in HCC cells. With distinction, while silencing primarily affects 

newly synthesized PD-L1, AK-01 reduces the stability of PD-L1 inducing a 

proteasome-dependent degradation.  
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 Different cell lines exhibit varying PD-L1 stability: JHH6 cells showed the longest PD-

L1 half-life, while HLE and Hep3B demonstrated the shortest, which was also 

associated with very low PD-L1 levels.  

Contrary to what has been reported in literature, PD-L1 proteasomal degradation 

appears to be GSK-3β independent. Neither AURKA inhibition nor knockdown 

altered p-GSK-3β (Ser9) levels. Furthermore, GSK-3β knockdown failed to 

recapitulate PD-L1 accumulation, suggesting cell-specific effects rather than the 

predicted GSK-3β-mediated PD-L1 reduction.  

Comparative gene expression profiling revealed that AURKA and GSK-3β operate 

through largely independent regulatory networks. In JHH6 cells, AURKA 

knockdown downregulated proliferation markers (CTNNB1, AXIN2) and glycolytic 

genes (GLUT1, PKM2), while in HuH7 cells, AURKA demonstrated broader control 

over metabolism, fibrosis, and inflammatory pathways. GSK-3β showed a more 

focus, cell-specific effects. Notably, CDKN1A emerged as a convergent target, with its 

expression positively regulated by both AURKA and GSK-3β, as evidenced by 

consistent downregulation following knockdown of either kinase across cell lines.  

These findings establish AURKA as a context-dependent regulator with distinct 

functions in CLD and HCC. In chronically injured liver, AURKA-YAP1 signaling may 

coordinate tissue repair responses, while in established tumors, AURKA promotes 

immune evasion through PD-L1 stablization. The correlation between AURKA and 

YAP1 in adjacent tissues further suggests potential biomarker utility for CLD 

progression, while AURKA’s role in PD-L1 regulation positions it as a compelling 

target for combination immunotherapy strategies in HCC.  

This work fundamentally reframes AURKA from a simple oncogenic driver to a key 

hub in a complex network of signaling pathways whose functions adapt to 

pathophysiological context, offering new therapeutic opportunities across the liver 

disease spectrum.  
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 Chapter 1 

Introduction 

 
Liver cancer remains the sixth most diagnosed cancer and the third leading cause of 

cancer-related mortalities worldwide, with approximately 866,136 new cases and 

758,725 deaths recorded globally in 2022 [1]. The high mortality-to-incidence ratio 

(MIR) of 0.86 underscores the persistently high mortality of this disease globally [2]. 

Recent projections based on GLOBOCAN 2020 data indicate that new cases and 

deaths from liver cancer will increase by more than 55% in 2040, with an estimate of 

1.4 million new diagnoses and 1.3 million deaths expected in that year [3]. Liver cancer 

also demonstrates a strong male predominance globally, with males accounting for 

approximately 69.35% of all cases and 68.78% of all deaths in 2022 although the male-

to-female ratio varies across regions but consistently demonstrates male 

predominance, ranging from 2.03 to 3.78 in very high human development index 

(HDI) nations [1,2].  

1.1. The adjacent tissue paradox in HCC 

Hepatocellular carcinoma (HCC) represents the predominant form of primary liver 

cancer, accounting for around 90% of all liver malignancies worldwide [4]. HCC 

remains a progressive disease that predominantly develops in patients with chronic 

liver disease (CLD), with approximately 80-90% of cases occurring in the context of 

chronic liver inflammation, fibrosis, and cirrhosis [5]. Despite significant advances in 

overall patient management, early diagnosis remains a challenge, and prognosis 

particularly for advanced cases remains poor with a five-year survival rate of less than 

20% [1].  

A critical but often overlooked aspect of HCC pathogenesis is the nature of the 

“adjacent, non-tumoral” tissues. While conventionally considered as representative of 

normal liver parenchyma for comparative studies due to the lack of healthy tissue 

samples, emerging evidence suggests that these tissue samples represent a field of 
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chronic injury and aberrant signaling—a microenvironment that may actively 

contribute to disease progression and therapeutic resistance [6,7]. Our preliminary 

investigations revealed an unexpected finding that challenges the conventional 

assumption about tumor biology: Aurora Kinase A (AURKA) protein expression was 

significantly upregulated in paired, adjacent non-tumoral tissues of HCC patients compared 

to the tumor nodules themselves. This result prompted the fundamental re-examination 

of this kinase’s functions across the liver disease spectrum and forms the central thesis 

of this investigation.  

This paradoxical finding suggests that the molecular alterations driving liver diseases 

are more complex and context-dependent than previously understood, with 

regulatory proteins exhibiting distinct functional profiles depending on the specific 

pathological microenvironment. Understanding these context-dependent regulatory 

mechanisms could provide crucial insights into disease progression mechanisms and 

reveal novel therapeutic targets that have been overlooked by conventional tumor-

centric approaches. 

1.2. Aurora kinase A: from cell cycle control to disease pathogenesis 

AURKA, a serine/threonine kinase primarily known of its essential role in cell cycle 

regulation and mitosis, has emerged as a critical regulatory molecule with diverse 

functions beyond cell division [8,9]. While AURKA’s oncogenic functions are well-

established across many solid tumors, including HCC, its broader regulatory 

mechanisms and downstream targets in liver pathophysiology remain incompletely 

understood [8–10].    

1.2.1. Aurora kinase A: Structure and canonical function 

The AURKA gene is located on human chromosome 20q13.2 and encodes for at 

least 16 known transcript variants. The reference transcript encodes for a protein 

consisting of 403 amino acids (403 aa). This protein contains a central kinase 

domain flanked by two regulatory regions that lack catalytic activity (Figure 1). 

Indeed, the N-terminal region (amino acids 39-139) and a the C-terminal region 
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(amino acids 15-20) contain most of the regulatory sequences [10,11]. AURKA 

protein has a complex structure, its kinase domain adopts a tertiary structure 

consisting of a -sheet at the N-terminal and an α-helix at the C-terminal, linked 

by a flexible hinge region and an ATP-binding site where the ATP molecule 

attaches to the hinge region through hydrogen bonds [12] (Figure 2). An 

intermolecular reaction within the AURKA domain triggers 

autophosphorylation on the catalytic residue Threonine 288 (Thr288) of the C-

terminal lobe, leading to a 3D conformational change that opens the catalytic 

loop and activates kinase activity [13]. The N-terminal domain facilitates 

AURKA interactions with other proteins, controlling its localization and 

functions. Both the N-terminal and C-terminal domains contain specific 

degradation sequences known as A-box/D-box activating domain (DAD) and 

destruction box (D-box), respectively, which are recognized by the Cdc20 

homologue 1 (CDH1) protein that activates the Anaphase-promoting 

complex/Cyclosome (APC/C) complex. Additionally, the N-terminal domain 

contains the KEN motif, which is also targeted by CDH1-APC for AURKA 

degradation [14–16] (Figure 1).  

 

 

 

 

 

 

Figure 1. AURKA Protein Structure. The 403-amino acid AURKA protein features a central kinase surrounded 

by N-terminal and C-terminal non-catalytic regions. The catalytic Thr288 residue essential for AURKA 

activation is located within the activation loop. Degradation regulatory elements also known as degrons include 

KEN motif (blue), A-box/Dad (purple) and DAD/A boxes (Taken from Hassan & Noor, 2022) [11]. 
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 1.2.2 Aurora kinase A: Physiological function and cell cycle role 

Under normal conditions, AURKA serves as an indispensable regulator of the 

cell cycle, orchestrating multiple critical aspects of mitosis including G2/M 

transition, centrosome maturation, mitotic entry, microtubule reorganization, 

spindle assembly, and the final cytokinetic division [14]. AURKA activity 

increases in the late stages of S and G2 phases and peaks in mitosis. AURKA 

activation is mediated by phosphorylation by BORA Aurora Kinase A activator 

(BORA) and this triggers the Cyclin-dependent kinase (CDK1)-Cyclin B 

complex to unlock the G2/M checkpoint, allowing mitosis to progress. 

Activated AURKA then localizes in the centrosome, where it phosphorylates 

 

Figure 2. Aurora kinase A 3D Protein Structure. The crystal structure 5DNR from the Protein Data Bank (PDB) 

database (include the link) shows human AURKA structure in its open, ATP-bound configuration. Phosphorylation 

of the activation loop activates AURKA by inducing conformational changes that allow ATP and substrate binding 

(Taken from Janecek et al., 2016) [12]. 
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pericentriolar material proteins including Centrosomin, Large tumor 

suppressor 2 (LATS2), and Breast cancer type 1 (BRCA1). This promotes 

microtubule nucleation, a step required for mitotic spindle assembly. AURKA 

then interacts with TPX2 microtubule nucleation factor (TPX2) in the 

metaphase stage [12]. Furthermore, AURKA phosphorylates Heterochromatin 

protein 1 gamma (HP1γ) on Ser83, a key reader of histone H3K9 methylation, 

therefore facilitating AURKA’s role in the epigenetic regulation of the cell cycle 

progression, thus inducing cell proliferation [17]. Moreover, mutations in 

AURKA gene causes disrupted spindle assembly, with the resulting abnormal 

spindles displaying an ‘aurora’-like appearance [18,19]. Hence, the importance 

of AURKA regulation is underscored by the consequences of its dysfunction. 

These defects in spindle formation lead to chromosomal instability (CIN), 

aneuploidy, and ultimately contribute to the genomic instability—a well-

recognized hallmark of cancer [20]. 

1.3. Beyond mitosis: Emerging non-canonical functions of AURKA  

While AURKA’s mitotic functions are well-established, mounting evidence suggests 

that AURKA exhibits functional plasticity extending beyond cell cycle regulation. Our 

unexpected finding of AURKA overexpression in the adjacent “non-tumoral” tissues 

led to the hypothesis that AURKA exhibits distinct regulatory functions depending on 

the pathological context. This functional versatility positions AURKA as a critical 

regulatory hub in liver pathogenesis, potentially in a context-dependent manner. 

Thus, this concept of context-dependent signaling represents a paradigm shift of 

cellular regulation. Rather than functioning as a simple “on/off” switch, AURKA 

appears to act as an integrator of multiple upstream and downstream signals in liver 

disease progression. 

1.3.1. AURKA in chronic liver disease: Orchestrator of liver repair and regeneration 

In CLD, AURKA’s modulatory functions appear to center on tissue 

homeostasis, regenerative responses, and the coordination of complex 
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multicellular processes that are essential for liver repair and adaptation to 

chronic injury [21–23]. For example, the liver’s remarkable regenerative 

capacity requires a sophisticated molecular machinery to coordinate 

hepatocyte proliferation, extracellular matrix remodeling, angiogenesis, and 

inflammatory responses [24]—processes that extend far beyond the canonical 

cell cycle regulation associated with AURKA.   

AURKA mRNA expression in human liver samples exhibits a gradual 

upregulation throughout the progression of liver disease, progressing from 

normal liver tissue to CLD and ultimately HCC [25]. Dai and colleagues also 

demonstrated the significant upregulation of AURKA mRNA in human fibrotic 

and cirrhotic liver samples compared to normal livers, as well as in carbon 

tetrachloride (CCl4)-induced and bile duct ligation murine fibrotic livers [22]. 

AURKA expression was notably observed in activated hepatic stellate cells 

(HSC), highlighting AURKA’s role in promoting HSC activation during fibrosis 

[22]. 

The multifaceted role of AURKA in orchestrating liver repair and regeneration 

through hepatocyte proliferation control and HSC activation creates a 

biological framework that rationalizes its aberrant expression patterns 

observed in CLD development [21–23]. Despite this, only a few studies are 

available in investigating the role of AURKA in CLD. Liu et al., demonstrated 

how upregulated AURKA in alcohol-related condition functions as a pro-

fibrotic factor by preventing HSC senescence. The study further demonstrated 

that CD73 directly interacts with AURKA and blocks its ubiquitination, thereby 

stabilizing AURKA protein levels and promoting fibrosis progression through 

suppression of the p53 signaling that normally induces HSC senescence [26]. 

AURKA knockdown in LX-2 cells, an immortalized primary human HSC cell 

line, led to the significant downregulation of Wingless-related integration site 

(WNT)/-catenin (CTNNB1) pathway, characterized by marked increase in 

GSK-3, and downregulated expression of Wingless-related integration site 6 
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(WNT6), T cell factor 1 (TCF1), Cyclin D1 (CCND1), Matrix metallopeptidase 7 

(MMP7). Further validation of increased GSK-3 and reduced CTNNB1protein 

expression following AURKA knockdown suggested that AURKA promotes 

HSC activation via WNT/-catenin pathway [22]. 

1.3.2. AURKA in other fibrotic conditions  

While AURKA’s role in CLD remains surprisingly understudied with only two 

studies to date directly implicating AURKA in CLD progression, emerging 

evidence from other organ systems strongly supports its pro-fibrotic functions 

across multiple tissues. Jiang et al. demonstrated that AURKA was highly 

expressed in fibrotic kidneys from both chronic kidney disease (CKD) patients 

and mouse models with unilateral ureteral obstruction (UUO), establishing 

AURKA as a pro-fibrotic mediator in CKD [27]. Furthermore, treatment with 

MK-5108, an AURKA inhibitor, remarkably attenuated renal fibrosis by 

suppressing fibroblast proliferation and activation, thereby reducing 

inflammation [27]. In vitro data further confirmed that MK-5108 reduced levels 

of transforming growth factor-beta 1 (TGF-1)-induced pro-fibrotic responses 

in renal cells, providing a proof-of-concept evidence that AURKA inhibition 

could represent a viable therapeutic node for fibrotic conditions [27]. These 

cross-organ studies are particularly important because they suggest that 

AURKA’s pro-fibrotic roles may represent a conserved mechanism that 

operates across different tissue types and disease contexts. 

1.4. The potential modulatory role of AURKA on Yes-associated protein 1 (YAP1) 

in CLD 

Given the limited understanding of the underlying molecular mechanisms AURKA is 

involved in CLD progression as well as the emerging evidence of its pro-fibrotic roles 

in CLD and CKD, there remains a critical need to identify key downstream effectors 

through which AURKA exerts its pathological functions within the hepatic 

microenvironment. One particularly compelling candidate that warrants investigation 
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is the Yes-associated Protein 1 (YAP1), a transcriptional co-activator and the central 

effector of the Hippo signaling pathway that has emerged as a master regulator of 

liver homeostasis and disease progression [28].  

YAP1 is a transcriptional co-activator and acts as the central regulator of the Hippo 

pathway that controls organ size, stem cell self-renewal, and tissue regeneration. In 

healthy tissues, Hippo kinases such as the Large Tumor Suppressor kinase 1 and 2 

(LATS1/2) phosphorylate YAP1 at Serine 127, creating a docking site for 14-3-3 

proteins that sequester YAP1 in the cytoplasm, thereby blunting its co-transcriptional 

activity [29]. LATS1/2 also phosphorylate YAP1 at Serine 397 in the cytoplasm, 

priming YAP1 for subsequent Casein Kinase 1 (CK1) phosphorylation and eventual 

proteasomal degradation of YAP1 [30,31]. This dual control of YAP1 activation and 

localization normally restrains YAP1 in the cytoplasm.  

1.4.1. YAP1 dysregulation in liver disease  

However, in liver diseases, Hippo attenuation lifts these brakes, allowing the 

nuclear translocation of YAP1 and elevates YAP1’s transcriptional activity, with 

profound consequences for liver pathophysiology [32,33]. Increased YAP1 

activation was previously observed in patients with alcoholic steatosis, 

hepatitis, and cirrhosis. Additionally, nuclear accumulation of YAP1 was 

observed in CCl4-induced hepatocytes in murine models [34]. Moreover, YAP1 

levels from patients with fibrosis and cirrhosis showed repetitively elevated 

expression compared to healthy livers and the extent of YAP1 activity is 

correlated with the severity of the disease [35,36].  YAP1 activity in hepatocytes 

promoted fibrosis by activating pro-fibrogenic proteins such as collagen type 1 

alpha 1 chain (COL1A1), tissue inhibitor of metalloproteinase 1 (TIMP1), 

platelet-derived growth factor c (PDGFc), TGF-2, as well as inflammatory 

proteins including tumor necrosis factor and interleukin-1. Patients with non-

alcoholic steatohepatitis exhibited a direct correlation between YAP1 and 

CYR61, a chemokine frequently upregulated during liver injury [37]. 
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1.4.2. AURKA as a non-canonical YAP1 modulator in CLD 

Despite the well-described significance of YAP1 expression in several chronic 

liver disease conditions, the upstream regulatory mechanisms that control 

YAP1 activity in CLD remain poorly understood. While canonical Hippo 

pathway regulation has been characterized, non-canonical regulators of YAP1, 

particularly kinase-mediated post-translational modifications that could be 

therapeutically exploited, represent a significant knowledge gap. Intriguingly, 

recent evidence from other fibrotic conditions such as pulmonary fibrosis 

revealed that AURKA may function as a novel upstream regulator of YAP1 

activity, suggesting a potential mechanistic connection that remain unexplored 

in CLD contexts [38]. Furthermore, the mechanistic basis for AURKA’s 

regulation of YAP1 has been demonstrated across multiple disease contexts, 

revealing a sophisticated regulatory relationship between AURKA and YAP1. 

In a triple-negative breast cancer study using MDA-MB-231 cells, AURKA 

directly phosphorylated YAP1 (Ser397) in the nucleus, increasing YAP1’s 

activity [39]. This establishes a direct kinase-substrate relationship operating 

independently of the canonical Hippo regulation of YAP1 [39]. Another distinct 

mechanism of AURKA-mediated YAP1 modulation was demonstrated by 

Wang et al. in lung cancer (A549 cells) where AURKA activation increased 

YAP1 protein abundance by blocking autophagy-mediated degradation via the 

mTOR pathway, promoting YAP1 stability and prolonging its transcriptional 

activity [40]. This regulation required AURKA kinase activity and is 

independent of proteasomal degradation, Hippo/LATS signaling, and YAP1 

Ser397 phosphorylation, as the kinase-dead S397A mutant did not prevent 

AURKA-driven YAP1 stabilization [40].  

These studies collectively suggest that AURKA exhibits multiple mechanisms 

in maintaining elevated YAP1 activity, utilizing both direct post-translation 

modifications and protein stability mechanisms to ensure robust YAP1 function 
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in pathological contexts. Whether similar regulatory mechanisms operate in the 

liver during CLD progression remains completely unknown, representing a 

fundamental knowledge gap that requires further investigation to determine 

the specific molecular pathways through which AURKA might influence YAP1 

activity in CLD.   

1.5. Chronic liver disease: disease spectrum and etiological landscape 

Chronic Liver Disease (CLD) comprises a heterogeneous group of hepatic diseases 

defined by sustained inflammation and progressive formation of scar tissues as a 

result of excessive deposition of extracellular matrix (ECM) protein, eventually 

culminating in cirrhosis [41]. The etiology of CLD is diverse with metabolic 

dysfunction-associated steatotic liver disease (MASLD) now considered as the most 

common cause of CLD and is the leading cause of liver-related morbidity and 

mortality especially in developed nations [42]. CLD can also arise from chronic viral 

hepatitis B or C infections, and alcoholic liver disease (ALD); other important causes 

– albeit less common – include certain autoimmune (i.e., primary sclerosing 

cholangitis, primary biliary cholangitis, and autoimmune hepatitis) and genetic 

disorders (i.e., hemochromatosis, Wilson’s disease, alpha-1 antitrypsin deficiency and 

polycystic liver disease) [41]. Regardless of the initial cause, chronic liver injury 

triggers a cascade of cellular and molecular events that disrupt liver homeostasis and 

lead to fibrotic scarring [43]. 

1.6. Chronic liver disease: Cellular and molecular complexity 

CLD progression follows a relatively consistent pattern at the cellular level: Initial 

hepatocyte injury triggers the release of damage-associated molecular patterns 

(DAMPs) and apoptotic bodies which then stimulate the activation of HSCs. Activated 

HSCs are principally involved in the increased ECM deposition, a key hallmark of 

fibrosis. Mutual stimulation also occurs between activated HSCs and Kupffer cells, 

thus recruiting immune cells eventually triggering inflammatory events that further 

aggravate the disease [44] (Figure 3). Persistent inflammation and fibrosis can 
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eventually lead to cirrhosis, characterized by disrupted liver architecture and 

impaired liver function, which significantly raises the risk of developing HCC [45].  

The molecular mechanisms underlying CLD represent a complex interplay of HSC 

cellular activation [46], inflammatory signaling [47], and tissue remodeling processes 

[24]. The activation of HSCs represents a pivotal event in liver fibrosis pathogenesis. 

Under physiological conditions, HSCs exist in a quiescent state, serving as Vitamin A 

storage cells in the space of Disse. However, chronic liver damage triggers their 

activation  into proliferative, contractile, and fibrogenic myofibroblasts [46]. The 

molecular machinery governing HSC activation involves multiple signaling pathways 

often originating from the ECM and stimuli from resident and infiltrating 

inflammatory cells [45]. Transforming growth factor- (TGF) is generally considered 

as a master regulator of fibrogenesis through SMAD-dependent pathway modulation 

(Figure 3) [48]. TGF- further triggers the mitogen-activated protein kinase (MAPK) 

cascades−including extracellular signal-regulated kinase (ERK/MAPK1), p38 MAPK, 

and c-JUN N-terminal kinase (JNK) − thereby driving HSC activation [49,50]. 

Additionally, platelet-derived growth factor (PDGF) which is a crucial mitogen and 

chemo-attractant in the liver also drives HSC activation and migration [51] (Figure 3). 

Other notable cytokines that promote HSC activation and proliferation include 

vascular endothelial growth factor (VEGF) [52], connective tissue growth factor 

(CTGF) [53], and interleukin-20 (IL-20) [54].  
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Figure 3. Mechanistic concept of key cellular events occurring in liver fibrosis as seen in chronic liver 

diseases. The pathogenesis of liver fibrosis primarily occurs due to chronic hepatocyte injury accompanied by 

inflammation that triggers the release of damage-related patterns and apoptotic bodies, which activate hepatic 

stellate cells (HSC) and recruit immune cells. Mutual stimulation also occurs between Kupffer cells and activated 

HSCs, leading to increased extracellular matrix deposition and inflammatory events. Abbreviations: DAMPs: 

Damage-associated patterns; TGF-b: Transforming Growth Factor Beta; PDGF: Platelet Derived Growth Factor; 

ECM: extracellular matrix. Created with BioRender.com 

 

Inflammation represents a major feature in CLDs and plays a critical role in any stage 

of the multi-step fibrogenic cascade. Hepatocyte loss serves as an early, pivotal trigger 

for chronic inflammation [55]. Apoptotic bodies released from dying hepatocytes 

prompt macrophages to release pro-inflammatory and pro-fibrogenic cytokines and, 

via autophagy induction, directly promote HSC activation [56]. Apoptotic hepatocytes 

also shed various damage-associated molecular patterns (DAMPs) such as 

extracellular ATP, phormyl peptides, High Mobility Group Box 1 (HMGB1) as well as 

the cytokine IL-33. These signals activate HSCs either directly or indirectly; the latter 

occurs through IL-33-driven stimulation of group 2 innate lymphoid cells (ILC2), 
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which subsequently secrete the pro-fibrogenic cytokine IL-13. The simultaneous 

release of inflammatory mediators infiltrating immune cells exacerbate hepatocyte 

death, further aggravating liver injury [57].  

As a compensatory mechanism, chronic liver injury triggers a maladaptive 

regenerative response encompassing three overlapping stages−initiation, 

proliferation, and termination−underlying progressive fibrosis and risk of neoplastic 

transformation [58]. In acute liver injury, liver regeneration is primarily driven by 

hepatocyte self-replication, characterized by high expression of Ki67, a marker of cell 

proliferation, indicating a robust cell division and effective regeneration [59]. Mild 

injuries, on the one hand, exhibit reduced capacity of mature hepatocytes to replicate. 

Hybrid Periportal Hepatocytes (HybHP) are specialized cells located near the portal 

areas that aid in liver regeneration in mild injuries [60]. However, as the chronic liver 

disease progresses both mature hepatocytes and HybHPs become senescent, paving 

the way for ductular proliferation since the main regenerative pathways are already 

exhausted. This process is less effective and is often linked with ongoing fibrosis and 

an already impaired liver function – although the underlying cause of poor hepatocyte 

proliferation or replicative senescence in cirrhosis remains poorly understood [61]. 

Accompanying these cellular responses is the activation of pro-fibrogenic signals 

(Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-B)) [62], 

proliferative cues (Signal Transducer and Activator of Transcription 3 (STAT3) [63], 

Insulin-like Growth Factor (IGF) [64], PDGF [65]) and developmental pathways (Sonic 

Hedgehog (SHH) [66], TGF- [48], Growth arrest-specific 6 (GAS6)/TYRO3,AXL, and 

MerTK (TAM) [67], and WNT/-catenin (CTNNB1) [68,69]). Yet among these cascades, 

the Hippo pathway and its downstream effector YAP1 has now emerged as critical 

regulators of hepatocyte fate in physiological and disease contexts [30,32].  
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1.7. Hepatocellular carcinoma: From chronic liver disease to malignant 

transformation 

The transition from CLD to HCC represents one of the most clinically significant 

progressions in gastroenterology and oncology. Recent epidemiological projections 

paint an increasingly concerning picture for the future burden of HCC. The evolving 

epidemiology of HCC reflects the changing risk factors globally. While viral hepatitis 

B (HBV) or C (HCV) remain a major driver in many regions including sub-Saharan 

Africa and Asia, the proportion of HCC patients with ALD and MASLD has increased 

from 13% to 18% and 5% to 6%, respectively [70,71]. The etiology and distribution of 

HCC are evolving globally, indicated by the noticeable shift from primarily viral 

origins to more cases linked to non-viral factors, particular those associated with 

chronic, excessive alcohol intake and MASLD especially in Europe and North America 

[72].  

Chronic Liver Diseases such as cirrhosis remains one of the major risk factors for HCC 

since about 80-90% of HCC cases develop in a cirrhotic liver, highlighting the strong 

link between CLD and hepatocarcinogenesis [73]. The progression from CLD to HCC 

involves a complex interplay of genetic alterations [74], epigenetic modification [75], 

and dysregulating signaling cascades [5,41,45,57,72,76] that drive hepatocyte 

transformation and tumor development [8]. 

1.8. Molecular pathogenesis: From normal hepatocyte to malignant cell 

At the molecular level, HCC arises from the sequential accumulation of somatic 

mutations and copy number variations targeting key driver genes [74].  Advances in 

high-throughput next-generation sequencing technologies have enabled profiling of 

cancer driver genes, revealing both oncogenic and tumor-suppressor mutations in 

HCC. Telomerase reactivation, predominantly due to mutations in the telomerase 

reverse transcriptase (TERT) promoter [77], integration of viral genomes [78], 

chromosomal rearrangements, or gene amplification [79]—alterations collectively 

present in roughly 80% of HCC cases [4]. On the one hand, hyperactivation of the 
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WNT/-catenin (CTNNB1) signaling is typically attributed to the high mutation rate 

(37%) of catenin B1 (CTNNB1) and WNT/-catenin signal-associated genes (54%). 

Additionally, loss-of-function mutations occur in tumor suppressor genes within the 

pathway, such as AXIN1 and adenomatous polyposis coli (APC) [80,81]. Emerging 

evidence also suggests that hyperactivation of this pathway is linked to low T-cell 

infiltration in the tumor microenvironment, thus creating an immune-cold HCC 

tumor that is considered a major factor of resistance to immunotherapy [82].   

1.9. Glycogen synthase kinase 3-beta (GSK-3β): a key regulator in HCC 

The glycogen-synthase kinase 3-beta (GSK-3) is a particularly intriguing member of 

the WNT pathway. GSK-3 is a key negative regulator of this pathway, 

phosphorylating CTNNB1 at specific serine and threonine residues (Ser33, Ser37, and 

Thr41) within the -catenin (CTNNB1) destruction complex thereby targeting 

CTNNB1 for ubiquitin-mediated proteasomal degradation and maintaining low 

cytoplasmic CTNNB1 levels in the absence of WNT stimulation [83]. However, GSK-

3 seems to have a paradoxical role in HCC. In its active state, GSK-3 phosphorylates 

CTNNB1 [83], along with other oncogenic substrates such as cyclin D1 (CCND1) [84], 

and SNAIL [85]—thereby restraining proliferation, epithelial-to-mesenchymal 

transition (EMT) and metastasis [86]. With its canonical tumor-suppressive role, it is 

therefore expected to exhibit a lower expression in HCC which was what Huang and 

colleagues observed in their study of 80 paired HCC tumors and adjacent tissue 

samples and 20 normal livers [87]. A similar study by Hu and colleagues was 

conducted, supporting the tumor-suppressive role of GSK-3 in HCC and further 

suggested that increased GSK-3 in HCC may serve as a good prognostic indicator 

[88]. Mechanistically, hepatitis B virus (HBx) and hepatitis C virus core/NS5A 

proteins, as well as tumor-intrinsic drivers such as N-myc downstream regulated gene 

1 (NDRG1), RNA binding motif on the Y chromosome (RBMY), Matrilin-2 loss, and 

Sirtuin 2 (SIRT2) converge on extracellular signal-regulated kinase (ERK)- or 
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Phosphoinositide 3-kinase (PI3K)/ Protein Kinase B (AKT)-mediated phosphorylation 

of GSK-3 at Ser9 or Thr43, rendering it inactive [89–92]. 

1.10. The AURKA-GSK-3β -PD-L1 Axis: Linking cell cycle control to immune 

evasion 

 1.10.1. PD-L1: A critical regulator of immune evasion in HCC 

PD-L1, also known as CD274 or B7-H1, functions as a key inhibitory checkpoint 

protein that fine-tunes T-cell responses, thereby safeguarding immune 

homeostasis required for the removal of pathogens as well as senescent or 

cancer cells. PD-L1 binds to the programmed cell death-1 (PD-1) receptor, 

initiating a negative-feedback loop that attenuates T-cell receptor signaling, 

causing an exhausted phenotype and averting excessive immune activation. 

Elevated PD-L1 expression suppresses cytotoxic T cells, permitting tumor cells 

to evade the immune cells [93]. PD-L1 expression in HCC is linked to a 

progenitor subtype, high tumor mutational burden (TMB), a positive 

correlation with markers of tumor aggressiveness, macrovascular invasion, and 

reduced overall survival [94,95]. Despite the transformative impact of PD-L1 

targeting in HCC, its therapeutic efficacy remains limited. For instance, the 

combination of atezolizumab and bevacizumab—which targets PD-L1 and the 

vascular endothelial growth factor A (VEGF-A), respectively, and constitutes 

the current standard of care for advanced HCC—yields an objective response 

rate of only about 30%, even though it improved patient overall survival 

relative to sorafenib monotherapy [96]. Hence, current efforts focus on two key 

objectives: (1) identifying reliable biomarkers that can prospectively identify 

patients most likely to benefit from immune-checkpoint inhibitors (ICIs) and 

(2) elucidate the molecular circuitry modulating PD-L1 expression in HCC to 

guide rational combination or sequential therapies.  

Multiple mechanistic studies have demonstrated how diverse oncogenic, 

inflammatory and epigenetic cues converge to induce PD-L1 expression in 

HCC [97]. Oncoproteins including the Human Leukocyte Antigen (HLA)-F 



 24 

adjacent transcript 10 (FAT10) and the protein arginine methyltransferase 3 

(PRMT3) induce PD-L1 expression in HCC via activating PI3K/AKT/mTOR and 

pyruvate dehydrogenase kinase 1 (PDHK1), respectively, thereby inducing PD-

L1 expression in HCC [98,99]. Inflammatory cues within the tumor 

microenvironment also upregulate PD-L1. M1-polarized macrophages secrete 

interleukin-1β, which activates NF-B/Interferon Regulatory Factor 1 (IRF1) 

signaling in neighboring cancer cells, robustly inducing PD-L1 transcription 

and surface expression. Immunohistochemical analyses of 90 HCC specimens 

exhibited high intratumoral M1 macrophage infiltration which positively 

correlated with PD-L1 expression, underscoring a clinical relevant link between 

inflammation and immune-checkpoint expression [100].  

 1.10.2. PD-L1 Glycosylation and GSK-3β-mediated Regulation 

Beyond protein expression levels, PD-L1 function is controlled by certain post-

translational modifications that alter its biological activity and response to 

therapeutic intervention. Among these modifications, N-linked glycosylation 

emerges as a critical determinant of PD-L1 stability, subcellular localization 

and immune checkpoint function [101]. PD-L1 undergoes extensive N-linked 

glycosylation at multiple asparagine residues, particularly N35, N192, N200, 

and N219, resulting in the formation of mature, complex glycoforms (~45 kDa) 

that exhibit significantly enhanced protein stability compared to their non-

glycosylated counterparts (~33 kDa) [102]. This glycosylation process serves 

multiple functional purposes: mature complex N-glycans stabilize PD-L1 

protein structure, thereby enhancing its binding affinity to PD-1 receptor, and 

critically, provide protection against degradation pathways [103].  

This protective effect of glycosylation becomes particularly evident in the 

context of GSK-3β-mediated regulation of PD-L1 turnover. Catalytically active 

GSK-3β phosphorylates the non-glycosylated PD-L1 molecule, creating a 

phosphodegron that recruits E3 ligase beta-transducin repeat-containing 
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protein (β-TrCP). This leads to ubiquitination and rapid proteasomal clearance 

of the immature PD-L1 pool [102]. When GSK-3β is blocked either by upstream 

AKT phosphorylation at Ser9 or by oncogenic signaling, phosphorylation of 

PD-L1 is therefore inhibited, allowing newly synthesized PD-L1 to escape 

degradation, becoming fully glycosylated and accumulate into the plasma 

membrane [102,104].  

In HCC, this axis is especially relevant given the observed overexpression of 

PD-L1 in this tumor type, often correlating with poor patient outcome [105]. 

However, GSK-3β has been reported to have dual-function in many cancers 

and, true enough, previous studies have supported this notion. Sun et al. 

specifically examined macrophage GSK-3β deficiency in tumor-associated 

macrophages (TAMs) and found that it inhibits HCC growth, proliferation, 

invasion and migration. It also enhances anti-PD-1 immunotherapy sensitivity 

where tumors with GSK-3β-deficient macrophages respond to PD-1 blockade. 

Lastly, their study found the GSK-3β expression in TAMs differed between 

anti-PD-1 treatment responsive and non-responsive HCC groups [106]. This 

study appears to contradict the earlier breast cancer study by Li and colleagues 

[102]. The key difference seems to be cell type specificity where Sun and 

colleagues focused on GSK-3β function in macrophages rather than tumor cells 

themselves highlighting that context matters tremendously in evaluating the 

role GSK-3β in PD-L1 regulation especially in HCC.  

1.11. AURKA in hepatocellular carcinoma: Beyond cell cycle control 

AURKA’s oncogenic influence in HCC encompasses profound dysregulation that 

fundamentally alters its cellular functions from a tightly controlled cell cycle 

modulator to an oncogenic driver. This dysregulation manifests through multiple 

mechanisms including gene amplification, transcriptional upregulation, and post-

transcriptional modifications that collectively contribute to AURKA hyperactivation 

and its subsequent oncogenic effects [9,25]. Clinically, AURKA expression patterns 
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demonstrate significant prognostic value in HCC. Elevated AURKA levels consistently 

correlate with aggressive tumor phenotypes, advanced pathological staging and poor 

clinical outcomes across diverse patient cohorts [107,108]. Furthermore, AURKA 

overexpression correlates with increased metastatic potential and therapeutic 

resistance, reinforcing its role as a driver of advanced HCC [109].  

The molecular mechanisms underlying AURKA’s oncogenic transformation in HCC 

encompass multiple cancer hallmarks. AURKA promotes uncontrolled cellular 

proliferation through direct interaction with MYC oncogene, where binding to MYC’s 

nuclear hypersensitive elements enhances its transcriptional activity and drives 

aggressive tumor behavior [110]. AURKA also orchestrates critical metastatic 

processes by regulating EMT, chemoresistance and cancer stem cell properties 

through activation of the PI3K/AKT and p38/MAPK signaling cascades [111]. Under 

hypoxic conditions within the tumor microenvironment, AURKA enhances cancer cell 

survival and proliferation by regulating hypoxia-inducible factor 1α (HIF-1 α), further 

contributing to therapeutic resistance mechanisms [112]. AURKA also promotes the 

nuclear translocation of CTNNB1, thereby amplifying WNT/-catenin signaling and 

promoting malignant transformation [8,113]. 

1.12. The Hunt for the missing link: AURKA-GSK-3β -PD-L1 regulatory network 

Despite extensive documentation of AURKA’s oncogenic functions in HCC, critical 

knowledge gap remains regarding its specific regulatory interactions with key 

downstream effectors. While AURKA’s general influence on many oncogenic 

pathways is well-established, its precise regulatory function towards GSK-3 and PD-

L1 represents an underexplored area of investigation. A study from a gastric cancer 

model suggested that AURKA negatively regulates GSK-3 via phosphorylation at 

Ser9, thereby blocking the activity of the latter [114]. A more recent study on a partial 

hepatectomy mouse model similarly suggested that AURKA plays a key role in liver 

regeneration through its regulatory role on GSK-3 through the same post-

translational modification at Ser9 [21]. Importantly, GSK-3 inactivation through Ser9 
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phosphorylation has been linked to increased PD-L1 expression in melanoma [115], 

head and neck squamous cell carcinoma (HNSCC) [116], and HCC [117]. 

Mechanistically, GSK-3 normally functions as a negative regulator of PD-L1 through 

a phosphorylation-dependent proteasome degradation of PD-L1 in breast cancer 

[102]. Moreover, glycosylation of PD-L1 at N192, N200 and N219 further antagonizes 

GSK-3 binding on PD-L1, which further enhances PD-L1 stability [102].  

However, the potential AURKA-GSK-3-PD-L1 regulatory axis has not been 

investigated in HCC, despite the clinical significance of both GSK-3 dysregulation 

and PD-L1 overexpression in HCC pathogenesis. Given AURKA’s demonstrated 

ability to inactivate GSK-3 through Ser9 phosphorylation and the established role of 

GSK-3 as a PD-L1 regulator, we hypothesize that AURKA may indirectly control PD-

L1 expression in HCC through a GSK-3-mediated mechanism. This proposed 

regulatory network would position AURKA as a dual coordinator of both oncogenic 

signaling and immune evasion, creating a convergence point where cell cycle 

dysregulation intersects with immune checkpoint modulation in HCC. 

.  
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Chapter 2 

Objectives of the Study 

2.1. Study rationale and research objectives 

HCC remains one of the most prevalent malignancies worldwide and ranks as the 

third leading cause of cancer-related mortalities. Despite notable advances in HCC 

management, this persistent high mortality rate is primarily attributed to many factors 

such as late-stage diagnoses, tumor heterogeneity, and limited therapeutic options. In 

advanced stages, the combination of targeted therapy and immunotherapy such as the 

bevacizumab (anti-angiogenic) and atezolizumab (anti—PD-L1) has become the 

standard of care therapy, demonstrating improved outcomes compared to previous 

monotherapies [118,119]. However, the modest improvements observed point to 

intricate variability and resistance mechanisms inherent to HCC. Consequently, there 

remains an urgent need to further understand and address the complex 

pathophysiology of HCC. It is therefore imperative to investigate the molecular 

mechanisms that drive HCC pathogenesis, to facilitate the identification of clinically 

relevant targets and therefore aid in the development of targeted drugs that may 

expand the therapeutic options for HCC patients.  

AURKA has emerged as a key oncogene in HCC, participating in crucial functions in 

tumorigenic events such as proliferation, survival, and metastasis [8]. However, our 

initial data revealed an unexpected finding: AURKA protein expression was 

significantly overexpressed in paired, adjacent non-tumoral tissues compared to HCC 

tumor nodules themselves, challenging conventional tumor biology assumptions. 

This information suggests that AURKA may exhibit context-dependent regulatory 

functions across the liver disease spectrum, potentially orchestrating distinct 

pathways or effectors in CLD versus established malignancy.  

Emerging evidence from other disease models such as renal and pulmonary fibroses 

suggest that AURKA positively influences fibrogenesis [27,38]. The role of Yes-

associated protein 1 (YAP1), the central downstream effector of Hippo signaling, 
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particularly stood out based on several studies demonstrating AURKA’s positive 

modulation of YAP1 in pulmonary fibrosis [38], lung [40], and breast cancer [39]. 

Importantly, these studies demonstrated different mechanisms by which AURKA 

positively regulate YAP1, leading us to hypothesize that AURKA may also have a 

distinct function within the chronically diseased liver. On the one hand, as the disease 

progresses to overt carcinoma, AURKA’s regulatory role may shift towards immune 

evasion mechanisms and cell cycle progression. AURKA and PD-L1 demonstrate 

regulatory relationship across multiple cancer models, though the directional impact 

varies by context. For instance, AURKA inhibition promoted PD-L1 expression in non-

small-cell lung cancer [120] and breast cancer, leading to immune suppression [121]. 

However, in a glioblastoma study, AURKA inhibition suppressed PD-L1 expression, 

enhancing natural killer cell cytotoxicity [122]. This relationship between AURKA and 

PD-L1 across different tumor types highlights the complex, context-dependent nature 

of their interaction and underscores why combination treatment targeting both 

pathways show promise in overcoming immune evasion mechanisms. However, the 

relationship between AURKA and PD-L1 in HCC remains unexplored. Broadly, this 

study aims to investigate the potential relationship between AURKA and PD-L1; and 

determine whether GSK-3 is a key mediator between AURKA and PD-L1.  

Considering the limited information available on AURKA’s context-dependent role in 

liver pathology, this project aims to comprehensively investigate the expression and 

regulatory functions of AURKA across the continuum from CLD to HCC. We seek to 

elucidate AURKA’s distinct downstream networks, with particular focus on YAP1 

regulation in CLD and the GSK-3-PD-L1 axis in HCC.  

2.2. Experimental framework and specific aims 

A. Characterization of AURKA’s Context-dependent expression patterns 

i. Evaluate AURKA expression and activation status in vivo (paired 

adjacent, non-tumoral vs tumor nodules from HCC patients) 
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ii. Establish correlations with key downstream effectors to define the 

foundation for context-specific regulatory relationships 

B. Define the AURKA-YAP1 axis in CLD by investigating the clinical correlation 

between AURKA expression and YAP1 regulation in CLD context 

i. Assess YAP1 protein levels and phosphorylation status (Ser397) in vivo 

ii. Evaluate correlations between AURKA expression/activation and YAP1 

expression and phosphorylation patterns 

iii. Validate functional regulation through AURKA silencing experiments in 

cell models 

C. Investigation of the AURKA- GSK-3-PD-L1 axis in HCC 

i. Assess the expression of GSK-3 and PD-L1 in vivo and correlate with 

AURKA expression patterns 

ii. Determine the relationship between AURKA and PD-L1, and AURKA 

and GSK-3 in vitro 

iii. Elucidate the tripartite regulatory axis linking AURKA to PD-L1 

through GSK-3-mediated control 

D. Assessment of other downstream regulatory effectors of AURKA and GSK-3 

in HCC 

i. Determine whether AURKA and GSK-3 influences other downstream 

effectors through an exploratory screening strategy 

This study aims to enhance our understanding of the intricate dynamics of AURKA 

and its context-dependent regulatory networks throughout liver disease progression. 

The knowledge gained could pave the way for the development of novel therapeutic 

approaches through rational combination strategies with AURKA blockade at its 

forefront. 
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Chapter 3 

Materials and Methods 

3.1. Human samples 

A total of 56 patients with HCC, diagnosed according to the European Association for 

the Study of the Liver (EASL) criteria, were enrolled in the study. All patients 

underwent partial hepatectomy between December 2008 and January 2023 at the 

Department of Surgery, University Hospital, Trieste, Italy. Inclusion criteria were 

limited to adults with confirmed HCC. Exclusion criteria comprised primary hepatic 

malignancies or other active malignant diseases, as well as pediatric HCC. The study 

was approved by Comitato Etico Regionale Unico of Friuli Venezia Giulia, Prot. No. 

18854. Informed consent was diligently obtained from each patient or their legal 

representative. Sensitive data were meticulously protected through anonymization. 

From each patient, multiple liver specimens were obtained, including tumor nodules 

and matched adjacent non-tumorous tissues. Sampling followed a standardized 

protocol specifying specimen size, tissue type, and storage conditions. Fresh tissues 

were preserved in RNAlater stabilization solution (M7021, Invitrogen, Waltham, MA, 

USA) or snap-frozen in liquid nitrogen and stored at -80ºC. Parallel portions were 

fixed in formalin, embedded in parafin, section serially, and subjected to 

comprehensive histopathological evaluation, including hematoxylin and eosin (H&E) 

staining, performed by Azienda Sanitaria Universitaria Giuliano Isontina (ASUGI), 

Trieste, Italy.  

The cohort had a median age of 69.95 [62.33-74.48] and included 44 males and 12 

women. Reported etiologies were 11% (5/56) hepatitis B virus (HBV), 30% (17/56) 

hepatitis C virus (HCV), 38% (21/56) metabolic dysfunction-associated liver disease 

(MASLD) and 9& (5/56) alcohol-associated liver disease (ALD) (Table 1).  
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Table 1. Pathological Variables and Characteristics of HCC patients. 

Variables HCC (N=56) 

Etiology (HCV/HBV/MASLD and/or 

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 

Categorical variables were represented by the number of patients. HCV, Hepatitis C Virus; HBV, Hepatitis C Virus; 

MASLD, Metabolic dysfunction-associated steatotic liver disease; ALD, Alcohol-associated liver disease; Y, Yes; N, 

No.  

Thirteen (13) MASLD patients with a fibrosis score of F0-F4 were also recruited from 

a cohort of patients with severe obesity enrolled in a bariatric surgery program. 

Eligibility required adult age with a body mass index (BMI) ≥ 40 kg/m2, or ≥ 35 kg/m2 

with obesity-related co-morbidities, acceptable operative risk, failure of non-surgical 

treatments, and agreement to lifelong medical follow-up. Exclusion criteria included 

any concurrent CLD including suspected or confirmed HCC, ALD (> 25 g/day alcohol 

intake), seropositivity for HBV, HCV, or HIV, and use of medications with potential 

hepatic effects. Liver biopsies were conducted at the time of the surgery. All enrolled 

patients in the study provided written consent and the local ethics committee 

approved the study under these protocols: bariatric cohort, study protocol No. 22979 

(Comitato Etico Regionale Unico, Friuli Venezia Giulia, SSN, Italy). Fresh liver 

specimens were kept at 4ºC and processed within 1 hour.  

The patient cohort included 9 males and 8 females, with a median age of 53.00 [39.00 

– 58.00] years. Among the patients, 41% (7/17) exhibited metabolic dysfunction-
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associated steatotic liver (MAFL), while 59% (10/17) had metabolic dysfunction-

associated steatohepatitis (MASH) (Table 2).  

Table 2. Pathological Variables and Characteristics of MASLD patients. 

Variables MASLD (N=13) 

Steatosis (0/1/2/3) 0/0/010/6 

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. MAFLD, Metabolic dysfunction-associated 

steatotic liver; MASH, Metabolic dysfunction-associated steatohepatitis; MASLD, Metabolic dysfunction-

associated steatotic liver disease. 

3.2. Cell culture models 

Five different hepatocellular carcinoma cell lines were included in this study: JHH6 

(JCRB1030), HuH7 (JCRB0403), HLE, HLF, and Hep3B. JHH6 and HuH7 were 

obtained from the Japan Health Science Research Resources Bank (HSRRB) in Tokyo, 

Japan; while HLE, HLF, and Hep3B were generously gifted by Dr. Giannelli of the 

National Institute of Gastroenterology S. de Bellis Research Hospital, Bari, Italy. JHH6 

is a hepatocellular carcinoma cell line with poorly differentiated HCC primary tumor 

and considered to be of S1 lineage [123,124]. HuH7, on the one hand, is of S2 lineage 

and characterized by its well-differentiated hepatocellular carcinoma tumor that is 

positive to Hepatitis C virus [125].  Meanwhile, HLE and HLF were originally derived 

from the same undifferentiated primary HCC tumor characterized by their S1 tumor 

lineage. HLE has an epithelial-like morphology while HLF exhibits a spindle/rhombic 
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“fibroblast-like” morphology [126]. Lastly, Hep3B is an HBV positive tumor with an 

epithelial-like morphology of S2 lineage [127]. For routine cell maintenance, cells were 

detached using 0.5% Trypsin-EDTA (Gibco, Thermo Fisher Scientific, Scotland, UK). 

Table 2 summarizes the list of cell lines, their corresponding culture media, and 

seeding density for downstream cellular and molecular biology assays. All 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 incubated at 37ºC at 5% CO2 humidity. The list of cell 

lines used in this study is summarized on Table 3.  

Table 3. Culture media and seeding densities of hepatocellular carcinoma cell lines used in 

this study. 

CELL LINE CULTURE MEDIA 
SEEDING DENSITY 

(CELLS PER CM2) 

JHH6 
William’s E (Gibco, Thermo 

Fisher, Waltham, MA, USA) 
3,000 

HUH7 
Dulbecco’s modified eagle 

medium (DMEM) (Gibco, 

Thermo Fisher, Waltham, MA, 

USA) 

8,000 

HLE 2,500 

HLF 2,500 

HEP3B 
Minimum Essential medium 

(MEM) w/ Earle’s Salts 

(Euroclone, Milan, Italy) 

8,000 

 

3.3 Chemical compounds and treatments 

The pharmacological inhibition of AURKA was conducted using the highly selective 

inhibitor, AK-01 (LY3295668, CAS No. 1919888-06-4, ChemiTek, Indianapolis, IN, 

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

USA). Our lab has previously established the working concentration for AK-01 at 1.00 

µM for both JHH6 and HuH7 cell lines. Both cell lines were seeded accordingly and 

treated with AK-01 for 72 hours. 
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 3.3.1. PD-L1 turnover experiment 

Cycloheximide (Actidione®, CAS No. 66-81-9, SERVA, Heidelberg, Germany) 

was used to inhibit protein synthesis. Cycloheximide binds to the 60S ribosomal 

subunit, interfering with the translocation step of translation [128]. The 

compound was dissolved in DMSO and optimal working concentration was 

determined with MTT assay. 400nM cyloheximide was used for JHH6, while 

100nM cycloheximide was used for all the other cell lines.  

To evaluate the presence of proteasome-dependent mechanism of protein 

degradation the membrane permeable MG-132 inhibitor (CAS No. S2619, 

Selleck Chemicals, Houston, TX, USA) was used to blocks the proteolytic 

activity of the 26S proteasome complex [129]. MG132 was dissolved in DMSO 

and a working concentration of 250nM was used for JHH6 while 125nM was 

used for all the other cell lines. 

Cells were seeded according to Table 3 and treated with cycloheximide and 

MG-132 (separately) 24h post-seeding in an antibiotic-free medium. Protein 

lysates were then harvested at 24h, 48h, 72h, and 96h post-treatment for 

downstream protein expression analyses. 

 3.3.2. AKT inhibition Experiment 

MK-2206 (CAS No. HY-108232, MedChemExpress, Monmouth Junction, NJ, 

USA) is a highly specific allosteric AKT inhibitor with potential anti-neoplastic 

activity [130]. The compound was dissolved in DMSO and working 

concentration was established at 1µM for JHH6 and 0.50µM for HuH7 cells.  

JHH6 and HuH7 cells were treated with MK-2206 24h post-seeding in an 

antibiotic-free medium. Protein lysates were then harvested 72h post-treatment 

for downstream analyses.  

3.4. AURKA, PD-L1, and GSK-3β gene silencing 

Gene silencing of AURKA (siR-AURKA, Silencer Select siRNA s197, Invitrogen™, 

Waltham, MA, USA),  PD-L1/CD274 (siR-PD-L1/siR-CD274, Silencer Pre-designed 
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siRNA AM16708, Thermo Fisher, Waltham, MA, USA) and GSK-3 (siR-GSK-3, 

Silencer Select, s6241, Invitrogen™, Pleasanton, CA, USA) were performed using small 

interference RNA (siRNA) dissolved in nuclease-free water (R0581, Life Technologies, 

Austin, TX, USA). siLentFect™ Lipid Reagent (170-3362, Bio-Rad, Hercules, CA, USA) 

transfection reagent was used following manufacturer’s instructions (0.1% dilution in 

the culture medium).  JHH6 and HuH7 cells were seeded according to the established 

seeding density on Table 2. The culture media were then switched to fresh antibiotic-

free medium 15 minutes prior to transfection. Then, mixture of siLenFect Lipid 

Reagent, siRNA, or siR-CTRL (scramble) was prepared in a supplement-free medium 

and this mixture was allowed to stand at room temperature for 25 to 30 minutes to 

allow for complex assembly. The mixture was then added to the cultured cells in a 

dropwise manner and incubated for 24 hours at 37ºC at 5% CO2 humidity. After 24 

hours, the culture medium was substituted with the corresponding complete 

maintenance medium and gene silencing was tested through RT-qPCR. 

3.5. Cell viability estimation  

Cell viability, intended as a measure of mitochondrial activity, was selected as the 

parameter to establish the working concentrations for each compound mentioned in 

section 3.1.3. These concentrations were determined using the3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide MTT assay. Serial dilution strategy was 

employed to select the optimal concentration for each compound suitable for each 

experiment. Cell viability was evaluated for MK-2206 after 24 h, 48 h, and 72 h, while 

this time frame was extended to a 96-hour evaluation for cycloheximide and MG-132. 

After treatment, cells were incubated with the freshly prepared 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 for cell lysis and incubated on a rocking incubator for 5 minutes at room 

temperature to allow the dissolution of the formazan salts resulting from the cellular 

metabolic activity. Absorbance readings were recorded at 562 nm using the 
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Spectrophotometer EnSpire™ Multi-mode Plate Reader (Perkin Elmer Inc., Waltham, 

MA, USA). Absorbance values were normalized to vehicle control to calculate the 

percentage of viable cells for each experimental setup.  

3.6. Total RNA extraction from frozen tissues and cell lines 

Total RNA extraction from liver tissues was conducted using Tri Reagent® (Sigma-

Aldrich, St. Louis, MO, USA).  Tissues were homogenized using homogenizer beads 

(1.4 mm Ceramic Beads Bulk, with 625 mg per cryovial, Omni International, 

Kennesaw, GA, USA) using the Bead Ruptor 4 (Omni International, Kennesaw, GA, 

USA) at maximum speed for 60 seconds. 

TriFast™ (EMR517100, Euroclone, S.P.A., Milan, Italy) was used to extract RNA from 

JHH6 and HuH7 cells. Cells were scraped from the 2D monolayer and RNA extraction 

was performed according to the manufacturer’s instructions.  

Briefly, phase separation for both the tissues and cell was done with the addition of 

chloroform, then precipitated with isopropanol, and washed twice with 75% ethanol. 

The RNA pellet was then dissolved in nuclease-free water and stored at -80ºC until 

further analysis.  

RNA was quantified at 260 nm wavelength using the ONDA touch UV-31 scan 

UV/VIS Spectrophotometer (Vetrotechnica, Padova, IT) with a quartz cuvette MICRO-

100µL, 10mm (ONDA) and Nanodrop™ 2000/2000c Spectrophotometer (S/N 0823, 

Thermo Scientific™, Wilmington, DE, USA). 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 [131]. 

3.7. Reverse transcription and quantitative Real-time  

cDNA was synthesized from 1 µg of purified RNA through reverse transcription 

using 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 Transcriptase, and nuclease-free water. Reverse 
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transcription was performed according to manufacturer’s protocol (25 minutes 

annealing at 25ºC, synthesis for 2 h at 37ºC, and enzyme activation for 5 minutes at 

85ºC) using the T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA) instrument. The 

resulting cDNA was stored at -20ºC until further use.  

cDNA amplification was performed by qRT-PCR with each 25 µL reaction containing: 

25 ng of cDNA, SYBR SSO advanced 1X master mix (Bio-Rad Laboratories, Hercules, 

CA, USA), and 250nM gene-specific forward and reverse primers. Reactions were run 

in duplicate in a 96-well plate under the following thermal profile: pre-

incubation/activation (30 s, 95ºC), 50 cycles of denaturation (5 s, 95ºC), and 

annealing/extension (20 s, 60ºC). The melting curve step verified primer/product 

specificity, and standard curves for each target were used to calculate primer 

efficiencies.  

CT values were averaged across duplicates with the CFX Maestro v2.2 (Bio-Rad) and 

relative expression was calculated using the Pfaffl modification of the ΔΔCT equation, 

while considering efficiency values of each target gene. The results were normalized 

to the housekeeping gene, 18S. Expression levels are reported relative to the 

housekeeping gene. Primer sets were designed in Beacon Designer 7.9 (PREMIER 

Biosoft, Palo Alto, CA, USA) and are listed in Table 4.  

Table 4. List of Primers used in RT-qPCR. 

Gene 
Accession 

number 
Forward (5’ to 3’) Reverse (5’ to 3’) 

AURKA NM_198433 GAGAATTGTGCTACTTATACTG GGTACTAGGAAGGTTATTGC 

YAP1 NM_006106.5 GTGAGTAGGTTCATAATGTG ATAGAAGTAGGAGCAAGTC 

GSK-3B NM_002093.4 ATGCTCAGTCAAACCAAATCA TCTATCAACGCCACTACCTT 

CTNNB1 
NM_00109821

0 
CCTTTCCCATCATCGTGAGG  

TTTAGCTCCTTCTTGATGTAATAAAAGG

T 

AXIN2 AF205888 GAATGAAGAAGAGGAGTG TCTTGAAGGACCTGTATC 
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CCND1 NM_053056 AGAGGCGGAGGAGAACAAAC AAGCGTGTGAGGCGGTAGTA 

HIF1A NM_001530 CAGCAGTTACTCATGGAATA AACCATACAGCATTTAAGAATC 

ACTA2 
NM_00114194

5 
TTGGCTTGGCTTGTCAGG GCTTTAGGGTCGCTGGAG 

COL1A1 NM_000088 CGGAGGAGAGTCAGGAAG ACACAAGGAACAGAACAGTC 

CDKN1

A 
NM_000389.5 GCGGAACAAGGAGTCAGACA  GAACCAGGACACATGGGAG  

TGF-B1 NM_000660 AGGAGGCAGGACTTGG AGGGACGCCGTGTAG 

IL-6 NG_011640 
ACAGATTTGAGAGTAGTGAGGAA

C 
GGCTGGCATTTGTGGTTGG 

IL-1B NM_000576 ACAGATGAAGTGCTCCTTCCA GTCGGAGATTCGTAGCTGGAT 

TNF-A NM_000576 GTGAGGAGGACGAACATC GAGCCAGAAGAGGTTGAG 

GYS2 NM_021957.3 TGAAGTTGCTTGGGAAGTGAC AGGTTCACACTGTTCCACCTG 

GLUT1 NM_006516 AACTCTTCAGCCAGGGTCCAC CACAGTGAAGATGATGAAGAC 

PGK1  NM_000291. CCACTGTGGCTTCTGGCATA ATGAGAGCTTTGGTTCCCCG 

PKM2 
NM_00120679

6 
CAGAGGCTGCCATCTACCAC ACTGCAGCACTTGAAGGAGG 

18S NR_003286.2 CGTCTGCCCTATCAACTTTCG GCCTGCTGCCTTCCTTGG 

AURKA, Aurora Kinase A; YAP1, Yes-associated protein 1; GSK-3, Glycogen synthase kinase-3 beta; CTNNB1, Catenin Beta 1; Axin2, 

Axin inhibition protein 2; CCND1, Cyclin D1; HIF1a, Hypoxia Inducible Factor 1 Subunit Alpha; ACTA2, Actin Alpha 2, Smooth Muscle; 

COL1A1, Collagen Type I Alpha 1 Chain; CDKN1A, Cyclin Dependent Kinase Inhibitor 1A; TGF-1, Transforming Growth Factor Beta 1; 

IL-6, Interleukin 6; IL-1B, Interleukin 1 Beta;, TNF-A, Tumor Necrosis Factor Alpha; GYS2, Glycogen Synthase 2; GLUT1, Glucose 

Transporter Type 1; PGK1, Phosphoglycerate Kinase 1; PKM2, Pyruvate Kinase M/2 

3.8. Tissue homogenization and protein extraction 

Tissue disruption and protein extraction were carried out with protocols tailored to 

each sample type. Frozen human HCC tissues were homogenized in a sucrose-based 

homogenization buffer (0.25M sucrose, 0.98mM K2HPO4, 40.2mM KH2PO4, 1mM 

EDTA, 0.1mM DTT; pH 7.4) with the 650 mg of beads per cryovial. The tissues were 

then disrupted using the Bead Ruptor 4 operated at full speed for 1 minute. Fresh 

MASLD samples were ground in HNTG lysis buffer (50 mM HEPES, 150 mM NaCL, 

10% glycerol, 1% Triton X-100; pH 7.5) supplemented with 100µM 
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phenylmethylsulfonyl fluoride (PMSF) and homogenized using Potter-Elvehjem glass 

grinders to minimum proteolysis. For cultured cells, protein extraction started with 

trypsinization, with the pellet rinsed twice with ice-cold PBS, and lysed on ice for 5 

minutes with 1X RIPA buffer supplemented with 1X Halt protease inhibitor and 1X 

phosphatase inhibitor. The resulting lysates were sonicated briefly (one 15-s pulse at 

10 W, UW3100) to shear nucleic acids, then cleared by centrifugation at 14,000 x g for 

12 min at 4ºC. Protein lysates were quantified with the bicinchoninic acid (BCA) assay 

according to manufacturer’s protocol, and all extracts were stored at -80ºC until 

further downstream assay use.  

3.9. Western blot assay and analyses 

Western Blot assay was performed to evaluate protein expression in tissues and cell 

treatment setups. Fifty to eighty µg of total protein were used according to the 

corresponding protein target being probed. Lysates were solubilized in 5X Laemmli 

buffer with 10% -mercaptoethanol, heated to 95ºC for 5 min to denature the protein 

prior to loading onto the stacking gel of a 12% polyacrylamide sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). A 20-minute pre-run at 80 V was 

done to concentrate the proteins in the stacking layer before continuing at 180 V for 90 

minutes. The separated proteins were transferred to 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. PVDF membranes 

were blocked for 1 h with either 4% non-fat milk or 5% bovine serum albumin (BSA) 

prepared in PBS-0.1% Tween 20 or TBS-0.1% Tween 20, depending on the antibody 

used, to prevent non-specific antibody binding. The blocking solutions used in this 

study are listed on Table 5. Membranes were incubated overnight with primary 

antibodies against the following proteins AURKA (sc-398814, Santa Cruz, 

Biotechnology, Dallas, TX, USA), p-AURKA (Thr288) (MA5-14904, Invitrogen™, 

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

YAP1 (GTX637643, GeneTex, Irvine, CA, USA), p-YAP (Ser397) (PA5-110163, 
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Invitrogen™, Thermo Fisher, Waltham, MA, USA), GSK-3 (GTX635886, GeneTex, 

Irvine, CA, USA), p-GSK-3 (Ser9) (MA5-14873, Invitrogen™, Thermo Fisher, 

Waltham, MA, USA), -catenin (CAT-5H10, Invitrogen™, Thermo Fisher, Waltham, 

MA, USA), -actin (A5411, Sigma-Aldrich, St. Lous, MO, USA). Secondary antibodies 

included anti-mouse IgG horse radish peroxidase (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 listed on 

Table 5. 

Table 5. Dilution of antibodies and blocking solution used for Western Blot assays. 

Targets HCC tissues Cell Lines 

AURKA 

(SC-398814) 

4% milk in PBS-T (0.1%) 

1:1000 (primary) 

1:2000 (anti-mouse) 

4% milk in PBS-T (0.1%) 

1:250 (primary) 

1:500 (anti-mouse) 

p-AURKA (Thr288) 

(MA5-14904) 

5% BSA in TBS-T (0.1%) 

1:300 (primary) 

1:500 (anti-rabbit) 

 

N/A 

YAP1 

(GTX637643) 

4% milk in PBS-T (0.1%) 

1:2500 (primary) 

1:5000 (anti-rabbit) 

4% milk in PBS-T (0.1%) 

1:2000 (primary) 

1:4000 (anti-rabbit) 

p-YAP1 (Ser397) 

(PA5-110163) 

5% BSA in TBS-T (0.1%) 

1:300 (primary) 

1:500 (anti-rabbit) 

5% BSA in TBS-T (0.1%) 

1:500 (primary) 

1:1000 (anti-rabbit) 

GSK-3 

(GTX635886) 

4% milk in PBS-T (0.1%) 

1:2500 (primary) 

1:5000 (anti-mouse) 

 

N/A 

p-GSK-3 (Ser9) 

(MA5-14873) 

5% BSA in TBS-T (0.1%) 

1:500 (primary) 

1:500 (anti-rabbit) 

5% BSA in TBS-T (0.1%) 

1:1000 (primary) 

1:2000 (anti-rabbit) 

PD-L1/CD274 

(66248-1-Ig) 

5% BSA in PBS-T (0.1%) 

1:1000 (primary) 

5% BSA in PBS-T (0.1%) 

1:1000 (primary) 
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1:2000 (anti-mouse) 1:2000 (anti-mouse) 

CTNNB1/-catenin 

(CAT-5H10) 

4% milk in PBS-T (0.1%) 

1:3000 (primary) 

1:5000 (anti-mouse) 

4% milk in PBS-T (0.1%) 

1:2000 (primary) 

1:3000 (anti-mouse) 

-actin 

(A5411) 

4% milk in PBS-T (0.1%) 

1:3000 (primary) 

1:4000 (anti-mouse) 

% milk in PBS-T (0.1%) 

1:3000 (primary) 

1:4000 (anti-mouse) 

3.10. Immunohistochemical (IHC) Assay 

The expression and distribution of AURKA protein expression in paraffin-embedded 

sections from eight (8) pairs of HCC and adjacent, non-tumoral tissues were evaluated 

using IHC. Formalin-fixed sections were first cleared of paraffin in xylene and 

rehydrated with decreasing ethanol concentrations. Antigen retrieval was carried out 

in 10 mM sodium citrate buffer containing 0.05% Tween-20 (pH 6.0) and intrinsic 

peroxidase activity was quenched with 3% hydrogen peroxide. Immunostaining was 

conducted following manufacturer’s instructions for 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). Slices were then 

blocked for 1 h in 5% horse serum in PBS to saturate non-specific binding sites, 

followed by an overnight incubation with 1:500 AURKA primary antibody (sc-398814, 

Santa Cruz Biotechnology, Dallas, TX, USA) diluted in the blocking solution. The 

biotinylated pan-specific universal antibody was used as the secondary antibody, and 

slices were incubated in the Stretavidin/Peroxidase complex. The colorimetric DAB 

substrate was then added to produce a brown precipitate at sites of AURKA 

expression. Lastly, nuclei were counterstained with hematoxylin, and the slides were 

dehydrated by washing in increasing concentrations of ethanol and xylene.   

3.11. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 10 for macOS Version 

10.2.3 (GraphPad Software, San Diego, CA, USA). Initial normal distribution was 
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evaluated, and significance level set at 0.05 (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).  

Statistical significance between the paired HCC and adjacent, non-tumoral samples 

were calculated using Wilcoxon signed rank tests to examine differences between the 

two groups. Correlations were calculated using Spearman’s rank correlation test. For 

in vitro analyses, each experiment was conducted in minimum of two independent 

trials. The results are presented as mean ± SEM. Unpaired t-tests were used to assess 

the statistical significance of the differences in mRNA and protein between two 

sample groups (treatment vs. vehicle/control).  
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Chapter 4 

Results 

4.1. AURKA expression in HCC samples 

In a previous finding from our research group, AURKA mRNA levels were 

significantly higher in HCC tissues (n=54) compared to the adjacent non-tumoral 

tissues (median 0.09740 [IQR 0.02575 – 0.2214]; mean 0.8247 [95% CI -0.1599 – 1.809]  

vs. median 0.02750 [IQR 0.01270 – 0.08543]; mean 0.5631 [95% CI -0.2590 – 1.385], p 

<0.0001) (Figure 3A). This observation further validates what has already been 

reported in literature [8,79,110,132]. Furthermore, 76% of patients (41/54) exhibited 

higher AURKA levels in nodules compared to the adjacent portion of diseased liver 

(Figure 3B). However, AURKA protein abundance showed significant 

downregulation in the tumors (n=55) compared to the paired, adjacent non-tumoral 

tissues (median: 0.2869 [IQR 0.0959 – 0.4823]; mean 0.3811 [95% CI 0.2705 –0.4917]   vs. 

median 0.7295 [IQR 0.4045 – 0.9803]; mean 0.7829 [95% CI 0.6283 – 0.9375], p < 0.0001) 

(Figure 3C and 3E), with only 19% (10/54) of patients showing higher AURKA protein 

levels in neoplastic lesions (Figure 3D). These findings contradict previous literature 

evidence demonstrating higher AURKA protein levels in HCC tumors.  



 45 

 

Figure 4. The mRNA and protein expression of AURKA in HCC and adjacent, non-tumoral tissues. (A) 

Relative AURKA mRNA levels in HCC tumor and paired adjacent non-tumoral tissues (n=54). (B) Ratio of the 

relative AURKA mRNA expression between HCC tumor and paired, adjacent non-tumoral tissues (n=54). (C) 

Relative AURKA protein abundance in HCC tumor and the paired adjacent, non-tumoral tissues (n=55). (D) 

Ratio of the relative AURKA protein abundance between HCC tumor and paired, adjacent non-tumoral tissues 

(n=55). (E) Representative western blot image for 6 paired HCC and adjacent tissue samples normalized to -

actin. *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001.  
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AURKA protein upregulation in the adjacent tissues was further validated using 

immunohistochemistry (IHC) staining, revealing strong and prominent 

overexpression of AURKA, predominantly within the hepatocytes in the adjacent 

tissues, compared to the tumor nodules (Figure 4). Notably, AURKA expression 

remained strong in adjacent tissue samples with steatosis, suggesting a consistent role 

across various CLD etiologies and AURKA’s possible involvement in hepatocyte 

regeneration or adaptation in response to chronic liver damage, regardless of the 

underlying cause. Histopathological examination of Sample 1 revealed poorly 

differentiated tumor characterized by a solid architectural pattern with prominent 

lymphocytic infiltration. The tumor displayed multinucleated syncytial giant cells 

distributed throughout the neoplastic tissues. IHC analysis demonstrated weak and 

focal AURKA expression with limited distribution across the tumor specimen. 

However, the paired adjacent tissue demonstrated robust and widespread AURKA 

expression throughout the tissue sample. Concurrent histopathological assessment 

revealed tissues have limited areas of early-stage cirrhosis as well (Figure 5A). HCC 

tumor from sample 2 exhibited a macro-trabecular growth pattern with positive 

AURKA expression in the subcapsular regions, while the central tumoral area which 

showed negative AURKA expression. On the one hand, microscopic evaluation of the 

adjacent tissue from sample 2 revealed markedly elevated AURKA expression 

through within a cirrhotic liver architecture attributed to underlying metabolic disease 

(Figure 5B). Lastly, HCC tumor from sample 3 demonstrated overall diminished 

AURKA expression. However, focal clusters of pre-apoptotic neoplastic hepatocytes 

exhibited AURKA immunoreactivity, potentially indicating a role for AURKA in the 

DNA damage response pathway. This expression pattern appeared to represent a 

transient phenomenon. Furthermore, these AURKA-positive hepatocytes were 

predominantly localized within the apoptotic foci characterized by dense lymphocytic 

infiltration. Histological examination of the corresponding adjacent tissue revealed 

macronodular cirrhosis, while IHC analyses demonstrated diffuse AURKA expression 

throughout the hepatic parenchyma (Figure 5C).  
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Figure 5A. Immunohistochemical staining of AURKA in the HCC and adjacent tissues of Sample 1.  The top 

image corresponds to the HCC slice showing a weak overall expression of AURKA (brown staining). The poorly 

differentiated tumor is also characterized by a strong presence of lymphocytes (red arrowhead) with 

widespread distribution of multi-nucleated syncytial giant cells (green arrowhead). The adjacent tissues (bottom 

image) revealed a strong prominent AURKA expression (brown staining) especially adjacent to the portal vein 

(orange arrowhead) with lymphocytic infiltration (red arrowhead) and showed signs of early-stage cirrhosis 

(blue oval circle).  
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Figure 5B. Immunohistochemical staining of AURKA in the HCC and adjacent tissues of Sample 2. Top 

image represents HCC with macro-trabecular tumor growth characterized by sub-capsular AURKA positivity 

(orange arrowhead). The overall expression of AURKA is low within the entire slice. The bottom image 

represents the adjacent tissue with prominent AURKA expression adjacent to the portal tract (orange 

arrowhead). AURKA expression remains strong within the cirrhotic areas with steatosis (blue circle). 
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Figure 5C. Immunohistochemical staining of AURKA in the HCC and adjacent tissues of Sample 2. . Top 

image represents HCC with generally low AURKA expression predominantly in the group of neoplastic pre-

apoptotic hepatocytes (orange arrowheads). The tissue also showed lymphocytic infiltration (green 

arrowheads). The bottom image represents the adjacent tissue with widespread AURKA expression in the 

parenchymal area (orange arrowheads). The tissue also exhibits macronodular cirrhosis (blue circle). 
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4.2. Phospho-AURKA (Thr288) is higher in tumors 

Since AURKA activation is canonically mediated by Thr288 phosphorylation— a post-

translational modification essential for increased kinase activity during spindle 

assembly and mitotic progression—we quantified the abundance of p-AURKA 

(Thr288) in HCC and adjacent tissue samples. Analyses interestingly revealed 

differences between tumors and adjacent non-tumoral tissues despite no statistically 

significant group-level difference in p-AURKA (Thr288) expression (tumor: median 

0.0261 [IQR 0.00672 – 0.06873]; mean 0.04813 [95% CI 0.02544 – 0.07082] vs. adjacent: 

median 0.02791 [IQR 0.0121 – 0.07923]; mean 0.09191 [95% CI 0.01390 – 0.1699], p = 

0.0595, ns)  (Figure 6A).  

 

Figure 6. The protein expression and ratio of phospho-AURKA (Thr288) in HCC and adjacent tissues. (A) 

The relative protein expression of the p-AURKA (Thr288) in HCC and adjacent tissues normalized to β -actin 

(n=31). (B) Representative westerb blot image of HCC and adjacent tissue samples probed for p-AURKA 

(Thr288) and normalized to -actin. (C) The ratio of p-AURKA expression between HCC and adjacent tissues 

(n=31). 61% of the samples exhibited higher tumoral p-AURKA compared to the adjacent tissues. *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001.  

Ratio analysis examining the proportion of p-AURKA (Thr288) relative to total 

AURKA protein showed that approximately 61% (17/31) of the tumor samples 

exhibited elevated p-AURKA ratio compared to their matched adjacent tissues (Figure 

6C). These data indicate that HCC cells maintain a higher proportion of active AURKA 

compared to the adjacent tissues, possibly suggesting altered AURKA self-regulation 

either through autophosphorylation and TPX2-mediated activation linked to 

increased cell-cycle dependent activity of the protein  rather than increased overall 

AURKA activation in the adjacent tissues.  



 51 

4.3. YAP1 mRNA expression remains stable in HCC tumors and non-tumoral tissue 

samples 

As AURKA has been demonstrated to regulate YAP1, a master transcriptional 

downstream effector of the Hippo pathway, either through direct phosphorylation 

and protein stabilization in other pathological contexts, we examined the potential 

modulatory role of AURKA on YAP1. The YAP1 mRNA expression analysis 

comparing HCC tissues to adjacent non-tumor tissue (n=31) (Figure 7A) revealed no 

statistically significant difference between HCC and adjacent tissues (median 0.4620 

[IQR 0.0894 – 0.9510]; mean 3.866 [95% CI -1.337 – 9.069] vs. median 0.1730 [IQR 0.0699 

– 0.5593]; mean 4.076 [95% CI -2.843 – 10.99], p= 0.1110,), further supported by data 

from GEPIA database (369 tumor samples vs. 160 normal samples from LIHC cohort) 

(Figure 7B). This suggests that YAP1 mRNA expression alone may not be a reliable 

marker for distinguishing malignant from non-malignant hepatic tissues in this 

context. However, since our study focuses on AURKA’s regulatory role on YAP1 at 

the protein level, this mRNA result aligns with our hypothesis, as transcriptional 

regulation may not reflect the post-translational modifications and protein-level 

interactions that are central to our investigation.  

 

Figure 7. YAP1 mRNA expression 

in our cohort and data retrieved 

from the GEPIA database. (A) 

Relative mRNA expression of 

YAP1 normalized to 18S in our 

cohort of patients (n=31). (B) YAP1 

mRNA levels in liver 

hepatocellular carcinoma (LIHC) 

tumor samples (T, n=369) 

compared to normal tissue 

samples (N, n=160) retrieved from 

The Cancer Genome Atlas (TCGA) 

database via GEPIA. *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. 

ns, not significant. 
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4.4. YAP1 and phospho-YAP1 (Ser397) protein levels are upregulated in the 

adjacent, non-tumoral tissues.  

Consistent with the AURKA protein expression pattern, YAP1 protein showed 

significantly lower expression in tumors compared to the adjacent non-tumoral tissues 

(median 0.02252 [IQR 0.000145 – 0.1374]; mean 0.1016 [95% CI 0.04134 – 0.1619]  vs. 

median 0.1469 [IQR 0.03786 – 0.3603]; mean 0.2183 [95% CI 0.1398 – 0.2969], p < 0.01) 

(Figure 8A). Furthermore, a significant correlation observed between AURKA and 

YAP1 in the adjacent, non-tumoral tissues (r=0.4412 [95% CI 0.08511 – 0.6973], p<0.05), 

whereas no significant correlation was observed between the two total proteins in 

HCC (Figure 9). Interestingly YAP1 protein is also significantly elevated in MASLD 

samples, reinforcing its potential role in CLD as MASLD remains the most common 

cause of CLD [42] (Figure 8A).  Interestingly, even though p-YAP1 (Ser397) level was 

higher in the adjacent tissues (Figure 8B) the p-YAP1 (Ser397) / total YAP1 ratio 

revealed that about 63% (17/27) had a higher p-YAP1 (Ser397) expression in the tumors 

(Figure 8C). It is important to note that Serine 397 phosphorylation of YAP1, under 

canonical Hippo regulation, subjects the protein to proteasomal degradation, 

restricting YAP1’s transcriptional activity.  

 

Figure 8. YAP1 and phospho-YAP1 protein expression in HCC and adjacent tissues. (A) Relative protein 

expression of total YAP1 in HCC (n=30), adjacent tissues (n=30), and MASLD tissues (n=13). (B) Relative 

phospho-YAP1 (Ser397) levels in HCC and adjacent tissues (n=35). (C) The ratio between p-YAP1 (Ser397) and 

Total YAP1 in HCC evaluated in 27 tissue samples. *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. 
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4.5. Context-dependent AURKA-YAP1 Protein Correlations 

Correlation analyses revealed distinct patterns between AURKA and YAP1 across 

tissue types and phosphorylation states. No significant correlation was observed 

between AURKA and YAP1 protein expression in HCC tissues (r = 0.08441, [95% CI -

0.2947 – 0.4406] p=0.6574) (Figure 9A). In contrast, adjacent tissues showed a 

significant positive correlation between AURKA and YAP1 protein levels (r=0.4412, 

[95% CI 0.08511 – 0.6973], p <0.05) (Figure 9B). Meanwhile, p-AURKA (Thr288) and p-

YAP1 (Ser397), demonstrated significant positive correlations in both HCC (r=0.3939, 

[95% CI -0.0043 – 0.6843] p < 0.05) and adjacent tissues (r=0.5003, [95% CI 0.1451 – 

0.7413] p <0.01). These findings indicate that the relationship between AURKA and 

YAP1 may be context-dependent with stronger associations in adjacent tissues and at 

the phosphorylated protein level across both tissue types.  

 

Figure 9. Relative protein expression correlation between AURKA and YAP1 and their phosphorylated forms 

in HCC and adjacent tissues. (A) No correlation was found between AURKA and YAP1 in HCC tissues (B) 

AURKA and YAP1 protein expression are significantly correlated in the adjacent tissues. (C-D) p-AURKA 

(Thr288) and p-YAP1 (Ser397) in HCC and adjacent tissues are significantly correlated, with stronger positive 

correlation evident in adjacent samples. Spearman’s rank correlation test was used to detect correlation (*p<0.05, 

**p<0.01, ***p<0.001). 
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4.6. AURKA silencing significantly downregulated YAP1 mRNA and protein, with 

modest effects on phospho-YAP1 (Ser397) in JHH6 cells 

YAP1 mRNA levels were significantly downregulated following a 72-h knockdown 

with siR-AURKA (Figure 10A). Similarly, total YAP1 protein was significantly 

downregulated under the same conditions, with protein expression dropping by 

approximately 50% compared to the scrambled control (Figure 10B). In contrast, p-

YAP1 (Ser397) was only modestly affected, decreasing by around 10% under the same 

conditions (Figure 10D). This pronounced disparity suggests that AURKA may exert 

its primary regulatory effects on the overall abundance or stability of YAP1 protein 

rather than on its phosphorylation at Ser397, which was further confirmed by almost 

four-fold increase in the ratio of p-YAP1 (Ser397)/total YAP1. These results align with 

the study conducted by Wang and colleagues wherein AURKA positively regulated 

YAP1 stability by blocking autophagy [40]. However, a better in vitro model system of 

fibrosis or CLD is necessary to confirm these findings since JHH6 is an HCC cell line 

model.  
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Figure 10. Relative protein expression of Total YAP1 and phospho-YAP1 (Ser397) following AURKA 

silencing at 72 h. (A) YAP1 mRNA expression was significantly reduced 72 h post-silencing with siR-AURKA 

(n=5). (B) Significant reduction in the relative expression Total YAP1 protein 72 h post-silencing with siR-

AURKA (n=4). (C) Representative western blot image of Total YAP1 after AURKA silencing. (D) Modest 

reduction in relative protein expression of p-YAP1 (Ser397) 72 h post-silencing with siR-AURKA (n=2). (E) 

Representative western blot image of p-YAP1 (Ser397) after AURKA silencing. (F) p-YAP1 (Ser397)/total YAP1 

ratio increased four-fold following AURKA silencing (n=2). Data presented as mean±SEM. *p< 0.05, **p<0.01, 

***p< 0.001, ****p<0.0001. 

 

4.7. The limited in vivo evidence of AURKA regulation of GSK-3β in CLD 

Building upon the well-established role of AURKA in modulating key signaling 

pathways, we also sought to investigate its potential regulatory function with GSK-3 

within the context of CLD. A prior liver regeneration study in mice demonstrated that 

AURKA negatively regulates GSK-3 activity through Ser9 phosphorylation, 

resulting to the latter’s inactivation. To explore this, we analyzed protein expression 

levels of AURKA and GSK-3, including its phosphorylated form at Ser9, in both 
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tumor and adjacent, non-tumoral liver tissues. In HCC, GSK-3 protein was higher 

(median: 0.1561 [IQR 0.05115 – 0.3018]; mean 0.1981 [95% CI 0.1407 – 0.2555])  vs. 

median: 0.03198 [IQR 0.005436 – 0.07608]; mean 0.05316 [95% CI 0.03469 – 0.07162], 

p<0.0001) (Figure 11A), while p-GSK-3 (Ser9) expression were similar between the 

paired HCC and adjacent non-tumoral tissues (median: 0.09442 [IQR 0.03533 – 0.1342]; 

mean 0.0.09412 [95% CI 0.0.06566 – 0.1226)  vs. median: 0.06852 [IQR 0.01501 – 0.1448]; 

mean 0.0.08311 [95% CI 0.04954 – 0.1167], p=8028) (Figure 11B). Indeed, in vitro 

silencing of AURKA in JHH6 cells showed no effects on the Ser9 phosphorylation 

levels of GSK-3 (Figure 11C) and correlation analyses between AURKA and p-GSK-

3 (Ser9) levels yielded no significant correlation in either tissue types (Figure 11D and 

11E).  

 

Figure 11. The relative protein expression of GSK-3β and p-GSK-3β (Ser9) and correlation analyses between 

AURKA and GSK-3β in vivo (A) Total GSK-3β protein was significantly elevated in HCC compared to adjacent 
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tissues (n=37). (B) p-GSK-3β (Ser9) levels remained stable between HCC and adjacent tissues (n=27). (C) No 

marked reduction of p-GSK-3β (Ser9) levels was observed following AURKA silencing in JHH6 for 72h (n=2). 

(D-E) No significant correlation was observed between AURKA and p-GSK-3β expression in either tissue types. 

Data presented as mean±SEM. *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001.  

Since GSK-3 functions as a regulator of CTNNB1 stability through phosphorylation-

dependent mechanism, we next examined whether the observed alterations in GSK-

3 expression and phosphorylation status would affect downstream CTNNB1 mRNA 

and protein levels. CTNNB1 mRNA was higher in HCC compared to the adjacent 

tissues (median: 0.6490 [IQR 0.2520 – 1.291]; mean 0.8939 [95% CI 0.6086 – 1.179], vs. 

median: 0.1265 [IQR 0.04525 – 0.2463]; mean 0.1624 [95% CI 0.1164 – 0.2084], p<0.0001) 

(Figure 12A), revealing a statistically significant fold change of 5.5X in tumors. 

CTNNB1 protein was also significantly overexpressed in HCC (median: 0.0.04890 

[IQR 0.01771 – 0.3149]; mean 0.1893 [95% CI 0.06147 – 0.3172] vs. median: 0.0.006770 

[IQR 0.0005 – 0.01043]; mean 0.0095 [95% CI 0.0009624 – 0.01801], p<0.01) (Figure 12B), 

corresponding to about 20X (p <0.01) fold-change in tumors compared to the adjacent 

tissues. Despite the lower total GSK-3β expression in adjacent non-tumoral tissues, 

approximately 63% (17/27) of GSK-3β is present in its inactive, phosphorylated form 

in contrast to only about 15% (4/27) GSK-3β inactivation in the tumors (Figure 12C 

and 12D).   
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Figure 12. The relative mRNA and protein expression CTNNB1 in vivo. (A) CTNNB1 mRNA expression was 

significantly higher in HCC (n=36). (G) CTNNB1 protein was significantly overexpressed in HCC (n=15). (C) 

15% of HCC tumor samples exhibited 15% (4/27) GSK-3β inactivation. (D) Approximately 63% (17/27) of GSK-

3β is inactivated in the adjacent tissues. *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. 

4.8. Gene expression profiling revealed distinct downstream networks for GSK-3β 

in Hepatocellular Carcinoma cell lines 

Since only ~15% of GSK-3β is phosphorylated in tumors, this limited inactivation does 

not adequately explain the elevated CTNNB1 levels at the mRNA and protein levels 

observed. Active GSK-3β (non-phosphorylated at Ser9) should promote CTNNB1 

degradation through the canonical destruction complex, which requires sequential 

phosphorylation by CK1α and GSK-3β followed by recognition by APC and AXIN, 

and ultimately ubiquitination and proteasomal degradation of CTNNB1 [133]. 

However, in tumors, GSK3β can be sequestered or repurposed into alternative 

signaling pathways—including proliferation, fibrosis, inflammation, and glucose 
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metabolism—thereby reducing its availability for CTNNB1 regulation [134–138]. 

Thus, we explored the changes in representative genes of each pathway following 

GSK3β silencing to assess its downstream effects (Figure 13).  

 

Figure 13. Schematic illustration of distinct downstream networks regulated by GSK-3 in cancer. The 

diagram illustrates four major biological process categories affected by GSK-3 in several cancers. (01) Proliferation: genes 

involved in cell cycle regulation and growth signaling (CTNNB1, AXIN2, CCND1, HIF1A; (02) Glucose metabolism: 

genes involved in glucose metabolic networks (GYS2, GLUT1, PGK1, PKM2); (3) Fibrosis: genes involved in ECM and 

fibrotic responses (HIF1A, COL1A1, ACTA2, and CDKN1A); (4) Inflammation: genes involved in cytokine production 

and inflammatory responses (TGF-B1, IL-6, IL-1B, and TNF-A) 

Using siRNA-mediated knockdown of GSK-3 in JHH6 and HuH7 cell lines, we 

identified distinct regulatory pathways that might reveal functional involvement of 

GSK-3 in HCC. The analyses revealed pronounced cell line-specific differences in 

gene regulation patterns. In JHH6, an S1-type tumor with a more proliferative 

phenotype, GSK-3 knockdown commonly downregulated proliferation-associated 

genes including CTNNB1 and CDKN1A along with the glutamine transporter, GLUT1; 

While IL-1B was upregulated (Figure 14A). In contrast, HuH7 cells which are more 

differentiated revealed a distinct regulatory pattern as well with GSK-3 knockdown 

preferentially modulating fibrotic and inflammatory-associated genes such as ACTA2, 

IL-6, and TNF-Α. (Figure 14B).  
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Figure 14. Cell line-specific gene expression profiles revealed distinct regulatory networks downstream of 

GSK-3B in hepatocellular carcinoma. JHH6 and HuH7 cells were transfected with siR-CTRL (scramble) or siR-

GSK-3, and gene expression changes of target genes were analyzed by RT-qPCR. (A) GSK-3 knockdown in 

JHH6 cells led to decreased CTNNB1, CDKN1A, GLUT1, and PGK1, with specific upregulation of IL-1B. (B) GSK-

3 knockdown in HuH7 downregulated CDKN1A and TNF-A; and upregulated AXIN2 and GLUT1. *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. 

4.9. AURKA inhibition reduced PD-L1 in JHH6 and HuH7 cells 

We then explored the possible role of AURKA in immune evasion by evaluating PD-

L1 levels following AURKA inhibition in HCC (JHH6 and HuH7 cell models) with 

either AK-01 or siRNA. AURKA inhibition with AK-01 significantly reduced PD-L1 

protein expression in JHH6 (Figure 15A) and HuH7 (Figure 15D) cells at 72h, while 

siRNA-mediated knockdown of AURKA in JHH6 required 144h to achieve 

comparable reduction (Figure 15A). Immunoblotting revealed a heterogeneous PD-L1 

banding pattern with multiple bands in both JHH6 (Figure 15C) and HuH7 (Figure 

15F), consistent with the extensive post-translational modification reported in 

literature. Previous studies demonstrated that PD-L1 undergoes extensive 
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glycosylation, primarily through N-linked glycosylation, which is critical for protein 

stability and immune checkpoint function [102,104]. Since the PD-L1 banding profile 

has not been comprehensively characterized in literature, we treated cell lysates with 

peptide-N-glycosidase (PNGase F) which cleaves N-linked glycans thus allows for the 

better characterization of PD-L1 banding/glycosylation pattern in our models.  

 

Figure 15. The relative PD-L1 protein expression following AURKA inhibition and the heterogeneous PD-

L1 banding profiles in JHH6 and HuH7. (A) AURKA inhibition with AK-01 and siR-AURKA (at 144h) 

significantly decreased PD-L1 protein in JHH6. (B) Representative immunoblot of AK-01 and siR-AURKA 

treatment in JHH6. (C) Representative PD-L1 immunoblots of untreated JHH6 depicting the heterogeneous PD-

L1 banding profile consistent with heavy glycosylation of PD-L1. (D) AURKA inhibition with AK-01  

significantly reduced PD-L1 in HuH7 at 72h, with no observable effects with siR-AURKA setups. (E) 

Representative immunoblot of AK-01 and siR-AURKA treatment in HuH7. (F) Representative PD-L1 

immunoblots of untreated HuH7 depicting heterogeneous banding of PD-L1 consistent with heavy 

glycosylation.  *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Data presented as mean±SEM. N=3. VC, vehicle 

control.  
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4.10. PNGase F confirms N-glycosylation of PD-L1 in Hepatocellular Carcinoma 

cells 

Using the endoglycosidase PNGase F enzyme, PD-L1 N-glycans were enzymatically 

removed in matched protein lysates from JHH6 and HuH7 to collapse the 

heterogeneous glycoforms into the core species. In untreated samples, PD-L1 resolved 

as a broad upper band below 50 kDa consistent with the mature glycosylated forms, 

with a visibly stronger glycosylated signal in JHH6 than HuH7, indicating a higher 

steady-state burden of glycosylated PD-L1 in JHH6. PNGase F shifted PD-L1 to a 

lower ~33-37 kDa core band in both lines, confirming N-linked glycosylation as the 

source of the mobility heterogeneity and providing consistent basis for total PD-L1 

comparison across cell lines (Figrue 16A). Further analyses showed that glycosylated 

PD-L1 exceeded the non-glycosylated forms in both models, with the N-glycosylation-

dominant pattern more pronounced in JHH6 (Figure 16B), supporting the 

interpretation that glycosylation-stabilized pools may constitute the bulk of PD-L1 in 

these HCC cells. 

 
Figure 16. PD-L1 glycosylation profile in JHH6 and HuH7 cells. (A) Representative immunoblot image of PD-

L1 expression following PNGase F treatment in JHH6 and HuH7 cell. The blue box represents the mature, 

glycosylated PD-L1, while the pink box represents the immature, less- or non-glycosylated PD-L1. (B) % N-

glycosylation following PNGase F treatment on JHH6 and HuH7  (n=3). Data presented as mean±SEM. N=3.    
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4.11. Comparative PD-L1 abundance in a panel of HCC cell lines 

Across six hepatocellular carcinoma cell lines categorized as either S1 (JHH6, HLE, 

and HLF) or S2 (HuH7 and Hep3B) tumors, PD-L1 resolved as a dominant 

glycosylated band  profile, below 50 kDa accompanied by a weaker ~35 kDa less-

glycosylated or non-glycosylated species, with -actin used for lane-to-lane 

normalization to control for loading variability (Figure 17A). The mature, glycosylated 

PD-L1 showed the highest levels in JHH6 and HLF, intermediate in HLE and HuH7, 

and consistently lowest in Hep3B (Figure 17B). Focusing on this band isolates the 

complex N-glycosylated form that localizes in the plasma membrane and mediates 

PD-1 engagement, making it the most informative pool for immune-evasion relevant 

comparisons among cell lines.  

 

Figure 17. Comparative analyses of PD-L1 protein expression in Hepatocellular Carcinoma cell lines. (A) 

Representative western blot image of PD-L1 expression in JHH6, HLE, HLF, HuH7, and Hep3B cells. (B) 

Different PD-L1 expression profile was observed with JHH6 and HLF exhibiting the highest expression, while 

Hep3B the lowest (n=3). Data presented as mean±SEM. N=3.  

 

4.12. siRNA validation of PD-L1 bands in JHH6 and HuH7 

To further confirm the identities of immunoblot bands attributed to PD-L1, cells were 

transfected with 5nM siR-PD-L1 and protein lysates harvested 72 hours post-

transfection alongside controls (siR-CTRL, scramble). In JHH6, siR-PD-L1 markedly 
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reduced the glycosylated PD-L1 as well as the ~35 kDa species, considered as PD-L1 

immature forms. Interestingly, in JHH6 cells, a faint band of approximately 40 kDa 

was detected, which likely represents PD-L1, as it was reduced upon PD-L1 silencing 

(Figure 18A). (Figure 18B and 18C). This siRNA validation is consistent with 

transcript-level depletion that reduces the levels of precursor (immature) PD-L1 and, 

consequently, the membrane-bound mature, glycosylated form. 

 

Figure 18. Evaluation and identification of PD-L1 bands following silencing in JHH6 and HuH7 cells for 72 

hours. (A) Representative western blot image of PD-L1 protein after a 72-hour siRNA silencing of PD-L1 in 

JHH6 and HuH7 cells. (B) Marked downregulation of 50 kDa, 40 kDa, and 35 kDa PD-L1 bands was observed 

in JHH6 cells (n=3) (C) Marked reduction of the 50 kDa and 35 kDa PD-L1 bands was observed in HuH7 (n=-2). 

UTC, Untreated control; siR-CTRL, scramble. Data presented as mean±SEM.   

 

4.13. Differential PD-L1 turnover rates across HCC Cell lines 

Cycloheximide treatment in HCC cell lines demonstrated a clear stability hierarchy 

across the five cell lines tested. In JHH6, PD-L1 declined slowly despite the higher 

400nM cycloheximide dose, with a visible drop only on the extended chase at 96 h, 

indicating a long effective half-life and strong buffering from the mature pool. This is 
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consistent with prior observations that JHH6 carries high baseline glycosylated PD-

L1. In HuH7, total PD-L1 showed an early drop at 24 h, followed by a gradual rebound 

through 96 h, yielding a biphasic profile rather than a simple monotonic decay. HLF 

exhibited an intermediate profile with appreciable PD-L1 loss at 48 to 72 h. Fast PD-

L1 decay was observed in both HLE and Hep3B, with about 50% loss at 24 h with just 

100nM of cycloheximide compared to JHH6’s 400nM dose, suggesting a short half-life 

of PD-L1 in these cell lines (Figure 19). 

 
Figure 19. PD-L1 protein stability varies across HCC cell lines. HCC cell lines were treated with 100nM 

cycloheximide except for JHH6 which was treated with 400nM. PD-L1 levels were measured by Western Blot at 

indicated time points. PD-L1 expression was normalized to beta-actin and presented relative to vehicle control 

(VC). JHH6 exhibits the longest PD-L1 half-life with minimal decline over 96 hours, while HLE and Hep3B 

showed rapid PD-L1 loss. HuH7 displays a biphasic pattern with initial decline followed by partial recovery. 

HLF shows intermediate stability. Data presented mean ± SEM from independent experiments. VC, vehicle 

control.  

 

Previous studies have described the proteasome pathway as one of the primary 

mechanisms of PD-L1 degradation [115,117,139]. MG-132, a proteasome inhibitor, was 

used to determine whether PD-L1 undergoes proteasome degradation in HCC. In 

JHH6, total PD-L1 showed only modest rescue primarily due to the increased mature 

of glycosylated PD-L1 pool in this cell line. On the one hand, treatment with 125nM 
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MG-132 in HuH7 resulted in a reduction of PD-L1 protein expression. This finding 

contrasts with the expected protein stabilization observed in JHH6 and is typically 

observed with proteasome inhibitors. HLF showed partial rescue, consistent with 

mixed control where both proteasomal turnover of non-glycosylated forms and 

supply/trafficking of the glycosylated form shape total PD-L1 abundance. Lastly, HLE 

and Hep3B, exhibited the highest accumulation of PD-L1, indicating the rapid loss in 

these cell lines is strongly proteasome-driven (Figure 20). 

 
Figure 20. Proteasome inhibition revealed differential PD-L1 degradation rates across HCC cells. HCC cells 

were treated with 125nM MG-132 except for JHH6 which was treated with 250nM MG-132. PD-L1 protein levels 

were assessed by Western blot at indicated time points. PD-L1 expression was normalized to beta-actin and 

presented relative to vehicle control (VC). HLE and Hep3B demonstrated rapid and significant PD-L1 

accumulation. HLF showed partial and intermediate rate of rescue consistent with the PD-L1 half-life. JHH6 

exhibited slow and modest rescue. HuH7 unexpectedly showed PD-L1 reduction contrasting with the typical 

protein stabilization expected from proteasome inhibitors. Data presented as mean ± SEM from independent 

experiments. VC, vehicle control.  

4.14. AURKA regulates PD-L1 in a GSK-3β -independent manner in JHH6 

Literature evidence demonstrated that AURKA can negatively regulate GSK-3 in 

gastric carcinoma [114] and liver regeneration [140] and that GSK-3 is a negative 

regulator of PD-L1 stability through -TrCP-dependent ubiquitination in a breast 
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cancer [102] and HNSCC [116] models . Under this model, AURKA activation would 

lead to GSK-3 inactivation, resulting to PD-L1 stabilization and enhanced immune 

checkpoint signaling that facilitates tumor immune evasion.  However, as previously 

demonstrated, AURKA silencing does not alter GSK-3 phosphorylation at Ser9; 

nevertheless, PD-L1 expression was reduced upon AURKA inhibition.   

In our JHH6 model, combined treatment with the AURKA inhibitor, AK-01, and the 

proteasome inhibitor, MG-132, for 72 h led to an increase in total PD-L1 protein levels 

compared to single-agent treatments and vehicle control (Figure 21A). Interestingly, 

the phosphorylation levels of GSK-3 at Ser9 did not decrease as anticipated with AK-

01 treatment alone and even showed a slight increase with the AK-01+MG-132 setup, 

suggesting GSK-3-independent regulatory role of AURKA on PD-L1 (Figure 21B).   

 

Figure 21. AURKA regulates PD-L1 independently of GSK-3 phosphorylation at Ser9. A) Relative PD-L1 

protein expression showed elevated levels with combined AK-01 and MG-132 treatments compared to stand-

alone treatment and vehicle control (VC) (n=2). (B) Relative p-GSK-3 (Ser9) expression remained stable 

following the same treatment conditions (n=2). (C) Representative immunoblot analyses of PD-L1 and p-GSK-

3 (Ser9) normalized to b-actin under indicated treatment conditions. 

 

To further validate this GSK-3-independent mechanism, we performed additional 

combination experiments using siR-mediated knockdown of GSK-3 and AURKA 

inhibition (either with siRNA or AK-01). At 144h post-treatment, we evaluated p-GSK-

3 and CTNNB1 protein expression across five conditions: (1) control (CTRL, 
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scramble), (2) siR-GSK-3 alone, (3) simultaneous siR-GSK-3 + siR- AURKA, (4) 

sequential siR-GSK-3 followed by siR-AURKA inhibition at 72h, and (5) sequential 

siR-GSK-3 followed by AK-01 at 72h. Consistent with our previous observations, 

none of the AURKA perturbation setups increased p-GSK-3 (Ser9) levels compared 

to the control, suggesting that AURKA does not affect Ser9 phosphorylation of GSK-

3 in this model (Figure 22A). Furthermore, we examined CTNNB1 protein expression 

under the same treatment conditions, as CTNNB1 is a well-established downstream 

substrate of GSK-3. Indeed, siR-GSK-3 alone increased CTNNB1 levels by about 

20%, consistent with its known role as a negative regulator of CTNNB1. When 

AURKA was silenced simultaneously with GSK-3 knockdown (siR-GSK-3 + siR-

AURKA sim), CTNNB1 level was reduced by approximately 30% compared to siR-

GSK-3 treatment alone. Similarly, siR-GSK-3 followed by AK-01 treatment at 72h 

decreased CTNNB1 to almost the same level, indicating that AURKA inhibition can 

override the stabilizing effect of GSK-3 depletion. Interestingly, CTNNB1 expression 

increased by about 40% (vs. the control) when siR-AURKA was added 72h after siR-

GSK-3 treatment, the highest level observed across all setups (Figure 22B). 

Furthermore, independent validation showed that siR-mediated knockdown of 

AURKA alone markedly reduced CTNNB1 protein in JHH6 cells at 72h, confirming 

direct AURKA-dependent positive regulation of CTNNB1 (Figure 22C).  
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Figure 22. AURKA regulates CTNNB1 in JHH6 cells. (A-B) Relative p-GSK-3 (Ser9) and CTNNB1 expression 

following silencing with GSK-3 , either combined with siR-AURKA or AK-01 (n=3). (C) Relative expression of 

CTNNB1 following AURKA knockdown at 72h in JHH6 cells (n=2). (D) Representative immunoblot analyses of 

p-GSK-3 (Ser9) and CTNNB1 normalized to -actin under indicated treatment conditions. Data presented as 

mean ± SEM from independent experiments. sim, simultaneous treatment; 72h, treatment added 72h post-GSK-

3 silencing.  

 

4.15. GSK-3β Knockdown and AKT inhibition revealed alternative PD-L1 

regulatory mechanisms in HCC cells 

To further delineate the potential role of GSK-3 on PD-L1 regulation, we directly 

assessed the impact of GSK-3 knockdown on PD-L1 expression in HCC cells. 

Additionally, since alternative mechanisms involve AKT as principal regulator 
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responsible for the GSK-3 Ser9 phosphorylation [141], we examined whether AKT 

inhibition with MK-2206  could modulate PD-L1 expression through this pathway. To 

test this, we performed a siRNA-mediated knockdown of GSK-3 and AKT inhibition 

experiments. GSK-3 knockdown (siRNA) reduced both the total and p-GSK-3 (Ser9) 

protein levels without marked effects on PD-L1 protein abundance in JHH6 cells 

(Figure 23A). In HuH7, even though similar reduction of total GSK-3 and p-GSK-3 

(Ser9) levels was observed, PD-L1 protein expression decreased by ~30% (Figure 23B). 

 

Figure 23. GSK-3 knockdown does not affect PD-L1 protein levels in HCC cells. (A) Relative protein levels 

of Total GSK-3 and p-GSK-3 (Ser9) were markedly reduced, while relative PD-L1 protein levels remained 

unchanged following a 72h siRNA-mediated knockdown of GSK-3 in JHH6 cells. (B) Relative protein 

expression of Total GSK-3 and p-GSK-3 (Ser9) were markedly reduced, with concurrent reduction of ~30% of 

PD-L1 protein in HuH7 following a 72h siRNA-mediated knockdown of GSK-3 in HuH7 cells. (C) 

Representative immunoblot of siRNA-mediated knockdown of GSK-3 in JHH6 and HuH7 cells probed for 

GSK-3, p-GSK-3 (Ser9), and PD-L1. Protein expression of the targets was normalized against -actin. Data 

presented as mean ± SEM from independent experiments, n=2.  
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Additionally, treatment with the AKT inhibitor, MK-2206, showed minimal effects or 

no observable reduction on p-GSK-3β (Ser9) levels in both cell lines (Figure 24A and 

24B), suggesting that AKT inhibition does not substantially alter GSK-3β 

phosphorylation status in these HCC cell lines. On the one hand, PD-L1 levels 

displayed cell line-specific responses to MK-2206. While JHH6 cells showed no 

observable changes, PD-L1 expression in HuH7 increased by ~40% following MK-2206 

treatment. (Figure 24C and 24D).  

 

Figure 24. AKT inhibition demonstrated GSK-3 -independent regulation of PD-L1 in HCC cells. (A) 

Quantification of p-GSK-3B (Ser9) levels showed modest increase in JHH6 and slight reduction in HuH7 cells. 

(B) Representative western blot analysis of p-GSK-3B (Ser9) in both cell lines under treatment setups. (C) 

Quantification of PD-L1 levels demonstrating no observable changes in JHH6 but an obvious PD-L1 increase in 

HuH7 cells. (D) Representative western blot analyses of PD-L1 protein showed differential responses between 

cell lines. Protein expression of the targets are normalized against -actin. Data presented as mean ± SEM from 

independent experiments, N=2. 
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These observations reveal an unexpected regulatory pattern in HuH7 cells, where both 

AURKA [25,122] and AKT [142,143] influence PD-L1 levels through GSK3β-

independent mechanisms, challenging prior models of PD-L1 stabilization [102,116], 

further highlighting cell context-dependent regulation of immune checkpoint proteins 

in HCC.  

4.16. Comparative gene expression profiling revealed distinct downstream 

networks of Aurora Kinase A in Hepatocellular Carcinoma cell lines 

Since in our HCC samples, we observed that only about 25% of GSK-3β was 

inactivated at Ser9, implying that majority of GSK-3β remains catalytically active; 

paradoxically, CTNNB1 was overexpressed in our HCC samples. Under canonical 

expectations, a predominantly active GSK-3β pool should favor CTNNB1 turnover 

and reduced signaling, yet evidence says that tumors frequently rewire or repurpose 

GSK-3β’s role, uncoupling this kinase from its classic destruction complex function. 

Thus, we undertook an exploratory analysis centered on AURKA. siRNA-mediated 

knockdown of AURKA in JHH6 and HuH7 cells was performed to profile pathway-

level readouts across proliferation, fibrosis, inflammation, and glucose metabolism to 

partially define AURKA-dependent pathways or effectors that could account for the 

observed CTNNB1 expression/behavior independent of GSK-3β in HCC.  

Interestingly, CTNNB1 mRNA expression was only significantly downregulated in 

JHH6 cells but not in HuH7 upon AURKA knockdown.  In JHH6, siR-AURKA also 

significantly reduced AXIN2, CDKN1A, GLUT1, and PKM2, with IL-6 was 

significantly overexpressed (Figure 25A). In contrast, HuH7 exhibited a broader 

signature. AURKA knockdown significantly downregulated CCND1, HIF1A, 

COL1A1, CDKN1A, GYS2, GLUT1, PGK1, PKM2, and IL-1B; and significantly 

increased IL-6 and TNF-A (Figure 25B). Together, these data revealed a JHH6-

restricted repression of CTNNB1 transcription and drives broader metabolic and 

cytokine remodeling in HuH7 cells, underscoring cell context-dependent AURKA 

wiring in HCC.   
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Figure 25. Differential gene expression following AURKA knockdown in JHH6 and HuH7 cells. Heatmaps 

show significantly dysregulated genes after siR-AURKA for 72h. (A) In JHH6, CTNNB1, AXIN2, CDKN1A, 

GLUT1 and PKM2 decreased, while IL-6 increased. (B) In HuH7, CCND1, HIF1A, COL1A1, CDKN1A, GYS2, 

GLUT1, PGK1, PKM2, and IL-1B decreased, whereas IL-6 and TNF-A increased. *p< 0.05, **p<0.01, ***p< 0.001, 

****p<0.0001. N=3.  
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Chapter 5 

Discussion 

Hepatocellular carcinoma (HCC)—the malignant endpoint of most chronic liver 

diseases (CLD)—has become one of the world’s leading public health and economic 

challenge. HCC is the third leading cause of cancer-related mortalities worldwide and 

despite on-going hepatitis-B vaccination and antiviral programs, both incidence and 

mortality are still expected to climb by 50-55% before 2050 [1]. Furthermore, these 

numbers are driven largely by the rising prevalence of metabolic dysfunction-

associated steatotic liver diseases (MASLD) and alcohol-related cirrhosis [71,72]. 

Because majority of HCC cases develop in a chronically diseased liver, the progression 

of CLD represents a substantial reservoir of future cases [55,75]. These epidemiologic 

trends underscore an urgent need to understand the molecular crosstalk—including 

the AURKA-centered networks described here—that links chronic hepatic injury and 

malignant transformation.  

Late-stage diagnoses remain the principal barrier for good prognosis in HCC. The 

potentially curative liver transplantation or anatomical resection is feasible only for 

solitary tumors or those with less than three lesions, leaving the majority of patients 

to rely on systemic treatments with historically modest survival benefits [119,144]. 

Recent combinatorial regimens such as the Atezolizumab plus Bevacizumab that 

couple targeted kinase inhibition with immune-checkpoint blockade have the benefits 

of extending overall survival by simultaneously attacking tumor-intrinsic pathways 

and alleviating immunosuppression [96,145]. This has driven current clinical trials 

toward multi-target strategies, underscoring the urgent need to identify and validate 

novel therapeutic nodes that can intervene effectively across the spectrum of CLD to 

HCC.  

Th role of Aurora Kinase A (AURKA) across the liver disease spectrum remains 

underexplored. However, our data has unveiled a paradigm-shifting understanding 
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of kinase biology that fundamentally challenges the conventional oncogenic function 

of AURKA. Rather than functioning as a simple binary oncogenic switch, AURKA 

emerges as a potential molecular driver whose functions are dynamically shaped by 

cellular context, tissue microenvironment, and disease stage. This context-dependent 

functionally represents an interesting deviation from the conventional tumor-

suppressor/oncogene classification toward a more nuanced understanding of how 

AURKA exerts its function in response to certain pathophysiological demands 

[132,146]. The clinical significance of exploring AURKA’s role in CLD and HCC could 

pave the way for a more precise targeting in these disease contexts, where precision 

medicine increasingly drives therapeutic decision-making, understanding the 

functional plasticity of key regulatory molecules such as AURKA becomes essential 

for developing effective, targeted interventions. The unexpected pattern of AURKA 

upregulation in chronically injured liver tissues, contrasted with its complex 

regulation in established tumors, suggests that therapeutic strategies must be 

carefully calibrated to disease stage and molecular context to achieve optimal efficacy 

while minimizing adverse effects [147].   

This study synthesizes findings across multiple methodological approaches—from 

clinical tissue analyses to cellular mechanistic studies—to establish a unified model of 

AURKA function that accounts for its potentially distinct roles in CLD and HCC. The 

implications of these findings extend beyond HCC to inform our broader 

understanding of kinase biology, tissue homeostasis, and therapeutic targeting 

strategies across multiple liver disease contexts.  

The pronounced discordance between AURKA mRNA and AURKA protein 

expression patterns in HCC revealed an unexpected finding in this study. While 

tumors consistently demonstrated elevated mRNA expression—validating decades of 

literature demonstrating AURKA transcriptional upregulation in cancer [109–

111,114,120,132]—the protein expression revealed an entirely opposite pattern, with 

significant downregulation in HCC tissues compared to the paired, adjacent 
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chronically injured liver tissues. This discordance between transcriptional and 

translational output represents a crucial gap in our understanding of AURKA 

regulation that may have relevant biological and clinical significance. Post-

transcriptional regulatory mechanisms has emerged as a major determinant of protein 

abundance, with studies suggesting that mRNA levels explain only up to 40% of 

protein expression variability in many systems [148]. This may have important 

implications especially since a number of previous studies relied primarily on 

transcriptional expression measurement of AURKA in many disease models [149–

152]. However, if protein levels are predominantly controlled by post-transcriptional 

mechanisms, mRNA-based stratification strategies may fail to identify patients most 

likely to benefit from AURKA-targeted therapies. Future biomarker development 

must therefore incorporate protein-level analyses to achieve accurate therapeutic 

predictions.  

The extensive alternative splicing of AURKA—provides mechanistic framework for 

understanding this discordance [153]. Alternative splicing generates multiple AURKA 

transcript isoforms with distinct coding sequences and 5’/3’ UTRs that can 

differentially influence translation efficiency, localization, and protein stability, and 

may explain why total mRNA abundance often fails to predict protein levels. Different 

AURKA isoforms can produce truncated or modified proteins (or non-coding/poorly 

translated RNAs), meaning summed transcript measurements mask isoform-specific 

protein output and can therefore create mRNA-protein discordance [154].  

The chronic liver disease microenvironment may favor specific AURKA isoforms that 

are efficiently translated despite potential negative regulatory mechanisms that 

suppress AURKA protein in established tumors. Under chronic hepatocyte injury and 

regenerative stress, cells prioritize shift toward survival and repair programs that may 

selectively enhance translation of tissue repair-associated proteins while suppressing 

those linked to uncontrolled proliferation [155]. Beyond its mitotic functions, AURKA 

attenuates homologous recombination (HR) by blocking RAD51 homolog 1 (RAD51) 
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binding at DNA double-stranded breaks (DSBs), steering repair mechanisms toward 

lower-fidelity pathways such as non-homologous end joining (NHEJ) [156,157]. 

AURKA also enhances mitochondrial ATP production in certain disease contexts, 

favoring disease progression by promoting metabolic reprogramming and oxidative 

stress [158,159], features that are commonly linked to many chronic liver diseases 

[160]. Moreover, AURKA potentiates the anti-apoptotic function of p27 in the 

cytoplasm to restrain BAX cleavage and apoptosis, [161], suggesting an anti-apoptotic 

AURKA-P27 axis that could, by analogy, support hepatocyte survival under CLD 

stress. This would explain the high AURKA protein expression observed in the 

adjacent, non-tumoral tissues, where cells prioritize tissue homeostasis over 

malignant transformation prevention.  

The identification of a significant correlation between AURKA and YAP1 protein 

expression specifically in the adjacent, non-tumoral tissues represents a critical 

understanding on how AURKA may coordinate tissue repair and homeostatic 

response in CLD, especially considering previous evidence demonstrating that 

AURKA modulates YAP1 expression at the transcriptional level [40,162], supported 

by our silencing experiments showing a significant reduction in YAP1 expression 

upon AURKA knockdown. YAP1, as the central effector of the Hippo pathway, serves 

as a master regulator of organ size, tissue regeneration, and cellular fate decisions, 

making it an ideal downstream target for AURKA’s context-dependent regulatory 

functions [30]. The mechanistic basis for AURKA-YAP1 interaction encompasses 

several mechanisms that extend beyond the conventional and simple kinase-driven 

phosphorylation activation. Canonically, phosphorylation at Ser397 marks YAP1 for 

β-TrCP-mediated proteasomal degradation, a hallmark of Hippo pathway activation 

[28,30,163]. Interestingly, a recent study showed that direct phosphorylation of YAP1 

by AURKA at Serine 397 in the nucleus can promote YAP1 activity in breast cancer 

[39]. However, the preliminary data in this study suggest that AURKA may positively 

regulate YAP1 by influencing YAP1 expression rather than phosphorylation-
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dependent activation, supporting a context-dependent regulatory role of AURKA. 

Notably, silencing AURKA led to about 50% reduction in total YAP1 levels with only 

~10% reduction in p-YAP1 (Ser397) expression, while we observed a four-fold increase 

in p-YAP1 (Ser397)/Total YAP1 ratio. This disproportionate effect indicates that 

AURKA knockdown preferentially regulates the non-phosphorylated, 

transcriptionally active YAP1 pool, with the residual YAP1 predominantly Ser397-

phosphorylated destined for degradation. Interestingly, these findings align with 

what Wang and colleagues demonstrated in their lung cancer model where AURKA 

positively regulates YAP1 abundance and stability by blocking autophagy via mTOR 

activation, thereby preventing lysosome-dependent degradation of YAP1 and 

increasing YAP1 protein half-life [40]. Wang et al. showed that chloroquine treatment 

or Beclin-1 knockdown rescued YAP1 protein when AURKA was depleted, whereas 

rapamycin, an mTOR inhibitor, abrogated AURKA-driven YAP1 accumulation, 

supporting an autophagy-dependent mechanism. This tissue-specific regulation 

suggests AURKA may exert distinct mechanisms depending on cellular context and 

pathological state, with both pathways ultimately enhancing YAP1 transcriptional 

activity to promote cellular responses appropriate to the microenvironmental 

demands [40].  

The progressive reduction of YAP1 protein abundance from MASLD to HCC samples, 

the higher proportion of phosphorylated YAP1 (Ser397) in neoplastic tissues, and the 

lack of correlation between YAP1 and AURKA in HCC, are patterns consistent with 

Hippo-driven repression of YAP1 and that AURKA may not be sufficient to maintain 

YAP1 activity globally, possibly because it is switched to other pathways. 

Additionally, the higher Thr288-phosphorylated fraction of AURKA (the mitotically 

active pool), suggests that tumor cells may rely more on dysregulated mitotic 

checkpoint control rather than continuous YAP1-driven proliferation [164–167]. 

Indeed, a positive correlation between p-YAP1 (Ser397) and p-AURKA (Thr288) exists 

in tumors, indicating a shift towards increased mitotic AURKA activity.  
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Table 6. Summary of AURKA and YAP1 expression and activation in our 

experimental model. 

 HCC ADJACENT TISSUES 

TOTAL YAP1   

P-YAP (SER397)  

(more phosphorylated, 

cytoplasmically retained/degraded) 

 

 

(less phosphorylated, nuclear 

translocation) 

TOTAL AURKA   

P-AURKA 

(THR288) / 

TOTAL AURKA) 

RATIO 

 

 

(higher activation proportion) 

 

 

(less activated) 

BIOLOGICAL 

IMPLICATION 

Active Hippo pathway  

 

YAP1 inactivation and degradation 

Inactive Hippo pathway 

 

increased co-transcriptional activity 

 

Interestingly, recent evidence in other cancers such as clear cell renal cell carcinoma 

(ccRCC) [168,169], colorectal cancer (CRC) [170], and hematological malignancies 

[171],  offer a possible explanation for alternative and seemingly multifaceted role of 

YAP1, highlighting its possible tumor-suppressive function.  

Many discoveries over the past decade have made it clear that it is no longer possible 

to categorize a protein strictly as a tumor suppressor or as an oncogenic promoter. 

Given the complexity of eukaryotic cellular systems—particularly in cancer—it is 

reasonable to assume that a protein’s function largely depends on temporal, cell type–

specific, disease-specific, and microenvironment-dependent factors.  



 80 

Indeed, while YAP1 is reduced and targeted for degradation in neoplastic tissue, it is 

increased in adjacent tissues and MASLD samples, highlighting the complex and 

context-dependent dual nature of YAP1 signaling. YAP1 activation may represent 

both an essential adaptive response that helps promote hepatocyte survival and 

regeneration under chronic liver injury and may also represent a potential 

pathological driver that can promote excessive fibrosis and, ultimately, malignant 

transformation. In early stages of CLD, YAP1 activation likely serves predominantly 

beneficial functions by promoting hepatocyte proliferation, coordinating angiogenic 

responses, and activating stem cell compartments to support tissue regeneration. 

However, sustained YAP1 activation over a long period can drive pathological 

changes including hepatic stellate cell activation, collagen deposition, enhanced 

inflammatory responses, and conditions favorable for HCC development. 

Furthermore, the absence of correlation between AURKA and YAP1 in HCC tissues, 

contrasted by the strong correlation in adjacent tissues, where the modulatory activity 

of AURKA toward YAP1 may predominate, revealing fundamental differences in how 

these networks function across different pathological contexts.  

Building upon the well-established role of AURKA in modulating multiple signaling 

pathways, we also sought to investigate its potential regulatory interaction with GSK-

3β within the context of chronic liver disease (CLD). A previous study on liver 

regeneration in mice demonstrated that AURKA negatively regulates GSK-3β activity 

through Ser9 phosphorylation, leading to its inactivation [172]. To explore whether a 

similar mechanism occurs in human liver pathology, we analyzed the protein 

expression levels of AURKA and GSK-3β, including its phosphorylated form at Ser9, 

in both tumor and adjacent non-tumoral liver tissues. 

Functional assays using AURKA silencing or pharmacological inhibition revealed no 

detectable effects on GSK-3β Ser9 phosphorylation. Consistently, correlation analyses 

showed no significant association between AURKA and GSK-3β protein levels in 

either tissue type. The relatively stable levels of p-GSK-3β (Ser9) observed in both 
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tumor and adjacent tissues, together with the higher p-GSK-3β/total GSK-3β ratio in 

adjacent tissues, suggests a limited role for GSK-3β activity in CLD. Additionally, the 

15% p-GSK-3β (Ser9) level detected in tumors does not supports the high CTNNB1 

accumulation, indicating that CTNNB1 stabilization in HCC arises via mechanisms 

other than GSK-3β Ser9 inactivation [173–175]. Indeed, evidence showed that in 

disease settings GSK-3β can be repurposed or sequestered into specialized subcellular 

pools that dissociate its function for CTNNB1 control, redirecting its function to 

alternative pathways [176]. We acknowledge the limitation that GSK-3β localization 

was not assessed; however, transcript data from our HCC cell models suggest that 

GSK-3β may contribute to sustaining proliferation, glucose metabolism, and 

inflammatory signaling. Indeed, GSK-3β silencing reduced CTNNB1 and CDKN1A 

expression, consistent with its role in regulating transcription factors such as NF-κB 

[177], CREB [178], and c-MYC [136]. Moreover, GSK-3β is known to modulate 

metabolic genes such as GLUT1 [179], which we observed dysregulated following 

GSK-3β knockdown in our cell models. Moreover, GSK-3β serves as a co-activator of 

the NF-κB pathway [180,181], highlighting its role in inflammatory signaling, 

supported by the downregulation of IL-6 and TNF-α in HuH7 following knockdown, 

while paradoxically upregulating IL-1β in JHH6 cells contrasting existing literature 

evidence that GSK-3β positively regulates IL-1β in other disease models [182,183]. 

Taken together, these observations align with broader evidence pointing to the 

context-dependent and—occasionally divergent—roles of GSK-3β across distinct liver 

disease etiologies consistent with the review by Emma et al. [184].  

In line with our findings, we also investigated the potential role of GSK-3β as the key 

mediator of the effects of AURKA on PD-L1, which is an important ligand for PD-1 

that suppresses T-cell activity and enables immune escape, and has become a 

cornerstone of immunotherapy research in recent years. Even though its exact 

mechanistic role in HCC remains poorly characterized, clinical benefits to anti-PD-L1 

drugs have shown promising results. However, patient outcomes remain 
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heterogeneous and patient-dependent, highlighting the need to map upstream drivers 

and stability mechanisms that determine PD-L1 expression in HCC.  

Our data revealed a heterogeneous pattern of PD-L1 expression possibly reflecting the 

intrinsic molecular diversity of HCC, where different cellular subtypes may represent 

distinct adaptation mechanisms with varying immune evasion strategies and 

therefore therapeutic vulnerabilities. The half-life analyses established a clear stability 

hierarchy—with JHH6 cells exhibiting the longest PD-L1 half-life and highest PD-L1 

abundance, while HLE and Hep3B demonstrated rapid proteasome-dependent 

turnover—provides critical insights into the molecular mechanisms controlling PD-L1 

abundance and function. The correlation between baseline PD-L1 expression across 

HCC cells and protein stability experiment with cycloheximide supports the 

protective role of N-linked glycosylation in preventing PD-L1 degradation. 

Glycosylation at N192, N200, and N219 residues sterically blocks access to the 

proteasome-dependent degradation machinery to the protein core while enhancing 

binding affinity to PD-1 receptors and promoting preferential localization to plasma 

membrane rafts where PD-1/PD-L1 interaction occur to facilitate tumor immune 

evasion [102,104]. JHH6 cells, with their high baseline glycosylated PD-L1 context and 

extended protein half-life, likely represent a highly immunosuppressive phenotype 

that would particularly be more resistant to immune checkpoint blockade treatments. 

The stable, functional PD-L1 expression in these cells would maintain persistent T-cell 

suppression even under therapeutic pressure. Conversely, HLE and Hep3B, with their 

rapid PD-L1 turnover and lower glycosylated content, might be more vulnerable to 

therapies that further destabilize PD-L1 or enhance its degradation rate. On the one 

hand, the biphasic response observed in HuH7 cell during cycloheximide chase 

experiments—characterized by initial decline followed by a partial recovery despite 

continued protein synthesis inhibition—represents a particularly intriguing pattern 

that likely reflects activation of cellular stress response pathways. Under conditions of 

global protein synthesis inhibition, cells activate integrated stress response pathways 



 83 

that selectively maintain translation of specific mRNAs encoding stress response 

proteins and regulatory molecules [185,186]. PD-L1 mRNA contains multiple 

regulatory elements that could render it susceptible to stress-induced translational 

activation, potentially representing an adaptive mechanism that maintains immune 

checkpoint expression under therapeutic pressure [187,188].  

The observed heterogeneity in PD-L1 stability and proteasome-dependent 

degradation rates across HCC cell lines can have a profound impact on patient 

stratification and therapeutic strategy development. Current approaches to immune 

checkpoint inhibitors rely primarily on PD-L1 expression levels as determined by 

immunohistochemistry, but these static measurements fail to capture the dynamic 

regulation of PD-L1 that ultimately determines therapeutic efficacy [189,190]. Tumors 

with high baseline glycosylated PD-L1 content and extended protein half-life would 

maintain persistent immune suppression even under therapeutic pressure from PD-

L1 antibodies, requiring combination approaches that simultaneously target PD-L1 

function and the cellular mechanisms responsible for PD-L1 stabilization or 

expression.  

Given this heterogeneity in PD-L1 stability and expression, identifying upstream 

modulators becomes critical for developing rational combination therapies. Our study 

revealed that AURKA functions as a positive regulator of PD-L1 expression in HCC, 

with pharmacological inhibition (AK-01) and genetic knockdown of AURKA 

significantly reducing PD-L1 protein in HCC cells. This finding positions AURKA as 

a promising therapeutic target that could be leveraged alongside PD-L1 checkpoint 

blockade to overcome resistance mechanisms. Simultaneous targeting of PD-L1 and 

AURKA serve as a promising strategy to achieve a more durable immune response by 

both blocking PD-L1 function and preventing its upstream stabilization. Hence, the 

evidence of AURKA regulating PD-L1 in our HCC model directed our research 

toward understanding the mechanistic basis of AURKA-mediated PD-L1 regulation, 
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leading us to hypothesize that the glycogen synthase kinase-3 beta (GSK-3) might 

serve as a critical intermediate in this regulatory axis.  

Focusing on GSK-3 was motivated by previous evidence from other cancer models 

demonstrating its critical role in PD-L1 regulation. GSK-3 phosphorylates the non-

glycosylated PD-L1, promoting its ubiquitination by -TrCP and subsequent 

proteasomal degradation [102]. Moreover, previous reports also suggested that 

AURKA negatively regulates GSK-3 in gastric cancer  [114] and liver regeneration 

process [21]. We then hypothesized that AURKA might indirectly stabilize PD-L1 by 

suppressing GSK-3 activity—creating an attractive regulatory axis linking cell cycle 

control with immune evasion.  

However, our investigation revealed that AURKA regulates PD-L1 expression 

through mechanisms independent of GSK-3 Serine 9 phosphorylation. This finding 

represents a fundamental departure from the working hypothesis and necessitated a 

reconceptualization of how AURKA influences immune checkpoint regulation in 

HCC. Multiple lines of evidence from our experiments support GSK-3-independent 

mechanisms: (1) absence of changes in GSK-3 Ser9 phosphorylation following 

AURKA inhibition or knockdown. Despite previous evidence supporting the negative 

modulatory effects of AURKA via GSK-3 (Ser9) inactivation, neither the selective 

AURKA inhibitor, AK-01, nor genetic knockdown of AURKA altered GSK-3 (Ser9) 

phosphorylation levels in our JHH6 model. This directly contradicts the expected 

mechanism whereby AURKA would inactivate GSK-3 to prevent PD-L1 

degradation. While a recent proteogenomic analysis of HCC biopsies reported inverse 

correlation between AURKA and GSK-3 activity based on dysregulated 

phosphorylation levels [191], our direct functional experiments demonstrated GSK-3 

(Ser9) phosphorylation-independent regulation of PD-L1 by AURKA. This apparent 

discrepancy likely reflects the difference between population-level correlations in 

heterogeneous tumor samples vs mechanistic relationships within defined cellular 

contexts such as ours. Our cell line-specific findings revealed that within individual 
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HCC subtypes, AURKA regulates PD-L1 through alternative mechanisms, 

emphasizing the relevance of context-specific experimental validation of inferred 

relationships from correlative proteogenomic data.  

Moreover, we observed the (2) lack of PD-L1 changes following direct GSK-3 

depletion. Direct siRNA-mediated knockdown of GSK-3, which effectively reduced 

both total and phosphorylated GSK-3 protein levels, produced minimal changes in 

PD-L1 expression. If GSK-3 were the critical intermediate linking AURKA to PD-L1 

regulation, its depletion should have the opposite effect of AURKA inhibition on PD-

L1 levels. Lastly, the differential responses to AKT inhibition did not align with 

predicted GSK-3-mediated effects. Treatment with the AKT inhibitor, MK-2206, 

resulted to a differential and contradictory effects across cell lines. No effect was 

observed in JHH6 cells, but a slight 30% increase was observed in HuH7 cells. Since 

AKT functions as a negative regulator of GSK-3 via phosphorylation at Ser9 [141,192], 

AKT inhibition should restore GSK-3 activity and promote PD-L1 degradation. 

Collectively, these findings demonstrate that the AURKA-GSK-3-PD-L1 axis 

specifically through GSK-3 (Ser9)-phosphorylation described in other cancer types, 

does not operate in HCC. Furthermore, the lack of PD-L1 upregulation upon AKT 

inhibition reflects GSK-3-independent regulatory network for PD-L1 in our model. 

Although AKT normally phosphorylates GSK-3 on Serine 9, treatment with MK-2206 

showed little to no change in PD-L1 levels, proving that AKT-GSK-3 signaling is not 

the dominant PD-L1 control mechanism in this context.  

Given our conclusion that AURKA does not regulate GSK-3 via Ser9 

phosphorylation, several alternative mechanisms warrant further consideration for 

AURKA-mediated PD-L1 regulation. AURKA’s role outside mitosis is now 

increasingly being recognized. For instance, nuclear AURKA can interact with 

multiple transcription factors that promote transcription of oncogenes including C-

MYC [193], FOXM1 [194], and CTNNB1 [195]. These oncogenes have been implicated 

in immune checkpoint regulation of PD-L1 [196–198], and AURKA-mediated 



 86 

enhancement of their activity could indirectly promote PD-L1 expression as well. 

CTNNB1 pathway represents a particularly attractive candidate mechanism given 

AURKA’s demonstrated ability to promote CTNNB1 nuclear translocation and 

transcriptional activity. In esophageal squamous cell carcinoma (ESCC), AURKA 

directly interacts with CTNNB1 and phosphorylates it at Ser552 and Ser675, 

stabilizing CTNNB1 by inhibiting its ubiquitin-mediated proteasome degradation. 

This promotes CTNNB1’s dissociation from cell-cell contacts and facilitates its nuclear 

translocation. Importantly, this regulation occurs through a WNT-independent 

mechanism, since AURKA overexpression did not affect GSK-3 levels or the 

formation of AXIN/GSK-3/APC degradation complex [199].  

Given the molecular diversity present and the pleiotropic roles of AURKA in HCC, 

we further profiled transcripts in JHH6 and HuH7 to identify convergent and possibly 

subtype-specific downstream targets, an approach similar to our exploratory analyses 

for GSK-3. True enough, AURKA knockdown produced a subtype-specific 

transcriptional rewiring in HCC. In JHH6, CTNNB1 was downregulated further 

validating that AURKA influences CTNNB1 both at the transcriptional and 

translational level. AXIN2 and glycolytic genes (GLUT1 and PKM2) were also 

downregulated, consistent with the role of AURKA in WNT pathway and metabolic 

control. In HuH7, AURKA knockdown broadly downregulated glycolytic markers, 

HIF1A, COL1A1, and CCND1, indicating a wider impact on several hallmarks such 

as hypoxia, ECM, and cell-cycle machinery. Inflammatory markers showed diverse 

expression underscoring context dependence. These observations highlight a wide 

AURKA signaling footprint and motivate focused mechanistic and patient-oriented 

studies to characterize its functions in hepatic diseases.  
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Chapter 6  

Conclusions and Future Directions 

Across the CLD-HCC spectrum in our cohort, AURKA displayed a context-dependent 

profile characterized by elevated tumoral mRNA expression yet higher protein 

abundance in adjacent, non-tumoral tissues, alongside a greater p-AURKA (Thr288) 

expression in tumors, indicating distinct regulation of expression versus activation 

across disease stages. In adjacent tissues, AURKA is significantly correlated with YAP1 

levels, while AURKA silencing predominantly reduced total YAP1 rather than p-YAP1 

(Ser397) supporting a stability-centric rather than phosphorylation-centric mode of 

YAP1 control. However, these findings need to be confirmed in a model of chronic 

liver disease since JHH6 is a hepatocellular carcinoma cell line even though the 

rationale behind using this cell line over LX-2 cells was because of the predominantly 

hepatocytic expression of AURKA in our immunohistochemistry findings. It is 

therefore imperative to dissect AURKA-YAP1 regulation in CLD in models such as 

primary hepatocytes, liver organoids, as well as CCl4-induced mice models of 

fibrosis/cirrhosis, parsing autophagy/mTOR-dependent stabilization versus direct 

YAP1 Ser397 phosphorylation. In HCC, AURKA inhibition or knockdown consistently 

reduced PD-L1 protein expression. Furthermore, we confirmed that PD-L1 is heavily 

glycosylated as well in hepatocellular carcinoma cells. PD-L1 glycosylation has 

immense consequences on its stability and function in vivo. Hence, we wanted to 

determine PD-L1 turnover across HCC cell lines to capture its dynamic stability or 

abundance and pinpoint specific its degradation mechanism. Cycloheximide chase 

experiments revealed a stability hierarchy across cell lines, notably a long-lived highly 

glycosylated PD-L1 pool in JHH6 versus the rapid turnover observed in HLE and 

Hep3B. We also confirmed that PD-L1 is degraded via the proteasome pathway 

through our MG-132 experiments which also revealed differential PD-L1 

accumulation across HCC cells consistent with their half-lives. Mechanistically, 

AURKA’s positive regulation of PD-L1 occurred independently of GSK-3 (Ser9) 



 88 

phosphorylation, as neither AURKA’s perturbation altered p-GSK-3 (Ser9) nor did 

GSK-3 knockdown recapitulated PD-L1 accumulation. AKT inhibition, on the one 

hand, produced cell-specific, non-canonical effects, while transcript screening 

indicated that AURKA and GSK-3 operate largely in distinct networks for PD-L1 

control in HCC. Hence, it is necessary to define other routes by which AURKA 

modulates PD-L1 independent of GSK-3.  

A forward-looking close: Collectively, these findings position AURKA as a clinically 

actionable, context-aware biomarker and therapeutic node within the liver disease 

spectrum, supporting rational combinations with immune-checkpoint blockade to 

deliver  more precise and durable responses. Near-term priorities—prospective 

longitudinal cohorts to further refine patient selection and timing, paired with 

rigorous experimental validation (orthogonal assays, functional perturbation and 

rescue, glycoform-aware quantification, and disease-relevant models)—will accelerate 

translation by confirming mechanism and on-target activity while de-risking trials. 

Embedding validated AURKA networks and context-dependent regulation (e.g., 

YAP1 stability and non-canonical routes to PD-L1) into therapeutic decision 

frameworks can streamline study design and potentially shorten the path from 

discovery to actual clinical utility, paving the way for tailored treatment regimens in 

CLD and HCC. 
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