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ABSTRACT

Hepatocellular carcinoma (HCC) remains a leading cause of cancer-related
deaths worldwide, characterized by high recurrence, therapeutic resistance, and
molecular heterogeneity. One hallmark of liver cancer is the progressive loss of
hepatocyte polarity and tissue organization. This study investigated the polarity protein
Discs Large Homolog 5 (DLG5), a membrane-associated guanylate kinase (MAGUK)
scaffold involved in maintaining epithelial integrity. DLGS expression and localization
were analyzed in paired HCC and adjacent liver tissues using quantitative PCR,
western blotting, immunohistochemistry, and immunofluorescence, complemented by
in silico correlation and colocalization analyses with 3-catenin. The results showed that
while DLG5 mRNA was significantly elevated in HCC, its protein expression was
reduced and mislocalized, shifting from the membrane to cytoplasmic and perinuclear
regions. These findings indicate that DLG5 functions in a localization-dependent
manner, where its submembranous positioning is essential for maintaining epithelial
polarity, stabilizing B-catenin at adherens junctions, and preserving junctional integrity

in hepatocytes.



RIASSUNTO

L’epatocarcinoma (HCC) rimane una delle principali cause di mortalita correlata
al cancro a livello mondiale, caratterizzato da elevati tassi di recidiva, resistenza
terapeutica e marcata eterogeneita molecolare. Una delle caratteristiche distintive del
carcinoma epatico & la progressiva perdita della polarita degli epatociti e
dell’organizzazione tissutale. Questo studio ha indagato la proteina di polarita Discs
Large Homolog 5 (DLG5), una proteina scaffold appartenente alla famiglia delle
chinasi guanilato—associate alla membrana (MAGUK), coinvolta nel mantenimento
dell'integrita epiteliale. L'espressione e la localizzazione di DLG5 sono state analizzate
in campioni appaiati di tessuto HCC e fegato adiacente mediante PCR quantitativa,
western blot, immunoistochimica e immunofluorescenza, integrate con analisi in silico
di correlazione e studi di colocalizzazione con B-catenina. | risultati hanno mostrato
che, sebbene 'mRNA di DLGS5 risulti significativamente aumentato nei campioni HCC,
'espressione proteica appare ridotta e mal localizzata, con uno spostamento dal
dominio di membrana verso le regioni citoplasmatiche e perinucleari. Questi risultati
indicano che DLG5 agisce in modo dipendente dalla localizzazione, e che il suo
posizionamento submembranoso € essenziale per mantenere la polarita epiteliale,
stabilizzare la 3-catenina nelle giunzioni aderenti e preservare l'integrita giunzionale

negli epatociti.
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CHAPTER 1. INTRODUCTION

The liver is recognized as a structurally complex and versatile organ [13]. With
hepatocyte polarity, its histological structure features a unique compartmentalized
radial morphology that regulates physiological functions simultaneously [14]. This
architecture of polarized hepatocytes enables the formation of a bile canaliculi network
on the apical domain while maintaining sinusoidal interfaces at the basolateral domain
[15]. The regulation of hepatic polarity is conserved by a set of cell polarity protein
complexes, such as Crumbs (CRB), Partition defective protein (PAR), and Scribble
(SCRIB) [16]. Dysregulation among the polarity protein complexes impairs
hepatocellular polarity and is marked as one of the hallmarks of hepatocarcinogenesis
[4].

Hepatocarcinogenesis arises as a consequence of progressive chronic liver
damage, often driven by metabolic dysfunction-associated steatohepatitis (MASH),
the inflammatory and fibrogenic form of metabolic dysfunction-associated steatotic
liver disease (MASLD) [17-19].

Hepatocellular carcinoma (HCC) is the most prevalent primary liver malignancy
[1]. It poses a substantial global health challenge due to rising incidence, mortality
rates, and clinical complexity [20]. Although detection, surveillance, and treatment
strategies of HCC have improved, most cases are detected at intermediate or
advanced stages, restricting the feasibility of curative interventions such as resection
or transplantation [21]. For instance, clinical staging systems such as Barcelona Clinic
Liver Cancer (BCLC), Tumor-Node-Metastasis (TNM), and Cancer of the Liver Italian
Program (CLIP) are used to assess tumor characteristics, liver function, and patient
treatment planning, though each has limitations in addressing the complexity of HCC
heterogeneity [22].

The BCLC, TNM, and CLIP staging systems are based on anatomical and
clinical parameters [23-25]. However, these staging systems do not incorporate
molecular alterations that may significantly influence tumor behavior and therapeutic
response [1]. While phenotypic heterogeneity in HCC manifests variably in tumor size,
histological grade, and morphology, this heterogeneity is paralleled and often driven
by pronounced molecular heterogeneity [26]. At the molecular level, HCC is

characterized by a diverse spectrum of genetic mutations, transcriptomic profiles, and



epigenetic modifications, which influence the activation of key oncogenic signaling
pathways such as Wingless/integrated signaling molecules/beta-catenin (Wnt/3-
catenin), Transforming growth factor-beta (TGF-B), Hippo-yes associated
protein/transcriptional coactivator with PDZ-binding motif (Hippo-YAP/TAZ) [27-29].

Whnt/B-catenin, TGF-B, and Hippo-YAP/TAZ are key oncogenic signaling
pathways that exhibit crosstalk with cell polarity [30-32]. For instance, Discs large
homolog 5 (DLG5) protein a scaffold protein and key cell polarity protein regulator,
exhibits a stabilizing role by binding to B-catenin-cadherin complex at adherens
junctions (AJ) [12].

This study aims to molecularly characterize DLGS in HCC by evaluating its
expression and localization in both HCC-derived cell lines and patient-derived tissue

samples.



1.1 Epidemiology, etiology, and clinical challenges of HCC
Liver cancer ranks as the sixth most prevalent diagnosed malignancy and is the

third-leading cause of cancer-related mortality worldwide [33-35]. Among all the
primary liver cancers, HCC is the most predominant histological type, representing
approximately 75-85% of global liver cancer cases [35]. The global burden of HCC is
projected to increase in the coming years, reflecting both the continued prevalence of
etiological factors and the persistent challenges in clinical detection, prognostic
stratification, and therapeutic management [36-38]. According to the latest estimates
from Global Cancer Observatory (GLOBOCAN) 2022, the age-standardized incidence
rate (ASR) of HCC is highest in Southeast Asia, ranging between 10-14 cases per
100,000 population. Followed by sub-Saharan Africa (8-14 per 100,000). In contrast,
HCC incidence is considerably lower in Europe and North America with 2-7 per
100,000 (Figure 1). The mortality patterns mirror incidence and highlight the clinical
challenges inherent in HCC management. In Southeast Asia, the ASR mortality rate
is estimated at 9-13 per 100,000, followed by sub-Saharan Africa with a mortality rate
of 7-13 per 100,000. By comparison, Europe and North America have 2-8 per 100,000

report lower mortality rates (Figure 2).
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Figure 1. Global Age-Standardized Incidence Rates of Liver Cancer, 2022. This map illustrates
the global incidence ASIR of liver and intrahepatic bile duct cancers of both genders with age 20-85+.
The incidence demonstrates striking geographical disparities, with the highest rates observed in East
Asia and parts of sub-Saharan Africa (ASR =14.3 per 100,000). Intermediate incidence rates (7.5—
14.3 per 100,000) are reported in Southeast Asia, Central Africa, and regions of Latin America, while
Europe and North America generally display lower incidence (<7.5 per 100,000). These patterns
reflect differences in the prevalence of major etiological factors, including HBV, HCV, and MASLD.
The data highlight the urgent need for region-specific prevention and surveillance strategies tailored
to local risk factor burdens. Image generated and enhanced from [6, 10].
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Figure 2. Global Age-Standardized Mortality Rates of Liver Cancer, 2022. This map presents the global
ASMR for liver and intrahepatic bile duct cancers of both genders with age 20-85+. Mortality patterns closely
parallel incidence rates, with the highest mortality observed in East Asia and sub-Saharan Africa (ASR =8.0
per 100,000). Intermediate mortality rates are reported in Southeast Asia and parts of Latin America, while
Europe and North America show comparatively lower mortality burdens (<5.6 per 100,000). The strong
overlap between incidence and mortality reflects the limited access to early detection and curative treatment
in high-burden regions. Image generated and enhanced from [6].

As illustrated in Figure 3, the geographical distribution of HCC demonstrates a
pronounced disparity that is attributable to various etiological factors [1, 33]. The high
incidence rates in Asian and African regions are attributed to endemic hepatitis B virus
(HBV) infection [39]. Indeed, chronic HBV infection is one of the most well-established
HCC risk factors, accounting for more than half of global cases [1]. Another major
etiological factor of HCC is Hepatitis C virus (HCV), which is particular in regions of
Japan, the Mediterranean, and parts of North America [39-41]. Furthermore, the
Western population has shifted to MASLD as the major cause of HCC due to
increasing prevalence of obesity and type 2 diabetes mellitus (T2DM) cases [42].
Moreover, both obesity and T2DM accelerate MASLD progression and increase
MASH development even in the absence of cirrhosis [43]. A well-recognized major
risk factor of HCC is chronic alcohol consumption, it acts as a co-factor with HBV, HCV,
or MASLD, amplifying hepatocarcinogenesis through acetaldehyde-mediated DNA

damage, oxidative stress, and repeated cycles of hepatocyte turnover [44, 45]. Minor
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etiologies of HCC include: a. genetic disorders such as hemochromatosis, a-1
antitrypsin deficiency, and Wilson’s disease [46]; b. lifestyle including diet and smoking

[47, 48]; and c. carcinogenic substances such as aflatoxin B1 [49, 50].
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Figure 3. Global distribution of HCC risk factors. HBV predominates in most of Asia (excluding Japan),
South America, and Africa, while HCV is the leading cause in Western Europe, North America and Japan.
Alcohol consumption serves as the primary etiological factor in Central and Eastern Europe. Meanwhile, non-
alcoholic steatohepatitis (NASH) recently redefined as MASH under the broader category of MASLD is an
increasingly important cause of HCC in high-income nations. MASH-related HCC is projected to surpass viral
and alcohol-related cases in the coming decades, particularly in regions with rising obesity and metabolic
syndrome prevalence. Caption and image modified from [1].

The clinical management of HCC is challenged by its asymptomatic onset,
which frequently results in delayed diagnosis and eventually restricts available
therapeutic interventions. According to the European Association for the Study of the
Liver (EASL) 2018 guidelines, the gold standard for the diagnosis of HCC is the
histopathological confirmation, however, in clinical practice, non-invasive imaging is
sufficient for diagnosis of HCC in the population at risk. A liver biopsy remains the
definitive diagnostic method in cases where imaging is inconclusive [21, 51].
Concordance in at least two imaging techniques such as Computed Tomography (CT)
scan, Magnetic Resonance Imaging (MRI), and Liver Imaging Reporting and Data
System (LI-RADS), ensures standardized HCC detection however these techniques

are costly thus being less accessible in low-resource settings [52, 53].



Prognostic assessment in HCC is particularly complex as it depends on both
tumor characteristics and functional status of the liver. The BCLC, TNM and CLIP
staging systems have been developed to address this complexity [54]. Currently,
BCLC staging system is the most widely used framework for HCC. It integrates tumor
stage, liver function (assessed by Child-Pugh), and patient performance status,
thereby providing treatment allocation in a single model [55]. The main strength of
BCLC lies in its comprehensive and clinically practical approach, yet its rigid stage-to-
treatment recommendations often limit individualized therapeutic decisions,
particularly among patients in intermediate stages [56]. In contrast, the TNM American
Joint Committee on Cancer (AJCC) classification provides a detailed anatomical
description of tumor extent and remains useful for pathological staging and surgical
evaluation [1, 57]. However, it does not account for underlying liver function, rendering
it less applicable in patients with cirrhosis or significant hepatic impairment [58].
Meanwhile, CLIP score was developed to overcome some of these limitations by
incorporating both tumor morphology and liver function, including portal vein
thrombosis, AFP levels, and Child—Pugh stage [25]. Although the CLIP score has
demonstrated reliable prognostic value, particularly in advanced disease, its global
adoption remains limited compared with the BCLC system [59, 60].

The clinical management of HCC encompasses curative, locoregional, and
systemic approaches, each presenting distinct limitations. Curative therapies such as
surgical resection, liver transplantation, and local ablation (radiofrequency or
microwave) offer the greatest potential for long-term survival though eligibility is limited
[21]. Liver transplantation simultaneously treats both tumor burden and underlying
cirrhosis, yet organ scarcity and tumor progression beyond transplant criteria limit
eligibility [1]. Surgical resection is feasible only in non-cirrhotic or well-compensated
patients with preserved hepatic reserve, while local ablation remains effective primarily
for tumors <3 cm in diameter [21]. Locoregional therapies, such as transarterial
chemoembolization (TACE) and transarterial radioembolization (TARE), are
recommended for intermediate-stage disease, offering palliative benefit through
localized cytotoxic and ischemic effects [21]. Although these interventions can delay
progression, they seldom achieve complete tumor eradication and are not curative.
Systemic therapy has undergone substantial development in recent years. The
introduction of multikinase inhibitors such as sorafenib, lenvatinib, regorafenib, and

cabozantinib has modestly improved overall survival in advanced HCC, though
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resistance development and heterogeneous patient response remain major
challenges [61]. More recently, immune checkpoint inhibitors such as atezolizumab,
bevacizumab, nivolumab, and pembrolizumab have shown promising efficacy;
however, their availability remains limited in many regions [62]. Despite these
therapeutic combinations, high recurrence rates, restricted curative eligibility, and
treatment-related adverse effects are still experienced by some patients [63]. These
challenges underscore the urgent need for refined prognostic tools, personalized
treatment algorithms, and novel molecular targets to improve the long-term

management of HCC.



1.2 Chronic liver damage as a precursor to hepatocarcinogenesis
The liver is the largest glandular organ and is essential for major physiological

functions such as metabolism, detoxification, and bile production. Its functional unit is
called hepatic lobules, which contain plates of polarized hepatocytes arranged radially
around the central veins and bordered by portal triads [16]. Hepatocytes exhibit a
unique polarity characterized by apical domains and embedded within basolateral
membranes, forming branches of bile canalicular network [14]. Another feature of
hepatocyte polarity is the ability to facilitate directional segregation of bile secretion
into canaliculi and nutrient exchange from blood [16].

A healthy liver subjected to chronic injury induced by hepatitis viruses,
excessive alcohol consumption, or metabolic dysfunction, undergoes hepatocyte
apoptosis, inflammation, and compensatory regeneration that can lead to
hepatocarcinogenesis [64]. In conditions of prolonged liver injury, the hepatic stellate
cells become activated and deposit excessive extracellular matrix (ECM), altering
hepatic lobules and progress to fibrosis [65]. Eventually, as fibrosis advances to liver
cirrhosis, it disrupts hepatocyte organization impairing cell polarity [66].

Chronic liver damage represents a spectrum of pathological conditions
characterized by ongoing inflammation, hepatocellular injury, and progressive fibrotic
remodeling of the hepatic parenchyma [66, 67]. It serves as a common pathological
endpoint for diverse etiologies which initiate hepatocyte stress and apoptosis [68]. In
response, the liver initiates a repair program involving Kupffer cells, hepatic stellate
cells (HSCs), and infiltrating immune populations [69]. Early hepatocyte apoptosis
triggers compensatory proliferation of surviving hepatocytes and activation of
progenitor cells. However, this regenerative response often becomes maladaptive due
to a hostile microenvironment dominated by oxidative stress, pro-inflammatory
cytokines, and reactive oxygen species, ultimately laying the groundwork for
tumorigenesis [70].

Upon activation, HSCs differentiate into myofibroblast-like cells and secrete
ECM proteins, predominantly collagen types | and Il [66, 67]. This excessive ECM
accumulation gradually disrupts the normal sinusoidal architecture and alters hepatic
morphology. As fibrosis advances, the accumulation of fibrous tissue leads to
widespread scarring and mechanical disruption of ECM interactions [71]. Eventually,
this process culminates in cirrhosis, a critical transitional stage characterized by the

formation of fibrotic septa and regenerative nodules [68]. Within this altered
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environment, dysplastic nodules may emerge as pre-neoplastic lesions [68]. The
cirrhotic liver becomes increasingly enriched with pro-oncogenic cytokines, notably
Interleukin-6 (IL-6), Tumor Necrosis Factor-alpha (TNF-a), and TGF-3 [72, 73].

HCC commonly develops as the end stage of cirrhosis, arising through the
progressive accumulation of genetic, epigenetic, and signaling alterations within
chronically regenerating hepatocytes [1, 33]. Over time, dysplastic hepatocytes within
regenerative nodules accumulate key oncogenic alterations that drive malignant
transformation. Mutations in Telomerase Reverse Transcriptase (TERT), Tumor
Protein p53 (TP53), and Catenin Beta 1 (CTNNB1) act as pivotal events that promote
uncontrolled proliferation, resistance to senescence, and evasion of growth
suppression [74, 75]. Additionally, widespread reprogramming of chromatin structure
and DNA methylation patterns further modifies gene expression, reinforcing abnormal
growth and survival phenotypes [76]. Concurrently, persistent activation of pro-survival
signaling pathways such as Janus Kinase/Signal Transducer and Activator of
Transcription 3 (JAK/STAT3), Phosphatidylinositol 3-Kinase/Protein Kinase B
(PI3K/AKT), and Wnt/B-catenin enhances cellular proliferation, metabolic adaptation,
and resistance to apoptosis, collectively establishing a self-sustaining oncogenic
network that culminates in HCC [77]. Collectively, these molecular alterations convert
dysplastic nodules into malignant clones, defining the histological and functional
transition from cirrhosis to HCC [78]. The sequential progression of chronic liver injury

toward hepatocarcinogenesis is summarized in Figure 4.



1.3 Molecular pathogenesis of HCC
The molecular pathogenesis of HCC involves a multistep process driven by

cumulative genetic, epigenetic, and microenvironmental alterations [1]. Among the
most frequently altered genes are TP53, CTNNB1, TERT, and Axis Inhibition Protein
1 (AXINT). Mutations in TP53 impair DNA repair and apoptosis, allowing defective
hepatocytes to evade cell cycle checkpoints [79, 80]. Gain-of-function mutations in
CTNNB1 activate the Wnt/B-catenin pathway, promoting uncontrolled proliferation and
the emergence of stem-like phenotypes [81, 82]. Early in hepatocarcinogenesis, TERT
promoter mutations reactivate telomerase, conferring replicative immortality [83]. In
contrast, AXIN1 mutations, which disrupt B-catenin degradation, further potentiate
Whnt-driven oncogenic transcription [74].

These genetic alterations converge on several intracellular signaling cascades
that orchestrate malignant transformation. Activation of the PI3K/AKT//mammalian
target of rapamycin (mTOR) pathway supports cell survival, metabolic adaptation, and
resistance to oxidative stress [84]. The mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) pathway promotes cellular proliferation,
supports angiogenic processes, and increases sensitivity to growth factors [85]. The
TGF-B pathway, initially tumor-suppressive, shifts to a pro-oncogenic role in advanced
disease by promoting epithelial-mesenchymal transition (EMT), immune evasion, and
metastasis [86]. Likewise, inactivation of the Hippo pathway results in nuclear
accumulation of the transcriptional co-activators YAP and TAZ, promoting
tumorigenesis [87]. EMT represents a pivotal event in HCC progression, enabling
hepatocytes to lose epithelial characteristics and acquire migratory and invasive
capacities [88]. This process is jointly regulated by TGF-B, Wnt/B-catenin, and
YAP/TAZ signaling pathways that are frequently dysregulated in HCC and contribute
to cytoskeletal remodeling, ECM reorganization, and loss of adhesion [73, 87, 89].

As molecular dysregulation continues, tumor cells interact dynamically with
their surrounding microenvironment. The tumor microenvironment is invaded with
tumor-associated macrophages, myeloid-derived suppressor cells, and regulatory T
cells [90]. Inflammatory signaling mediated by nuclear factor kappa-light-chain
enhancer of activated B cells (NF-kB) and signal transducer and activator of STAT3
reinforces pro-survival and angiogenic programs while dampening anti-tumor
immunity [91, 92].
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1.4 Hepatic polarity to maintain liver homeostasis
Hepatic polarity refers to the asymmetric organization of cellular components,

that enables hepatocytes to perform coordinated metabolic, secretory, and
detoxification functions [4, 14]. Hepatocytes exhibit a distinctive form of multi-axial
polarity, allowing simultaneous interaction with both the vascular and biliary systems.
This basolateral surface mediates the bidirectional exchange of metabolites,
hormones, and plasma proteins, forming the principal interface between the
hepatocyte and systemic circulation. In contrast, the apical membranes of adjacent
hepatocytes connect through tight junctions, delineating the bile canaliculi, the
smallest ducts of the biliary network responsible for bile formation and excretion
(Figure 5) [16].

Hepatocytes are radially arranged around the central vein and portal triads,
establishing a zonated metabolic landscape along the porto-central axis, known as
liver zonation (Figure 6) [93]. This spatial organization reflects gradients of oxygen,
nutrients, and hormones, resulting in regional metabolic specialization [94]. Periportal
hepatocytes predominantly perform oxidative energy metabolism, ureagenesis, and
gluconeogenesis, whereas pericentral hepatocytes specialize in glycolysis,
lipogenesis, and xenobiotic metabolism to gluconeogenesis, urea cycle, and
lipoprotein production (Figure 7) [95-97]. Such functional compartmentalization relies
on the maintenance of hepatocyte polarity, ensuring directional transport and
coordinated metabolic communication across the hepatic lobule.

At the molecular level, hepatocyte polarity is sustained by three conserved
polarity complexes CRB, PAR, and SCRIB which collectively establish and preserve
the distinct identities of apical and basolateral membrane domains [14, 16]. Among
these, SCRIB plays a central role in defining basolateral identity and maintaining
junctional integrity and preserving hepatic tissue architecture. Notably, mislocalization
of the basolateral SCRIB has been shown to drive HCC initiation and progression
through activation of AKT- Activator Protein-1 (AP-1)- Secreted Acidic and Rich in
Cysteine (SPARC) signaling axis, thereby promoting EMT, invasion, and poor patient
prognosis [98]. Indeed, hepatic polarity is highly sensitive to chronic injury, and its
structural and molecular disintegration leads to impaired bile flow, altered transporter
localization, and dysregulated intracellular signaling [16, 99]. These events collectively
promote hepatocyte dedifferentiation and malignant transformation, representing

hallmark processes in the early pathogenesis of HCC.
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Figure 4. Structural organization of hepatocyte polarity. Hepatocytes are arranged in
interconnected plates bordered by tight junctions (TJ) that delineate distinct apical (canalicular) and
basolateral (sinusoidal) membrane domains. The apical domain forms the bile canaliculi (BC),
which mediate bile secretion, while the basolateral domain faces the sinusoidal lumen and
facilitates bidirectional exchange of metabolites, nutrients, and signaling molecules with the blood.
Surrounding sinusoidal endothelial cells and Kupffer cells contribute to the specialized
microenvironment that supports hepatic polarity and metabolic function. Caption and image

modified from [7].
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Figure 5. Hepatic lobule and sinusoidal microarchitecture. The liver consists of hexagonally
organized hepatic lobules, each centered around a central vein and bordered by portal triads
containing branches of the hepatic artery, portal vein, and bile duct. Blood from the portal vein and
hepatic artery flows centripetally through the sinusoids toward the central vein, while bile produced
by hepatocytes flows centrifugally through the bile canaliculi toward the bile ducts, illustrating the
liver’'s characteristic dual-flow system. The inset highlights the sinusoidal interface, showing the
close spatial relationship among hepatocytes, sinusoidal endothelial cells, and Kupffer cells, which
collectively maintain metabolic exchange and immune surveillance. Caption and image modified

from [8].
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Figure 6. Liver zonation and metabolic compartmentalization. The hepatic lobule exhibits a
zonated organization of hepatocytes along the portal-central (porto-central) axis, creating distinct
metabolic areas. Zone 1 (periportal cells), located nearest to the portal triads, receives blood rich
in oxygen and nutrients and primarily performs gluconeogenesis, B-oxidation, and ureagenesis.
Zone 3 (pericentral cells), adjacent to the central vein, operates under lower oxygen tension and
specializes in glycolysis, lipogenesis, and xenobiotic metabolism regulated by B-catenin/Wnt
signaling. These gradients in oxygen, hormones, and substrates define functional heterogeneity
essential for liver homeostasis. The lower panel depicts the zonal susceptibility to injury, showing
that periportal regions are more prone to autoimmune and cholestatic damage, while pericentral
areas are preferentially affected by MASLD and drug- or alcohol-induced toxicity. Caption and
image modified from [11].
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1.5 From order to chaos: Disruption of hepatic polarity as a hallmark of HCC
The loss of hepatocyte polarity is a defining hallmark in the initiation and

progression of HCC. It is closely intertwined with EMT, wherein hepatic cells
downregulated, or polarity regulators have mislocalized. The breakdown of these
intercellular junctions facilitates detachment from neighboring cells, loss of epithelial
cohesion, and enhanced migratory capacity which hallmarks hepatocarcinogenesis
Figure 8 [100].

On the molecular level, the dysregulation of principal cell polarity protein
complexes impacts signaling cascades such as Wnt/B-catenin, Hippo, and Notch,
influencing cell fate, growth, and proliferation [101, 102] These phenomenon includes
EMT, which enables hepatocytes to acquire migratory and invasive properties,
followed by the suppression of E-cadherin and induction of mesenchymal markers like
N-cadherin and vimentin [100]. Clinically, loss of cell polarity correlates with more
aggressive HCC phenotypes, including poor differentiation, vascular invasion, and
poor patient survival [103]. Experimental re-establishment of cell polarity complexes
has demonstrated partial reversal of EMT and a reduction in tumorigenic potential,
suggesting that polarity restoration holds therapeutic promise [104]. Notably, among
the cell polarity regulators implicated in HCC, DLG5 emerged as relevant player in
hepatocarcinogenesis [105]. DLG5 contributes to the integrity of epithelial polarity by
stabilizing intercellular junctions and regulating signal transduction pathways [106].
Thus, DLG5 stands at the intersection of polarity maintenance and tumor suppression,
offering a compelling target for further investigation in liver cancer.

At the tissue level, HCC exhibits profound architectural distortion. Tumor cells
lose the typical apico—basal orientation and form irregular trabecular, pseudoglandular,
or compact solid patterns (Figure 9) [107]. These dedifferentiated cells often display
high plasticity and a progenitor-like phenotype, accompanied by disrupted bile
canaliculi and distorted sinusoidal networks [108]. Within chronically diseased liver,
hepatocytes and hepatic progenitor cells that have lost polarity may acquire self-
renewal capacity and oncogenic potential, forming the cellular foundation for malignant
clones. Such cells also exhibit increased resistance to apoptosis and immune evasion
due to impaired cell-cell and cell-matrix interactions.

Polarity proteins, once regarded merely as structural scaffolds, are now
recognized as active regulators of intracellular signaling and transcriptional control.

Their loss not only compromises tissue cohesion but also rewires key signaling
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pathways governing proliferation, differentiation, and survival that ultimately drive
hepatocytes toward a malignant phenotype [4, 101]. Thus, polarity loss in HCC
represents both a morphologic manifestation of tissue disorganization and a molecular
signature of oncogenic reprogramming. The maintenance of epithelial polarity

depends on three evolutionarily conserved protein complexes: CRB, PAR, and SCRIB.
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Figure 7. Progressive loss of hepatocyte polarity during the transition to hepatocellular
carcinoma. The schematic depicts the morphological continuum from polarized hepatocytes to
malignant HCC cells. Normal hepatocytes maintain apical-basal polarity regulated by Crumbs, Par, and
Scribble complexes (left). With disease progression, dysplastic cells exhibit disrupted junctional integrity,
irregular membranes, and loss of cytoskeletal organization (middle). Fully transformed hepatocytes show
nuclear atypia, cytoplasmic disorganization, and invasive protrusions consistent with HCC phenotype.
Malignant hepatocytes display nuclear pleomorphism, cytoplasmic abnormalities, and invasive
protrusion hallmarks of HCC transformation. Caption and image modified from [2, 4].
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Figure 8. Tissue-level consequences of hepatic polarity loss illustrated through bile
canaliculi organization. This schematic depicts the progressive disruption of bile canaliculi
architecture as a tissue-level representation of hepatic polarity loss. In healthy liver tissue (left),
hepatocytes display organized apico—basal polarity and form continuous, well-defined bile
canaliculi that ensure directional bile flow. With increasing canalicular pressure and polarity
disruption (middle), canalicular branching and apical bulkheads become irregular, leading to altered
luminal continuity. In diseased states (right), the collapse of apical domains results in canalicular
dilation, disorganized hepatocyte alignment, and loss of coordinated bile secretion are
morphological hallmarks of polarity breakdown observed during chronic liver injury and
hepatocarcinogenesis. Caption and image modified from [5].
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1.6 Principal molecules in hepatic polarity regulation
Hepatocyte polarity is sustained by a network of specialized molecular

complexes and junctional proteins (Figure 10). While the principal polarity complexes
such as PAR, Crumbs, and Scribble establish and preserve epithelial architecture,
additional scaffold proteins such as DLG5 have emerged as pivotal integrators linking
these complexes to cytoskeletal and signaling regulation. Although traditionally less
characterized than other polarity components, DLG5 has gained increasing attention
for its potential role in maintaining hepatocellular integrity and mediating the crosstalk
between polarity disruption and oncogenic transformation.

Par complex, composed of Partitioning-defective 3 (PAR3), Partitioning-
defective 6 (PARG), and atypical protein kinase C (aPKC), is indispensable for apico-
basal domain segregation [109]. PARG interacts with Cell division cycle 42 (CDC42)
to recruit aPKC to the apical cortex, promoting tight-junction formation and cytoskeletal
polarization. PAR3 acts as a molecular scaffold linking polarity proteins to microtubules
and actin filaments. In HCC, PAR6-aPKC dysregulation enhances TGF-f—Mothers
against decapentaplegic homologs 2 and 3 (SMADZ2/3) signaling, facilitating EMT and
invasive behavior [110]. Loss of PAR3 expression correlates with vascular invasion
and poor differentiation, linking junctional disassembly to tumor aggressiveness.

The Crumbs complex is composed of Crumbs homolog 3 (CRB3), Protein
associated with Lin-7-1 (PALS1), and PALS1-associated tight junction protein (PATJ)
that stabilizes apical identity and collaborates with PAR components during bile-
canaliculi morphogenesis [111]. In normal hepatocytes, CRB3 anchors PALS1 and
PATJ at tight junctions to restrict basolateral encroachment. CRB3 downregulation in
HCC mislocalizes PAR6 and aPKC, leading to apical collapse and activation of PI3K—
AKT and Hippo—-YAP/TAZ signaling cascade [112]. These alterations reinforce
uncontrolled proliferation, demonstrating how structural polarity loss converges with
oncogenic signaling.

These complexes, the SCRIB complex comprising Scribble, Discs large
homolog 1 (DLG1), and Lethal giant larvae (LGL) defines basolateral identity and
functions as a tumor-suppressor module [106]. Scribble anchors E-cadherin and B-
catenin at adherens junctions, preserving epithelial cohesion [113]. In HCC, SCRIB
loss or cytoplasmic mislocalization leads to E-cadherin downregulation, nuclear [3-
catenin accumulation, and activation of Wnt-responsive oncogenes [98]. Additionally,

SCRIB scaffolds Large tumor suppressor kinases 1 and 2 (LATS1/2) within the Hippo
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pathway to restrain YAP activity; thus, its depletion drives YAP nuclear localization and
proliferative gene expression [114].

Tight junctions act as physical and signaling barriers reinforcing hepatocyte
compartmentalization. Zonula Occludens (ZO) proteins particularly ZO-1, ZO-2, and
Z0-3 form cytoplasmic scaffolds that connect transmembrane occludins and claudins
to actin filaments [115-117]. ZO-1 links to the PAR3—PAR6—aPKC complex, integrating
polarity cues with cytoskeletal anchorage [118]. In HCC, ZO-1 delocalization from the
junctional belt to the cytoplasm weakens cell adhesion and correlates with enhanced
proliferation and invasive potential through MAPK/ERK activation.

Occludins are integral membrane components of tight junctions that regulate
paracellular ion flux and intracellular signaling [119-121]. Under normal conditions,
occludin interacts with ZO-1 and aPKC to maintain apical junctional integrity [122,
123]. Occludin downregulation or hyperphosphorylation in HCC increases paracellular
permeability and activates NF-kB driven inflammatory signaling, thereby a tumor-
promoting microenvironment [121].

Claudins, particularly Claudin-1, Claudin-2, and Claudin-3, determine selective
permeability of tight junctions [124]. While Claudin-1 generally strengthens epithelial
barriers, Claudin-2 upregulation in HCC confers a “leaky” phenotype that facilitates
nutrient exchange and tumor growth [125]. Elevated Claudin-2 expression also
augments Epidermal growth factor receptor (EGFR)/ERK and B-catenin signaling,
supporting proliferation and metabolic adaptation of malignant hepatocytes [125].

At the adherens junction, E-cadherin, a-catenin, and B-catenin, maintain
intercellular adhesion and transduce polarity-dependent signals [126]. Under
physiological conditions, E-cadherin sequesters B-catenin at the membrane,
preventing its nuclear entry. In HCC, E-cadherin repression through promoter
methylation or transcriptional inhibitors (Snail, Zinc Finger E-box Binding Homeobox
1 (ZEB1)) liberates B-catenin, enabling nuclear translocation and activation of Wnt/[3-
catenin target genes (Axis Inhibitor 2 (AXIN2), Cyclin D1 (CCND1), Myeloctomatosis
Proto-Oncogene Protein (MYC)) [127]. Mutations in CTNNB1 further stabilize -
catenin, converting it from a structural adaptor to a transcriptional driver of proliferation
and dedifferentiation [81].

The transition of B-catenin from a membrane-bound adherens component to a
nuclear transcriptional effector exemplifies the molecular intersection between polarity

loss and oncogenic reprogramming [128]. This shift destabilizes junctional complexes
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and highlights the importance of scaffolding proteins particularly DLGS that anchor 8-
catenin and E-cadherin at the basolateral membrane [12]. The downregulation or
mislocalization of DLGS disrupts these anchoring interactions, amplifying Hippo—
YAP/TAZ, NF-kB, and TGF-B/SMAD signaling [129].
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Figure 9. Polarity Protein Complexes. This schematic illustrates the molecular architecture of
hepatocyte polarity at the apico—basal interface, emphasizing the bile canalicular region. Hepatocyte
polarity is coordinated by three evolutionarily conserved multi-protein assemblies: the Crumbs complex
(Crumbs, PALS1, PATJ) defining the apical domain; the PAR complex (PAR3, PARG, aPKC) localized
at the tight junction, linking apical and basolateral territories; and the Scribble complex (SCRIB, DLGs,
LGL1/2) that anchors the basolateral membrane and maintains junctional integrity. Together, these
complexes establish spatial domain identity and preserve hepatic epithelial organization essential for
liver homeostasis. Caption and image modified from [2, 3]
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Table 1. Hepatic polarity proteins and its biological function related to HCC

Protein Complex/ UniProt Principal Biological Role / Alteration in HCC Reference

Category ID Function
(Human)

PAR3 PAR Q8TEWO Scaffold protein linking Downregulated; [109, 130,

complex tight junctions to loss correlates with poor 131]
microtubules and actin; differentiation and vascular
defines apical-basal invasion.
boundary.

PARG6 PAR QO9NPB6 Adaptor protein binding enhances TGF-B/SMAD2/3- [109, 129,
complex aPKC and CDC42; mediated EMT and 132-134]

regulates tight junction migration.
assembly.

aPKC PAR P41743 Phosphorylates polarity Overactivation drives EMT [109, 132,
complex substrates such as and cell proliferation via 134, 135]
kinase PAR3, LGL; maintains TGF-B and CDC42

apical identity. signaling.

CRB3 Crumbs Q517T1 Transmembrane apical Downregulated in HCC; [111, 112,

complex determinant recruiting loss activates PISK/AKT 136, 137]
PALS1 and PATJ. and YAP/TAZ signaling.

Z0-1 Tight Q07157  Links occludin/claudins to  Mislocalized in HCC; loss [115, 116,
junction actin cytoskeleton; enhances ERK/MAPK and 122, 138]
scaffold maintains barrier proliferation.

integrity.

Occludin Tight Q16625 Transmembrane barrier Downregulated; loss [119-122]
junction protein controlling activates NF-kB and

paracellular permeability.  inflammatory tumor
microenvironment.

Claudin-2  Tight 095471  Forms paracellular Upregulated in HCC; [124, 125,
junction cation-selective channels; promotes MAPK and [3- 139, 140]

regulates epithelial catenin activation,
permeability. metabolic adaptation.

SCRIB Scribble Q14160 Basolateral scaffold Downregulated or [98, 141]
complex linking E-cadherin and cytoplasmic; leads to YAP

LATS1/2; tumor nuclear activation and EMT.
SUppressor.

DLG1 Scribble Q12959 PDZ scaffold stabilizing Loss disrupts basolateral [98] [98,

complex adherens junctions and polarity and enhances 106, 142]
receptor localization. Whnt/B-catenin signaling. [106, 142]

CTNNB1 Adherens  P35222 Links E-cadherin to actin  Mutated/stabilized in ~30%  [26, 81,
junction / cytoskeleton; of HCCs; drives 128]

Wnt transcriptional co- proliferation via Wnt target
pathway activator when nuclear. gene expression.

DLG5 Scribble- Q8TDM6 Multi-domain scaffold Downregulated or [12, 105]
related (PDZ, SH3, GUK) linking  perinuclear in HCC; loss
scaffold E-cadherin/B-catenin to destabilizes junctions and

cytoskeleton.

activates YAP, NF-kB, and
TGF-B/SMAD signaling.
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1.7 DLGS as a polarity scaffold at the interface of hepatic homeostasis and
carcinogenesis

DLGS5 is a multi-domain scaffolding protein encoded by the DLG5 gene located
on chromosome 10923.1 in humans. It belongs to the MAGUK family, whose members
organize spatial signaling by anchoring transmembrane proteins to the cytoskeleton
and intracellular signaling networks (Figure 11) [12]. In hepatocytes, DLG5 is
predominantly localized to basolateral membranes and pericanalicular regions, where
it stabilizes adherens junctions and supports bile canalicular organization. Expression
of DLGS is developmentally regulated and tissue-specific, and its activity is modulated
by multiple post-transcriptional mechanisms including phosphorylation, ubiquitination,
and microRibonucleic Acid (microRNA) repression [143]. These regulatory layers fine-
tune DLG5 abundance and distribution in response to mechanical and biochemical
stimuli, rendering it a dynamic polarity sensor.

the DLG5 gene encodes multiple protein isoforms generated through
alternative splicing, each differing in domain composition and potentially in subcellular
distribution. Among these, isoform 1 (1919 amino acids; ~214 kDa) represents the
predominant, full-length, and most functionally characterized variant. It contains full
complement of structural modules: an N-terminal coiled-coil region, four PDZ domains,
one SH3 domain, and a C-terminal catalytically inactive GUK domain that collectively
confer its scaffolding and polarity-regulating functions. In contrast, isoform 2 (1730 aa)
and isoform 3 (1500 aa) lack portions of the N-terminal coiled-coil or C-terminal GUK-
like domains, features that may reduce their membrane anchoring capacity or modify
interaction specificity with polarity complexes such as SCRIB or PAR3-PARG6-aPKC.
These shorter variants have been detected in certain epithelial and neural tissues,
where they might fine-tune junctional signaling or adapt MAGUK functions to tissue-
specific requirements [12]. In hepatic tissue, however, transcriptomic and proteomic
datasets indicate that the full-length canonical isoform predominates, consistent with
the high polarity demands of hepatocytes and their complex canalicular architecture.
The truncated variants appear either minimally expressed or induced under stress
conditions such as inflammation or hypoxia, suggesting that they may arise
secondarily during dedifferentiation or malignant transformation. Because isoform 1
uniquely retains all four PDZ domains required for assembling E-cadherin/B-catenin

and aPKC polarity complexes, it is most relevant to liver homeostasis and HCC.
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Figure 10. Comparison of domain structure in human DLG family protein. All members of the DLG
protein family share a conserved structural architecture comprising multiple PDZ domains, an SH3
domain, and a GUK domain. Among them, DLG5 is uniquely distinguished by an extended N-terminal
region that includes a CARD (caspase recruitment domain) and a coiled-coil (C-C) domain, as well as
an additional PDZ domain compared to other DLG paralogs. Notably, DLG5 possesses the longest amino
acid sequence (1,919 residues), highlighting its distinct structural complexity. Abbreviations: PDZ, post-
synaptic density protein 95/discs large/zona occludens; SH3, Src homology 3; GUK, guanylate kinase;
C-C, coiled-coil domain Caption and image modified from (5).

Under physiological conditions, DLG5 supports hepatocyte differentiation,
suppresses unscheduled proliferation, and facilitates orderly regeneration after injury
by maintaining adherens junction integrity and coordinating actin-based vesicular
trafficking [144]. Its phosphorylation-dependent mobility ensures compartmentalized
signaling and spatial fidelity of hepatic functions such as bile secretion and metabolic
zonation [144]. In chronic liver disease, repeated injury and inflammatory stress
downregulate or mislocalized DLG5, resulting in junctional disassembly, cytoskeletal
disruption, and loss of canalicular polarity. Expression declines progressively from
cirrhosis to dysplastic nodules and HCC, with multiple converging mechanisms
including aberrant phosphorylation, ubiquitin-mediated degradation, and microRNA-
driven silencing contributing to its depletion [12, 143]. Functionally, DLG5 acts as a
tumor suppressor by stabilizing polarity complexes and restraining oncogenic
signaling [120]. Indeed, its loss promotes EMT, enhances (-catenin nuclear activity,
and activates TGF-B, MAPK, and Wnt/B-catenin pathways core mediators of
hepatocarcinogenesis [145].

Despite consistent evidence of tumor-suppressive functions, DLG5’s role in

cancer remains evidence contradictory. In breast and colorectal cancers, its loss
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correlates with metastasis [12, 105], whereas in pancreatic and glioblastoma models,
DLGS can scaffold B-catenin or Hedgehog effectors to sustain oncogenic signaling. In
HCC, expression patterns vary with tumor stage retained in early lesions but
cytoplasmic or heterogeneous in advanced tumors suggesting that isoform-specific
phosphorylation states or adaptive responses to oxidative stress modulate its function.
Previous study showed that DLGS loss contributes to architectural disarray, canalicular
disruption, and aggressive tumor behavior [146].

Beyond structural polarity, DLG5 integrates mechanical and biochemical
signals governing mitotic spindle orientation, centrosome stability, and vesicular
delivery, all crucial for maintaining genomic integrity [146]. Under oxidative or fibrotic
stress, aPKC-mediated hyperphosphorylation and extracellular-matrix—dependent
signaling further suppress DLG5, compounding polarity breakdown [12]. In fibrotic
liver, increased matrix stiffness and integrin engagement activate aPKC and
perpetuate DLGS5 repression. In parallel, oncogenic microRNAs such as miR-21 and
miR-27, upregulated in HCC, directly target DLGS5 transcripts, providing an additional
regulatory layer. Collectively, these findings depict DLGS5 as a critical polarity regulator
vulnerable to both extracellular and intracellular perturbations. Its phosphorylation by
aPKC defines a finely tuned equilibrium between epithelial stability and malignant
plasticity.

Phosphorylation of DLG5 by aPKC plays a pivotal role in modulating its
membrane affinity and spatial recruitment (Figure 12) [12]. The aPKC-PAR3-PARG
complex acts as a polarity determinant in hepatocytes by establishing the boundary
between apical and basolateral domains [147]. DLGS5 interacts with aPKC via its
coiled-coil and PDZ regions, forming a signaling axis that couples polarity cues with
cytoskeletal remodeling [146]. Phosphorylation introduces negatively charged
residues within the linker and C-terminal segments of DLGS, altering its electrostatic
surface and thereby influencing its association with phospholipids and membrane-
anchored complexes [148]. In its unphosphorylated state, DLG5 binds strongly to
basolateral E-cadherin—(-catenin assemblies, reinforcing junctional stability. Upon
aPKC-mediated phosphorylation, DLG5 undergoes partial detachment from the
membrane and transient redistribution into the cytoplasm, enabling cyclical assembly
and turnover of junctional complexes during regeneration, growth, and bile canalicular
remodeling [12, 149]. Under pathological hyperactivation of aPKC, such as during

inflammation or TGF-B stimulation, excessive phosphorylation impairs DLG5 recycling

24



to the membrane, leading to polarity collapse, cytoplasmic sequestration, and -
catenin nuclear translocation. This mechanism mirrors findings in other epithelia where
aPKC-driven phosphorylation of MAGUK proteins disrupts tight-junction stability and
promotes EMT, underscoring aPKC—-DLGS5 interplay as a key molecular switch linking

reversible polarity modulation to irreversible malignant conversion [12].
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Figure 11. Model of DLG5 interactions with polarity and adhesion complexes. This schematic illustrates
the proposed molecular organization and phosphorylation-dependent redistribution of DLG5 in hepatocytes.
(A) At the basolateral domain, DLG5 forms a tripartite complex with B-catenin and E-cadherin, promoting
adherens junction stability and vesicular trafficking via SNARE proteins. (B) DLG5 anchors B-catenin—
cadherin assemblies to maintain basolateral identity. (C) DLG5 interacts with the aPKC-PAR3-PARG
complex through its coiled-coil and PDZ domains, where aPKC-mediated phosphorylation modulates its
membrane association and spatial localization. Excessive phosphorylation under pathological signaling may
cause cytoplasmic retention and polarity loss. Caption and image modified from [12].
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CHAPTER 2 AIMS OF THE STUDY

Maintenance of hepatocyte polarity is essential for preserving epithelial
organization and liver-specific functions such as bile secretion, metabolic regulation,
and detoxification. Disruption of this polarity results in loss of tissue architecture and
is increasingly recognized as a hallmark in hepatocarcinogenesis. Among polarity-
regulating molecules, the scaffolding protein DLGS has emerged for its role in
maintaining epithelial cohesion and junctional signaling. However, its functional role to

HCC progression and polarity loss remains poorly defined [12].

2.1 Hypothesis
DLG5 contributes to HCC progression through altered subcellular localization,

leading to loss of polarity.

2.3 Objectives

1. Identification of DLG5-interacting proteins involved in polarity regulation and HCC

progression.

2. Quantitative determination of DLG5 expression at both mRNA and protein levels in

paired HCC and adjacent tissues

3. Evaluate DLGS5 localization patterns in paired HCC and adjacent tissues

26



CHAPTER 3. MATERIAL AND METHODS

3.1 Identification and Ranking of DLGS5 Interactors
To construct the protein—protein interaction (PIP) network of DLG5, an

integrative approach was applied across four major PIP databases: BioGRID [150],
IntAct [151], STRING [9], and Pathway Commons [152]. To ensure data reliability and
biological relevance, a manual ranking approach was implemented. The inclusion
criteria required that each interactor possess both (i) published evidence supporting
the interaction and (ii) experimental validation in prior studies. Entries supported solely
by predictive, or text-mining evidence were excluded. Following this manual curation
process, DLG5 interactors were selected for analysis. Network visualization was
generated using STRING-db.org.

PIP network visualization was generated using STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins; https://string-db.org/) under default
parameters. The database version 12.0 was used, with Homo sapiens as the selected
organism, medium confidence (score=0.4), and evidence-based interaction sources
including experimental data, curated databases, co-expression, and neighborhood
associations. Network edges represent interaction confidence, and unconnected

nodes were omitted from visualization.

3.2 In Silico Expression, Correlation, and Functional Enrichment Analyses of
the DLG5 Network

The in silico component of this study integrated three bioinformatics platforms:
Genevestigator®, OncoDB, and ENCORI to characterize the transcriptional behavior
and functional context of DLG5 and its interactors in HCC. Genevestigator® (Nebion
AG, Zurich, Switzerland) was employed to examine differential mRNA expression
between HCC and matched adjacent liver tissues. The analysis was performed under
the mMRNA-Seq Gene Level platform (Homo sapiens, Ensembl 97, GRCh38.p12) using
The Cancer Genome Atlas — Liver Hepatocellular Carcinoma (TCGA-LIHC) dataset
(study ID HS-01630). The 17-gene panel: DLGS5, SCRIB, LLGL1, CTNNB1, KRAS,
CDK1, FZR1, TGFBR1, GSK3B, ESR1, ESR2, NR3C1, RHOB, SORBS3, TPM1,
SLC22A4, and PGLYRP1 was identified from previous PIP mapping. Filtering was

restricted to primary HCC not otherwise stated (NOS) and paired adjacent liver
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tissues. Expression visualization was performed through the Cancers and
Perturbations modules, producing heatmaps that summarized relative gene up- or
down-regulation (log, intensity).

To evaluate transcriptional relationships among these genes, OncoDB
(https://oncodb.org/) was used to calculate pairwise gene-expression correlations
within the same TCGA-LIHC cohort. The Correlation module provided Pearson (r)
values and p-values. Correlation analyses in OncoDB were performed using the
platform’s default settings. Pearson correlation coefficients (r) were calculated based
on normalized RNA-Seq expression data (log,(TPM+1)) from the TCGA-LIHC cohort.
Statistical significance was determined automatically by the platform (p < 0.05). The
strength of correlation was interpreted according to standard criteria: strong (|r| = 0.5),
moderate (|r| = 0.3-0.5), and weak (|r| < 0.3).

ENCORI (The Encyclopedia of RNA Interactomes; https://rnasysu.com/encori/)
was employed to validate and expand co-expression relationships observed in
OncoDB. The Pan-Cancer Co-expression module was used under default parameters,
selecting LIHC as the cancer type. Correlation coefficients between DLGS and its
candidate polarity interactors were obtained from normalized RNA-sequencing
datasets. The analysis generated correlation strength, direction (positive or negative),

and statistical significance (p<0.05).

3.3 Ethics Approval
The study was approved by the Comitato Etico Regionale Unico of Friuli Venezia

Giulia, Prot. No. 18854. Informed consent was diligently obtained from each patient
or their legal representative, and sensitive data were meticulously protected through

anonymization.

3.4 HCC patients used in the study
HCC-patients were predominantly male (n=35), with a mean age of

68.16+10.26 years and a median of 70.90years (interquartile range (IQR): 62.50—
75.10). Hemoglobin levels were within the normal range, with a mean of 14.06+1.54
g/dL and a median of 14.10g/dL (IQR: 13.50-15.00) (Table 2). Platelet counts were
also within normal limits, averaging 183.8+94.77x103%uL with a median of
176.0x10%pL (IQR: 115.5-222.5). Liver transaminases showed mild elevation, with
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AST 39.58+25.89 U/L and ALT 39.00+30.67 U/L. The corresponding medians were
28.00U/L (IQR: 23.50-44.50) and 26.00U/L (IQR: 18.00-51.00), respectively. Total
bilirubin was within limits with a mean of 0.86+0.42 mg/dL and a median of 0.78mg/dL
(IQR: 0.56-0.99). Direct bilirubin levels averaged 0.23+0.16mg/dL, with a median of
0.19mg/dL (IQR: 0.14-0.23). Serum albumin was preserved, showing a mean of
4.13+0.50g/dL and a median of 4.15g/dL (IQR: 3.89—-4.43). Creatinine levels remained
within normal physiological range, with a mean of 0.88+0.22 mg/dL and a median of
0.84mg/dL (IQR: 0.73-0.96) (Table 2).

Histopathological evaluation revealed cirrhosis in 71% (32/45) of patients, while
29% (13/45) showed no cirrhotic changes. The major underlying etiologies included
HCV infection 27% (12/45), HBV infection 8% (4/45), alcohol-related liver disease 38%
(17/45), and MASH 4% (4/45); mixed etiologies were observed in a subset of cases.
Based on Child—Pugh classification, 95.6% (43/45) of patients were categorized as
Class A, indicating well-compensated hepatic function, and 4.4% (2/45) were Class B.
The BCLC staging system showed, 62.2% (28/45) of the cohort were early stage (A),
22.2% (10/45) intermediate stage (B), and 11.1% (5/45) advanced stage (C). Vascular
invasion was absent in 71.1% (32/45), and microscopic invasion in 22.2% (10/45).
Fibrosis grading indicated moderate fibrosis in 35.6% (16/45) and severe fibrosis in
60.0% (27/45). According to the AJCC 8th edition TNM classification, 24.4% (11/45) of
patients were staged as IB, 13.3% (6/45) as I, 4.4% (2/45) as IlIB, and 2.2% (1/45)
as |IA, whereas 55.6% (25/45) could not be assessed due to incomplete data or

unavailable nodal evaluation (Table 2).
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Table 2. Patient Demographics, Liver Function Tests, and Tumor Parameters

Clinical Variables

Combined

Criteria

HCC-Patients (n)
Age (years)
Biochemistry (n)

Hemoglobin (g/dL)

Platelet Count (10%/uL)

Aspartate aminotransferase (AST) (U/L)
Alanine Aminotransferase (ALT) (U/L)
Total Bilirubin (mg/dL)
Direct Bilirubin (mg/dL)
Albumin (g/dL)
Creatinine (mg/dL)
Pathology

Cirrhosis (n)
With
Without

Underlying Liver Disease (n)
None
Hepatitis C Virus (HCV)
Hepatitis B Virus (HBV)
Alcohol
Metabolic dysfunction-associated

steatohepatitis (MASH)

HCV + Alcohol
HBV + Alcohol
MASH + Alcohol
No data

Child-Pugh Classification (n)

A

B

C

Barcelona Clinic Liver Cancer (BCLC)
Staging System (n)
A

B

C
No data
Histology
Vascular Invasion (n)
None
Micro
Macro
No Data
Fibrosis (n)
Moderate
Severe
No Data
Tumor Node Metastasis (TNM) Staging
of American Joint Committee on Cancer
(AJCC 8') (n)
1A

1B

Il

1B

Cannot be assessed

35
69.37 +8.5

14.10+£1.7

184.3 £ 99.6

40.63 + 26.5
40.71 £ 32.6
0.88+0.4
0.24+£0.2
416+0.5
094 +0.2

25
10

rIENIEN

Ao anNn N

35

—
oSN Uw© =

10
63.92 + 14.8

13.90 £ 0.9

182.0 £ 79.1

35.90 +24.6
33.0+£22.9
0.80+0.5
0.18+0.2
4.06+0.5
0.66 £ 0.1

w N

OO O0OO O W~_~01=-

- O O © N= =~ O

N OTw

~NO -~~NO

Mean = SD
45
68.16 £ 10.3

14.06 £ 1.5

183.8 +
94.77
39.58 +25.9
39.0 £30.7
0.86 £ 0.4
0.23+0.2
413+05
0.88 £0.2

N
JIeQo

Ao anNn N

43

28

N O

32
10

16
27

Bvo -

=18

14.0 - 18.0 (M)
12.0 - 16.0 (F)

150 — 350

10-30

10-40
03-1.2
0.1-0.3
35-50
0.6-1.2

Well
compensated
disease
Significant
functional
compromise
Decompensated
disease

Early Stage
Intermediate
Stage
Advanced Stage
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Forty paired samples were used for mRNA expression profiling, and 13 for
immunohistochemistry (IHC). Among the 42 paired samples selected for western blot
analysis, 12 pairs provided reliable results. Table 3 summarizes the biochemical and
histological characteristics of these subgroups. Age, liver function indices (AST, ALT,
bilirubin, albumin, creatinine), and tumor parameters (BCLC stage, vascular invasion,
fibrosis) were comparable across groups.

For each patient, regions of the affected liver were collected, including the
tumoral and the paired adjacent (non-tumoral) tissue. In the hospital, a uniform
protocol was followed for sample collection with specified tissue dimensions, types,
and storage conditions. Fresh liver specimens were carefully harvested and preserved
either in RNAlater™ stabilization reagent (M7021, Invitrogen™, Waltham, MA, USA)
or rapidly frozen in liquid nitrogen, then maintained at —80°C until further analysis.
Parallel tissue portions were fixed in formalin, embedded in paraffin blocks, sectioned
at 5um in thickness, and subjected to routine histopathological evaluation.
Hematoxylin and eosin (H&E) staining was performed by the diagnostic pathology unit

of Azienda Sanitaria Universitaria Giuliano Isontina (ASUGI), Trieste, Italy.
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Table 3. Patient Demographics, Liver Disease Profiles Across Experimental

Subsets

Clinical Variables

Criteria

HCC-Patients (n)
Age (years)
Biochemistry (n)

Hemoglobin (g/dL)

Platelet Count (10%uL)

Aspartate aminotransferase (AST) (U/L)
Alanine Aminotransferase (ALT) (U/L)
Total Bilirubin (mg/dL)
Direct Bilirubin (mg/dL)
Albumin (g/dL)
Creatinine (mg/dL)
Pathology

Cirrhosis (n)
With
Without

Underlying Liver Disease (n)
None
Hepatitis C Virus (HCV)
Hepatitis B Virus (HBV)
Alcohol
Metabolic dysfunction-associated

steatohepatitis (MASH)

HCV + Alcohol
HBV + Alcohol
MASH + Alcohol
No data

Child-Pugh Classification (n)

A

B

C

Barcelona Clinic Liver Cancer (BCLC)
Staging System (n)
A

B

C
No data
Histology
Vascular Invasion (n)
None
Micro
Macro
No Data
Fibrosis (n)
Moderate
Severe
No Data
Tumor Node Metastasis (TNM) Staging
of American Joint Committee on Cancer
(AJCC 8'") (n)
IA

B

Il

B

Cannot be assessed

40/45
67.85+10.5

14.0+1.6

185.6 + 100.3

41.28 +26.8
40.65+31.8
0.87+0.4
0.23+0.2
416 0.5
0.87+0.2

29
1

3
1
4
5

-

N

2
2
1
1
1

39

28

woolk

12

N
Nrvoo-a

42/45
67.75+10.5

14.03 £ 1.6

180.9-+97.5

38.69 + 25.1
38.6 + 31.0
0.87+04
0.23+0.2
414 +£0.5
0.89+0.2

28

w
N © ™y

14

13/45
70.11 5.5

13.56+21

235.0 %
130.5
32.62 £20.3
2423 +£12.6
0.87 £ 0.6
0.25+0.2
4.08+0.3
0.89+0.3

& ©

OO0 =~ Aol

—~onNng AN N @

o O N
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218

14.0 — 18.0 (M)
12.0 - 16.0 (F)

150 — 350

10-30

10-40
03-12
0.1-03
35-5.0
06-1.2

Well
compensated
disease
Significant
functional
compromise
Decompensated
disease

Early Stage
Intermediate
Stage
Advanced Stage
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3.5 Cell Culture
Two biologically distinct HCC cell lines were used in this study: Japanese

Hospital for Hepatology 6 (JHH6) (JCRB1030) and Human hepatoma 7 (Huh7)
(JCRB0403), both obtained from the Japan Health Science Research Resources Bank
(HSRRB, Tokyo, Japan). These cell lines were selected based on their different
morphological and molecular characteristics. JHH6 cells, derived from a 58-year-old
Asian female patient, exhibit an undifferentiated, mesenchymal-like morphology and
belong to Subtype 1 (S1). They are, characterized by activation of the TGF- and Wnt
signaling pathways [153]. In contrast, Huh7 cells, established from a 57-year-old Asian
male, display an epithelial-like/hepatoblast-like phenotype. Huh7 cells are classified
as Subtype 2 (S2) and are associated with a progenitor-like transcriptional signature
[153].

JHHG6 cells were maintained in Williams’ E medium, while Huh7 cells were
cultured in high-glucose Dulbecco's Modified Eagle Medium (DMEM). Both 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).
Cell cultures were incubated at 37°C in a humidified atmosphere of 95% air with 5%
CO,. Both cell lines were grown in stock monolayer in a Nunc™ cell culture plastic
flask (Thermo Fisher Scientific, Waltham, MA, USA). Cell line identity, morphology,
and passage number were regularly monitored to ensure experimental consistency

and reproducibility.

3.6 Total RNA extraction from solid tissue samples and cell lines
Total RNA was isolated from human tissues using Tri Reagent® (Sigma-—

Aldrich, St. Louis, MO, USA), whereas RNA from cultured cell lines was extracted
using TriFast™ (EMR517100, Euroclone S.p.A, Milan, Italy), following the protocols
provided by each manufacturer. Tissue homogenization was carried out using either a
potter—Elvehjem glass homogenizer or ceramic homogenizing beads (1.4 mm,
651 mg/tube, (Omni International, Kennesaw, GA, USA) processed on the Bead
Ruptor 4 at maximum speed for 60 seconds. Adherent cell lines were collected using
sterile cell scrapers prior to lysis. For all sample types, the standard phenol—chloroform

extraction procedure was followed: Chloroform was added to the lysates, followed by
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isopropanol-mediated RNA precipitation and washing in 75% ethanol. The RNA pellet
was air-dried, resuspended in nuclease-free water, and stored at —80°C until use.

The concentration and purity of total RNA were assessed
spectrophotometrically using a NanoDrop 2000c micro-volume spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). For each measurement, 1uL of RNA
eluate was loaded directly onto the measurement pedestal.

Absorbance values were recorded at 260 nm for nucleic acid quantification, and
at 280 nm and 230 nm for purity assessment. The instrument automatically calculated
RNA concentration (ng/pL) based on the A2s0 reading and the specific RNA extinction
coefficient. Purity was evaluated using the Azeo/A2s0 and Azso/A230 ratios, with
acceptable values ranging between 1.8-2.1 and>1.8, respectively, as indicators of
high-quality RNA free from protein or solvent contamination. All RNA samples meeting

purity criteria were subsequently stored at —80°C until use.

3.7 Reverse transcription and quantitative real-time PCR
Complementary DNA (cDNA) was synthesized from 1ug of total RNA using the

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA,
USA), according to the manufacturer's guidelines. The reaction mixture consisted of
10xRT buffer, 25xdNTP mix (100 mM), 10xRT random primers, reverse transcriptase,
and nuclease-free water. Reverse transcription was performed in a T100 Thermal
Cycler (Bio-Rad, Hercules, CA, USA), using the following thermal profile: 25°C for 25
minutes (primer annealing), 37°C for 120 minutes (cDNA synthesis), and 85°C for 5
minutes (enzyme inactivation). The resulting cDNA was stored at -20°C for
downstream applications.

Quantitative Real-Time PCR (RT-gPCR) was performed to determine gene
expression levels. Each reaction was prepared in a final volume of 25uL, containing
25ng of SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad Laboratories,
Hercules, CA, USA), and 250nM of both forward and reverse primers (100nM for the
18S rRNA reference gene). Reactions were assembled in 96-well PCR plates (HSP-
9601, Bio-Rad Laboratories, Hercules, CA, USA) and run in technical duplicates to
ensure reproducibility.

Amplification was carried out on a CFX Connect™ Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA) using the following cycling
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conditions: an initial denaturation and polymerase activation step at 95°C for 30
seconds, followed by 50 cycles of denaturation at 95°C for 5 seconds and
annealing/extension at 60°C for 20 seconds.

Melting curve analysis was conducted immediately after amplification to verify
the specificity of each primer pair and to exclude primer-dimer formation or non-
specific amplification. Primer efficiencies were validated by generating standard
curves for each target gene. Gene expression levels were quantified using Bio-Rad
CFX Maestro v2.2 software (Bio-Rad Laboratories, Hercules, CA, USA), and cycle
threshold (Ct) values were averaged from the technical duplicates for each sample.
Relative expression values were calculated using the Pfaffl method, a modified AACt
approach that incorporates individual primer efficiencies for more accurate
normalization [154]. For normalization, 18S rRNA was used as the reference gene.
Expression levels were presented as fold-change values relative to a designated
reference sample. (Table 3.4.1) Primer sequences used for qPCR were synthesized
by Metabion (Metabion, Planegg, Germany) and were designed using the software
Beacon Designer 7.91 (PREMIER Biosoft International, Palo alto, CA USA).

Table 4. Primers

Gene Accession Forward Primer Reverse Primer

Number

18S NR_003286.2 CGTCTGCCCTATCAACTTTCG GCCTGCTGCCTTCCTTGG

DLG5 NM_004747.2 TACAGCAGGTACTTCACA TTGTTCTTGATTGACCATTG

3.8 Tissue homogenization and protein extraction
Protein extraction was performed using different homogenization and lysis

protocols based on the sample type. Frozen liver tissues from human HCC were
homogenized in Tissue Homogenization Buffer (0.25M sucrose, 9.8 mM K,HPOQO,,
40.2mM KH,PO,, 1mM EDTA, and 0.1mM dithiothreitol (DTT); pH 7.4) using 1.4mm
ceramic beads in a Bead Ruptor 4 (Omni International, Kennesaw, GA, USA) at full
speed for 1 minute.

For cell lines, adherent cultures were detached using trypsin-EDTA, washed
twice with ice-cold PBS, and lysed directly in 1xCell Lysis Buffer (#9803, Cell Signaling
Technology, Danvers, MA, USA) while kept on ice for 5 minutes. The lysates were
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subjected to brief sonication (1 pulse, 15 seconds at 10W) using a UW3100 sonicator
(Bandelin Electronics, Berlin, Germany). The homogenates were centrifuged at
14,000xg for 10minutes at 4°C, and supernatants were collected for protein
concentration analysis, then stored at —80°C. Protein concentrations were determined
using the Bicinchoninic Acid (BCA) Protein Assay Kit (B9643, Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany). Absorbance was measured at 562 nm using a
PerkinElImer EnSpire® Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).

3.9 Western Blot Analysis
A total of forty-two paired HCC and corresponding adjacent liver tissues were

analyzed to assess DLGS protein expression. Among all processed samples, four
pairs exhibited no detectable DLG5 signal, and three pairs showed expression only in
the distal tissue. The remaining thirty-five pairs demonstrated variable band clarity and
intensity. After applying validation criteria, only twelve tissue pairs were suitable for
analysis. Validation required the presence of clear and specific DLG5 bands in both
distal and nodular tissues, with consistent vinculin loading controls. Exclusion of other
samples was due to weak or ambiguous bands, technical inconsistencies that could
affect analytical reliability. Restricting the analysis to twelve validated pairs ensured
comparability of DLGS expression between paired regions. Vinculin (~118 kDa) was
used as the loading control.

Cellular and tissue lysates containing 50-80ug of protein were mixed with
Laemmli buffer (5%) supplemented with 10% B-mercaptoethanol, then denatured by
heating at 95°C for 5 minutes. Prepared samples were electrophoresed on 8% SDS-
polyacrylamide gels using a two-phase protocol: an initial 30-minute run at 80V for
stacking, followed by 90 minutes at 180V for separation. Proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes using a wet-transfer system
operated at 100V. The transfer was carried out for 3 hours for DLG5 and 1 hour 30
minutes for Vinculin, in a transfer buffer containing 25mM Tris base, 190mM glycine,
and 20% methanol. After transfer, the PVDF membrane was briefly stained with
Ponceau S solution to verify protein transfer, while the gel was stained with Coomassie
Brilliant Blue to confirm complete protein migration.

To block non-specific binding, PVDF membranes were incubated for 1 hour in
either 4% non-fat milk or 4% Bovine Serum Albumin (BSA, Fraction V, PanReac
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AppliChem, Monza, ltaly), prepared in TBS with 0.1% Tween-20 (TBS-T) (Table 5).
Membranes were incubated overnight at 4°C with the respective primary antibodies.
Secondary antibody incubation was performed for 2 hours for DLG5 and 1 hour for
Vinculin at room temperature (Table 5).

Chemiluminescent signal development was performed using the SuperSignal ™
West Pico Plus Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA,
USA) for DLG5, and the Immobilon® Classico HRP substrate (WBLUC, Merck
Millipore, Darmstadt, Germany) for Vinculin. Membranes were incubated with the
substrate for 5 minutes at room temperature. Signals were acquired at high sensitivity
using the LI-COR C-Digit® Chemiluminescent Western Blot Scanner (LI-COR
Biosciences, Lincoln, NE, USA) with a total exposure time of 12 minutes.
Densitometric analysis of protein band intensity was performed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA) following standard procedures.
Band densities were quantified using the Gel Analysis module, and the integrated
density values were normalized to the corresponding Vinculin loading control for each

sample.

37



Table 5. Antibodies used in the study

If[r%t Antibody 1D
(?;ff) WHO0009231M1
(?;?45) ab86783
Vinculin CSB-
»  (~124)  PA13779A0Rb
w
(=] -
o (332(1)) 61-7300
=
< ChnC 51600
(14
<Et Occludin
= 71-1500
o (~59)
o
Na*/K*-
ATPase
(ATP1A1) 207671
(~113)
C{fls'\é)m CAT-5H10

Anti-Mouse 1gG
(HRP) P0260

Anti-Rabbit IgG
(HRP) P0448

SECONDARY
ANTIBODIES

Species
raised in /
Clonality

Mouse /
monoclonal

Rabbit /
polyclonal

Rabbit /
polyclonal

Rabbit /
polyclonal

Rabbit /
polyclonal

Rabbit /
polyclonal

Mouse /
monoclonal

Mouse /
monoclonal

3.10 Immunohistochemical Assay

Source Methods/
Dilution
Sigma-Aldrich, Merck .
KGaA, Darmstadt, WB_/ e
1:500
Germany
Abcam, Cambridge, UK IF: 1:500
CUSABIO, Houston, . .
TX, USA WB: 1:1000;
Invitrogen, Thermo
Fisher Scientific, IF: 1:500
Waltham, MA, USA
Invitrogen, Thermo
Fisher Scientific, IF: 1:500
Waltham, MA, USA
Invitrogen, Thermo
Fisher Scientific, IF: 1:500
Waltham, MA, USA
Abcam, Cambridge, UK IF: 1:500
Invitrogen, Thermo
Fisher Scientific, IF: 1:500
Waltham, MA, USA
Dako, Glostrup, WB: 1:2000;
Denmark IHC: 1:200
Dako, Glostrup, WB: 1:2000;
Denmark IHC: 1:200

Diluent (WB
only)
4% BSA

TBS-
0.1%T-20

4% BSA
TBS-
0.1%T-20

Formalin-fixed, paraffin-embedded liver sections from thirteen individuals were

examined for DLG5 expression and localization. Of these, nine paired samples were

included in the analysis, while four were excluded due to poor slide quality, uneven

coloration, or tissue loss.

For DLG5 immunostaining, tissue sections were first deparaffinized in xylene

and rehydrated through a graded ethanol series. Antigen retrieval was carried out in
10mM Tris base buffer, (pH 9.0) containing 1mM EDTA and 0.05% Tween-20 at 98°C

for 30 minutes. Following retrieval, sections were cooled to room temperature and
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treated with 3% hydrogen peroxide for 10 minutes to quench endogenous peroxidase
activity prior to blocking and antibody incubation. The VECTASTAIN® Universal Quick
HRP Kit (PK-8800, Vector Laboratories, Newark, CA, USA) in combination with the
IMmMPACT® 3,3-diaminobenzidine (DAB) Substrate Kit (SK-4105, Vector
Laboratories) DAB chromogen (SK-4105) was used for chromogenic detection,
following the supplier's instructions. To reduce non-specific binding, slides were
blocked with 5% Normal Horse Serum (included in VECTASTAIN® kit) in in PBS for 1
hour in humid chamber. Then, sections were incubated overnight at 4°C with primary
antibody (Table 5). Detection was performed using the biotin—streptavidin peroxidase
system provided in the VECTASTAIN® kit, sections were incubated in the biotinylated
pan-specific universal secondary antibody for 2 hours at room temperature in a
humidified chamber, followed by incubation with streptavidin—peroxidase complex for
30 minutes. Chromogenic visualization was achieved using the ImmPACT® DAB
substrate for 10 minutes. Sections were then counterstained with hematoxylin,
dehydrated through graded ethanol series, and cleared in xylene before mounting with
EUKITT® Mounting Medium (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany).
Microscopy images were captured using a Leica DM2000 brightfield
microscope equipped with LAS X v3.10.0 Office software (Leica Microsystems GmbH,
Wetzlar, Germany), fitted with an N Plan 40x%/0.65 dry numerical aperture objective
and a Leica DFC490 digital camera. Image acquisition parameters were standardized
across all samples, with an exposure time of 6 ms, gain of 1.8, and saturation level of
50. Additional high-definition images were obtained using D-Sight FLUO Combo
automated slide scanner (A. Menarini Diagnostics, Firenze, ltaly). For quantitative
analysis, 10 fields from both tumoral and adjacent regions were taken from paired 10
samples of 9 HCC-patients. All images used and presented are as acquired and were
subsequently evaluated by a board-certified anatomical pathologist affiliated with

Azienda Sanitaria Universitaria Giuliano Isontina (ASUGI).

3.11 Manual classification of DLG5 Immunostaining patterns
For quantitative analysis, ten representative fields from both 10 paired HCC and

adjacent regions were captured. All images were used for manual counting and
evaluation of DLG5 immunostaining. DLG5 immunohistochemical staining patterns
were evaluated by using a hybrid approach of nuclei detection via QuPath (version
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0.6.0) (University of Edinburgh, Edinburgh, UK) with manual classification of DAB
staining patterns [155]. Microscopy images in Tagged Image File Format (TIF) were
imported in the software, and tissue regions were annotated for subsequent analysis.
The Positive Cell Detection module automatically identified cell nuclei based on
hematoxylin staining and applied an optical density threshold to segment individual
cells, classifying them as DAB-positive or DAB-negative according to their staining
pattern.

The DLGS5 localization patterns were classified by manual visual assessment
based on the distribution of brown chromogen (DAB). Three distinct DAB staining
patterns were defined: Submembranous (Pattern 1): dotted staining localized along
the inner plasma membrane. Cytoplasmic (Pattern 2): Dotted or punctate staining
distributed within the cytoplasm without clear compartmental enrichment.
Cytoplasmic/Perinuclear (Pattern 3): Diffused or dotted signal encircling the nucleus,
forming a ring-like or clustered pattern in the perinuclear region. Unclassifiable
patterns: Indeterminate staining, artifacts, or ambiguous localization. These events
were recorded but excluded from quantitative graphical analyses due to unreliable
designation to a specific subcellular compartment. This classification system was
applied uniformly to both HCC (tumoral) and adjacent (non-tumoral) tissues across the
IHC patient cohort (Figure 12).

Each field was subdivided into a 3%3 grid, yielding nine regions per field (Figure
13). Subcellular compartment counts were summed across all grid regions within each
field, and the resulting field-level values were averaged across the ten fields to

generate a mean value per sample.
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Submembranous Classification

Cytoplasmic|Classification

Perinuclear Classification

Figure 12. Representative DLG5 localization patterns used for manual visual classification.
Representative images showing the three major DLG5 staining patterns identified through manual
visual assessment: submembranous, cytoplasmic, and perinuclear classifications. These reference
categories were used as visual standards for manual counting.
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Figure 13. Representative IHC image illustrating the 3x3 grid subdivision approach. Each
representative images (field) were partitioned into nine equal grid regions, to facilitate manual
quantification of DLG5 subcellular localization patterns. Grid-level counts were integrated at the field
level, and field-level measurements were combined across ten independent fields to derive mean
values per sample.
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3.12 Mean intensity and binary measurement of DLGS5 in ImageJ
To minimize observer bias in the assessment of DLG5 expression, staining

intensity was objectively quantified using Imaged software (NIH, Bethesda, MD, USA)
[156]. High-resolution brightfield images, similarly, obtained from IHC analysis, were
used for quantitative assessment. A total of 10 representative fields were selected from
3 paired tumoral and adjacent tissue samples. Both channels were then converted into
8-bit grayscale format to ensure consistent processing. The grayscale DAB image
underwent a thresholding process to distinguish positively stained regions from the
background, resulting in a binary mask where DAB-positive areas were represented
by white pixels (value = 255) and unstained regions by black pixels (value = 0).

To improve quantification accuracy, the binary mask was multiplied by the
original grayscale DAB image using the Image Calculator function. This generated a
masked grayscale image that retained intensity values only within DAB-positive
regions while removing background noise. Quantitative parameters were extracted
from this image using the Analyze Particles and Measure tools, including Integrated
Density (sum of pixel intensities within the positive area), Mean Gray Value (average
pixel intensity), and Area (total count of positive pixels). To standardize DLG5
expression levels across samples, a DAB Intensity from binary measurement was

computed using the following formula:

Integrated intensity

DAB Intensity from binary = Positive Area (in pixels)

3.13 Mean intensity and binary measurement of DLG5 subcellular localization
in CellProfiler

Two independent image analysis pipeline were developed in CellProfiler
(version 4.2.8) (Broad Institute of Massachusetts Institute of Technology and Harvard,
Cambridge, MA, USA) to objectively quantify DLG5 expression across defined
subcellular compartments [157]. The first pipeline was designed to quantify the mean
DLG5 intensity and to classify submembranous, cytoplasmic, and perinuclear
compartments into low, medium, and high intensity categories. The second pipeline
quantified binary values, from which localization indices were calculated to assess

DLGS5 redistribution across cellular compartments.
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In both workflows, brightfield IHC images were subjected to color
deconvolution to isolate DAB (DLG5) and hematoxylin (nuclear) channels, followed by
automated object segmentation into nuclei, cytoplasm, perinuclear zones and
membrane. Masks for submembranous, cytoplasmic, and perinuclear compartments
were defined algorithmically in defined in CellProfiler, allowing for minimal boundary
overlap between adjacent regions. For standardized comparison of DLG5 staining
strength, DAB intensity values were categorized into low (0.00-0.55), medium (0.56—
0.79), and high (0.80—1.00) categories (Table 6). Mean intensity and integrated DAB
measurements were extracted for each compartment, and mathematical ratios were
computed to generate localization indices. Each pipeline run required approximately
five minutes per field, depending on image resolution and segmentation complexity.
Measurements of nuclei were performed per field, ensuring consistent sampling
across tissue regions. Final outputs from both pipelines were manually verified by
visual inspection to ensure accurate segmentation and measurement consistency. The
detailed CellProfiler pipelines, modules, and outputs are provided in Appendix A (Mean

Intensity Pipeline) and Appendix B (Binary Analysis Pipeline).

Table 6. Classification of DLG5 in DAB staining intensity across subcellular
compartments

Intensity Category 'Cut-off Value Interpretation
DAB background to weak DLGS5 staining,

Low 0.0-0.55 - . . .
corresponding to minimal or diffused signal
Intermediate to strong DLGS staining,
Medium 0.56 - 0.79 corresponding to moderate signal
abundance
High 0.80—10 Very strong DLG5 staining, corresponding

to pronounced accumulation of signal
NOTE:
1 Cut-off values were determined based on visual comparison of staining intensities across representative images and were applied
uniformly across all samples and subcellular compartments. Normalized intensity values ranging from 0 to 1 were generated by the
CellProfiler algorithm, which rescales raw DAB intensity measurements to a standardized unitless range for comparative analysis.

3.14 Immunofluorescence Assay

JHHG6 and Huh7 cells were seeded at densities of 25,000 cells/cm? and 55,000
cells/cm?, respectively, on sterile square glass coverslips placed in 6-well Nunc™
culture plates (Thermo Fisher Scientific, Waltham, MA, USA) and allowed to reach

100% confluence prior to fixation. The cells were fixed with 3% paraformaldehyde
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(PFA) in PBS for 30 minutes at room temperature, followed by permeabilization with
0.1% Triton X-100 (v/v in PBS) for 5 minutes. To reduce nonspecific binding, cells were
then incubated for 1 hour in a blocking solution containing 1% BSA and 5% normal
goat serum (NGS; G9023, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
prepared in PBS.

Primary antibody incubation was carried out in a humidified chamber overnight
at 4 °C (Table 5). After incubation, the coverslips were transferred back to their wells
and incubated with the secondary antibody for 1 hour at room temperature in the dark.
A negative control was prepared in parallel using the same procedure without primary
antibody to evaluate background fluorescence. Following secondary antibody
incubation, the cells were counterstained with Hoechst 33258 (1:5000 in PBS) for 10
minutes at room temperature, protected from light (Table 7). The coverslips were
rinsed with PBS and distilled water, then air-dried, mounted and sealed with nail polish.

Fluorescence microscopy images were captured using a manual Leica
DM2000 microscope equipped with LAS X v3.10.0 Office software (Leica
Microsystems GmbH, Wetzlar, Germany), fitted with an N Plan 40x%/0.65 dry numerical
aperture objective and a Leica DFC490 digital camera. Image acquisition parameters
were manually optimized and standardized across all samples. The 4',6-diamidino-2-
phenylindole (DAPI) filter was set to an exposure of 50 ms, gain of 7.1, and saturation
level of 23; the Fluorescein Isothiocyanate (FITC) filter was set to an exposure of
747.77 ms, gain of 7.1, and saturation level of 23; and the Tetramethylrhodamine
Isothiocyanate (TRITC) filter was set to an exposure of 899.93 ms, gain of 7.1, and
saturation level of 23. Immunofluorescence images were used for qualitative analysis
only. Brightness and contrast were adjusted uniformly across all channels and

merged.
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Table 7. Fluorescent Conjugates used in the study

Conjugate ID Species Fluorophore Excitation Emission Dilution
(nm) (nm)

"Hoechst 33258 - - 350 461 1:5000
2Anti-Mouse A21202 Donkey Alexa Fluor 495 519 1:1000
IgG 488

2Anti-Rabbit A11008 Goat Alexa Fluor 495 519 1:1000
IgG 488

2Anti-Mouse A10036 Donkey Alexa Fluor 590 617 1:1000
IgG 546

2Anti-Rabbit A10040 Donkey Alexa Fluor 590 617 1:1000
IgG 546

NOTE:

1 Merck KGaA, Darmstadt, Germany
2 Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA

3.15 DLGS Gene Silencing
To downregulate DLG5 gene expression, small interfering RNA (siRNA)-—

mediated gene-silencing experiments were performed. A pre-designed siRNA specific
to DLG5 (Silencer® Pre-designed siRNA, ID: s17650, Cat. No. 4392420; Ambion™,
Thermo Fisher Scientific, Waltham, MA, USA) was used. A non-targeting control
siRNA (Silencer® Select Negative Control No.2 siRNA, AM4613; Invitrogen™, Thermo
Fisher Scientific, Waltham, MA, USA) served as the negative control. All siRNA
oligonucleotides were reconstituted in nuclease-free water and applied at a final
concentration of 5nM for siDLG5 transfection.

Transfections were performed using siLentFect™ Lipid Reagent (170-3362,
Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s
instructions, at a final dilution of 0.1% in culture medium. JHH6 and Huh7 cells were
seeded at a density of 6,000 cells/cm? in 6-well Nunc™ culture plates (Thermo Fisher
Scientific, Waltham, MA, USA) for treatment experiments, and at 4,000 cells/cm? for
untreated control conditions. After 24 hours, the medium was replaced with freshly
prepared antibiotic-free medium, and cells were pre-incubated for 1 hour. Transfection
complexes were prepared by incubating the respective siRNA with siLentFect in
serum- and antibiotic-free medium for 30 minutes at room temperature. The
complexes were then added dropwise to the culture wells. After 24-hour incubation
period, the medium was replaced with fresh complete culture medium. The impact of

gene knockdown was assessed at 48 hours post-transfection.
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3.16 Statistical Analysis
All statistical analyses and graph generation were performed using GraphPad

Prism software, version 8.0 (GraphPad Software, San Diego, CA, USA). Statistical
significance was defined as P<0.05, with significance levels denoted as *P<0.05,
**P<0.01, and ***P<0.001.

Descriptive statistics were used to summarize clinical and experimental data
and are reported as mean + standard deviation (SD) for normally distributed variables,
or as median with interquartile range (IQR) for non-normally distributed variables.
Where appropriate, data are additionally presented as mean with 95% confidence
intervals (CI). Graphical representations display values as mean = SD, unless
otherwise stated.

Data normality was assessed using the Shapiro-Wilk test. As several
parameters deviated from a normal distribution, non-parametric statistical tests were
applied. Paired comparisons between HCC and adjacent tissues were analyzed using
the Wilcoxon signed-rank test. For comparisons involving more than two groups, the
Kruskal-Wallis test was employed, followed by appropriate post hoc analyses when

required.
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CHAPTER 4. RESULTS

4.1 Identification of DLG5-associated protein networks in HCC
This section aimed to identify DLG5-associated protein interactors in HCC

using in silico network analysis. Table 8 lists DLG5 interactors, while Table 9 presents
the essential STRING confidence values supporting DLG5 protein network, Figure 14
strong associations with polarity proteins such as SCRIB, LLGL1, and CTNNB1.
Enrichment maps showed overrepresented categories related to cell polarity,
cytoskeletal organization, and Wnt/B-catenin signaling (Figure 15).

Figure 16 shows the Genevestigator transcriptomic profile of DLG5 and its
interactors in HCC and adjacent tissues to validate the STRING network at the
expression level. The analysis revealed an upregulation of DLGS and several polarity-
associated genes, including CTNNB1 and SCRIB, in HCC samples. The complete
heatmap output is provided in Appendix C.

Table 10 derived from OncoDB, was performed to validate the transcriptional
relationships among DLGS5 and its interactors using TCGA-LIHC data. This correlation
analysis confirmed moderate to strong positive associations, particularly with
CTNNB1, SCRIB, and LLGL1. Table 11 and Figure 17 from ENCORI were employed
to examine co-expression patterns based on independent experimental datasets, all
consistently indicate that DLG5 is functionally linked with polarity and signaling

regulators in HCC.
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Table 8. DLG5 and its protein interactors

Name UniProt ID Full Protein Name Node Color
DLG5 Q8TDM6 Discs large homolog 5 ® Red
CTNNB1 P35222 Catenin beta-1 @ Emerald
SCRIB Q14160 Protein scribble homolog Yellow
Lethal(2) giant larvae protein
LLGL1 Q15334 9 P Q) Brown
homolog 1
Sorbin and SH3 domain-containing
SORBS3 060504 . Light Green
protein 1
TPM1 P09493 Tropomyosin alpha-1 chain Mint Green
PGLYRP1 Q96PD5 Peptidoglycan recognition protein 1 Aqua Blue
SLC22A4 Q9HO015 Solute carrier family 22 member 4 ) Sky Blue
GSK3B P49841 Glycogen synthase kinase 3 beta &) Navy Blue
CDK1 P06493 Cyclin-dependent kinase 1 Violet
ESR1 P03372 Estrogen receptor alpha Old Rose
ESR2 Q92731 Estrogen receptor beta %) Tan
Transforming growth factor-beta
TGFBR1 P36897 Light Brown
receptor type-1
Kirsten Rat Sarcoma Viral
KRAS P01116 Gold
Oncogene Homolog
NR3C1 P04150 Glucocorticoid receptor Yellow Green
RHOB P62745 Rho-related GTP-binding protein @ Apple Green
FZRA1 Q9UM11 Fizzy-related protein homolog 1 Jade Green

Each node represents a protein and node colors are automatically assigned by STRING for visualization purposes;
it does not correspond to expression levels. The red node indicates the query protein DLG5; while light blue, yellow
green, emerald, light brown, tan, orange, apple green nodes represent direct interactors (first shell). other colors
represent second to third shell.
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Figure 14. Protein-protein interaction network of DLG5 and its associated
interactors. The network illustrates DLG5 (red arrow) and its 16 identified interactors
from a combination of experimentally validated, database-curated, and data-mining
evidence. These mixed-evidence connections show that DLGS5 is linked to polarity-
related scaffolds (SCRIB, LLGL1), cytoskeletal components (SORBS3, TPM1), and
signaling regulators (CTNNB1, GSK3B, KRAS, TGFBR1, ESR1/2). Notably, DLGS is
directly linked to CTNNB1 and to the core polarity scaffolds SCRIB and LLGLA1,
placing DLG5 within a network associated with junctional organization and epithelial
polarity. The colored edges represent the type of supporting interaction evidence:
curated databases (light blue), experimental data (pink), predicted associations
based on gene neighborhood (green), gene fusion (red), and gene co-occurrence
(dark blue) analyses. Additional evidence is provided by text mining (yellow), co-
expression (black), and protein homology (lavender). Image adapted from STRING
database [9].
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Table 9. Function and confidence levels of DLG5 protein interactors from STRING

analysis
Node 1 Node 2 Description of Interactor (Node 2) Combined Confidence
(Interactor) Score Level

DLGS CTNNB1 Catenin beta-1; key downstream 0.746 High
component of Wnt signaling and cell
adhesion.

DLG5 LLGL1 Lethal(2) giant larvae protein homolog 0.841 Very High
1; involved in cell polarity and
asymmetric cell division.

DLGS SCRIB Protein scribble homolog; scaffold 0.907 Very High
protein in basolateral polarity
complex.

DLG5 PGLYRP1 Peptidoglycan recognition protein 1; 0.656 Moderate
pattern recognition receptor involved
in innate immunity.

DLG5 SLC22A4 Solute carrier family 22 member 4; 0.656 Moderate
sodium-dependent organic cation
transporter.

DLG5 SORBS3 Vinexin alpha; adaptor protein 0.934 Very High

promoting actin cytoskeleton
organization.

DLG5 TPM1 Tropomyosin alpha-1 chain; binds 0.472 Low
actin filaments and regulates
cytoskeletal stability.
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Figure 15. Functional Enrichment Analysis of DLG5 protein interactors by
STRING. The network-derived protein set was analyzed for overrepresented
categories. (A—C) Gene Ontology (GO) enrichment revealed terms under Biological
Process, Cellular Component, and Molecular Function, highlighting DLG5 involvement
in cell junction organization, cytoskeletal regulation, and B-catenin/Wnt signaling. (D)
KEGG pathway enrichment demonstrated associations with hepatocellular carcinoma,
Hippo, and PI3K-Akt signaling pathways. (E) Subcellular localization mapping
indicated enrichment within intracellular and junctional compartments, consistent with
DLGS’s scaffold function. (F) Reactome pathway analysis further confirmed

enrichment in signaling by Wnt and transcriptional regulation. STRING operates using
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protein identifiers (UniProt accessions), however the software conventionally labels
enriched term frequency as “gene count”, referring to the number of proteins annotated
to each category. Circle size corresponds to the number of enriched terms, and the

color gradient represents the adjusted significance level (FDR). Image by [9].
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Figure 16. Transcriptomic Expression Profile of DLG5 and its interactor genes
in HCC vs adjacent tissues. The heatmap displays the relative transcript levels of
each gene across multiple HCC and adjacent samples, with darker red shading
indicating higher expression. Overall, DLG5 showed upregulation in HCC compared
with adjacent portion, accompanied by parallel upregulation in SCRIB, and CTNNB1.
Other interactors such as KRAS, GSK3B, and ESR1/2 exhibited variable but generally
higher expression in tumor tissues. Adjacent liver samples displayed uniformly lower

and more homogeneous expression levels across all genes. Image by [158].
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Table 10. Correlation Analysis of DLG5 and Associated Genes in TCGA-LIHC

Dataset Retrieved from OncoDB

Gene A LIHC LIHC Sample Gene B LIHC Sample LIHC Sample P-Value

(NCBI) Sample Avg Median (NCBI) Avg Median
DLG5 (9231) 5.19 3.12 CTNNB1 (1499) 149.43 133.71 0.6754 3.84e-50
DLG5 (9231) 5.19 3.12 GSK3B (9232) 11.62 10.93 0.6059 1.50e-38
DLG5 (9231) 5.19 3.12 LLGL1 (3996) 6.44 4.83 0.5992 1.56e-37
DLG5 (9231) 5.19 3.12 KRAS (3845) 9.85 8.13 0.5618 3.05e-32
DLG5 (9231) 5.19 3.12 SCRIB (23513) 40.36 33.56 0.4682 1.29e-21
DLG5 (9231) 5.19 3.12 NR3C1 (2908) 21.03 19.56 0.4555 2.10e-20
DLG5 (9231) 5.19 3.12 TGFRBR1 (7046) 11.15 8.71 0.4146 7.62e-17
DLG5 (9231) 5.19 3.12 CDK1 (983) 21.28 13.39 0.4133 9.76e-17
DLG5 (9231) 5.19 3.12 SLC22A4 (6583) 1.98 0.75 0.3509 3.45e-12
DLG5 (9231) 5.19 3.12 FZR1 (51343) 25.88 23.42 0.3039 2.29e-09
DLG5 (9231) 5.19 3.12 TPM1 (7168) 127.02 91.45 0.2979 4.83e-09
DLG5 (9231) 5.19 3.12 ESR2 (2100) 0.22 0.15 0.2102  4.50e-05
DLG5 (9231) 5.19 3.12 RHOB (388) 451.09 346.14 0.1565 2.50e-03
DLG5 (9231) 5.19 3.12 PGLYRP1 (8993) 0.13 0.08 0.126 1.52e-02
DLG5 (9231) 5.19 3.12 SORBS (10174) 53.92 46.98 0.0989 5.71e-02
DLG5 (9231) 5.19 3.12 ESR1 (2099) 2.83 1.01 0.0237 6.50e-01

Bold characters: moderate to strong positive correlation in DLG5 and its interactors
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Table 11. ENCORI-Based Correlation Matrix of DLG5 and its interactors

Gene / Ensembl ID r (Pearson) p-value Correlation
CTNNB1 / ENSG00000168036 0.667 1.84x1074° Strongly Positive
SCRIB / ENSG00000180900 0.418 3.18x107"7 Moderately Positive
LLGL1 / ENSG00000131899 0.593 7.59%x107%" Moderately Positive
GSK3B / ENSG00000082701 0.583 2.27e-35 Moderately Positive
ESR1/ENSG00000091831 0.030 5.62x107" None

TPM1 / ENSG00000140416 0.195 1.52x107 Weak

SORBS3 / ENSG00000120896 0.034 5.15x107* None

PGLYRP1 / ENSG00000008438 0.098 5.74x1072 Very Weak
SLC22A4 / ENSG00000197208 0.391 4.18x107" Weak

CDK1 / ENSG00000170312 0.366 2.75x107"3 Weak

ESR2 / ENSG00000140009 0.186 2.88x10™ Weak

TGFBR1 / ENSG00000106799 0.371 1.28x107"3 Weak

KRAS / ENSG00000133703 0.532 1.12x10728 Moderately Positive
NR3C1 / ENSG00000113580 0.399 9.74x107"¢ Weak

RHOB / ENSG00000143878 0.079 1.26x107" Weak

FZR1 / ENSG00000105325 0.171 8.88x107* Weak

Note: Correlation coefficients (r) and p-values were derived from ENCORI transcriptomic co-expression
analysis using patient-derived primary HCC (TCGA-LIHC) RNA-seq datasets. The results show a strong
positive correlation between DLG5 and CTNNB1 (r=0.667, p=1.84 x 107*°), and moderate positive
correlations with LLGL1, GSK3B, SCRIB, and KRAS
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Figure 17. Correlation of DLG5 with Selected Interactor Genes in HCC (ENCORI
Dataset). Scatter plots show transcript-level correlations between DLG5 and selected
interactors: (A) CTNNB1, (B) SCRIB, (C) LLGL1, and (D) ESR1. Each dot represents
a single tumor sample, and red lines denote linear regression fits. DLG5 expression
showed strong positive correlation with  CTNNB1 (r=0.667, p=1.84x107%°) and
moderate correlations with SCRIB (r=0.418, p=3.18x10""") and LLGL1 (r=0.593,
p=7.59%107%7), whereas no significant association was observed with ESR1 (r=0.030,
p=0.562%).
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4.2 DLG5 Expression at gene and protein levels
The mean mRNA expression level of DLG5 was significantly higher in HCC

(mean =0.7519, 95% CI 0.38-1.12) compared with adjacent tissue 0.0546, 95% ClI
0.03-0.08 Figure 18A.

In Figure 18B The Log, fold change distribution ranged from —3.14 to 9.38, with
a mean = 3.776 (95% CI: 3.03—4.53). Most samples demonstrated positive Log,FC
values.

The DLG5 protein expression level was 2.044, 95% CIl 0.42-3.66 in HCC and
1.698, 95% CI 0.82-2.57 in adjacent tissue. Expression values ranged from 0.60 to
8.26 in HCC and 0.02 to 3.85 in adjacent tissue Figure 18C-D.

Figure 18E reflecting a heterogenous trend of DLG5 protein abundance in

tumor samples compared with adjacent controls.

59



DLG5 mRNA expression

_— c
c * kK o
7 o 107
@ o
5 o4 L x
o~ <
@ Z 54 _
< =l.. (14 B .
Z 14 - £ R
£ $ L ullll
£ £ 0
r [}
© 2 2
£ 2 J_ o
e ©
@ S 5
A ST a3 B sami
HCC Adjacent - amples

ssscsscssssssnei DLG5 proteln expreSS|On sscssccsssccssse

outliers removed

10+ -
2 >
o =
c 84 T 2 44
5] @
£ . )= 1.
E 6- E 3_
c c "
k=) (o))
w4 T B 24 u
() @ i
= = u
: Y R [
) @
b bt =
C: 0- E) 0 T T
HCC Adj HCC Adj
DLG5 - D —-— - L.

R p——

E Tl A1 T2 A2 T3 A3 T4 A4

Figure 18. DLG5 expression at mRNA and protein levels in HCC. These results
demonstrate a significant increased DLG5 mRNA expression but reduced DLG5
protein abundance in HCC compared with adjacent liver tissue. (A) Box plot showing
relative DLG5 mRNA expression levels (logio scale), indicating significantly higher

transcript DLG5 abundance in HCC. (B) Log, fold-change distribution across paired
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samples showing predominant upregulation of DLG5 in HCC. (C) Quantitative analysis
of DLGS protein expression from densitometric measurements of validated 12 paired
tissue samples, showing reduced protein intensity in HCC relative to adjacent liver. (D)
Same as (C), excluding statistical outliers for clearer visualization of central tendency.
(E) Representative Western blot showing DLG5 protein bands (~214 kDa) and vinculin
(~118 kDa) as the loading control in four paired samples (T=tumoral (HCC);
A=adjacent). For DLG5 expression analyses, forty paired HCC and adjacent tissue
samples were used for mRNA evaluation (n = 40), while twelve paired samples were
analyzed for protein expression (n = 12). Data and error bars represent meanSD.
Corresponding mean values and 95% CIl are reported in the text. Statistical
significance was assessed using the paired Wilcoxon signed-rank test, with
significance denoted by: ***P<0.001.

61



4.3 Localization of DLGS5 in hepatocellular carcinoma
DLG5 localization and staining intensity were quantitatively assessed in

adjacent and HCC tissues using Imaged and CellProfiler. Both analyses revealed
significantly higher DLG5 abundance in adjacent liver compared with tumoral areas
(Figure 19A—C), as demonstrated in paired tissues (Figure 19D-E). In Figures 20-22
(A—F), both manual classification counts and counts of mean intensity in high, medium,
low revealed distinct distribution patterns across perinuclear, cytoplasmic, and
submembranous compartments of paired HCC tissues. Localization indices derived
from counts of cell compartment’s binary measurement and manual classification
count are in appendix G and H, respectively.

Morphological evaluation (Figures 23) illustrated intact basolateral and apical
domains in adjacent hepatocytes, and syncytial and disorganized architecture was
observed in HCC tissues (Figures 24). Corresponding hematoxylin and DLG5 IHC
counterparts for representative fields are provided in Appendix D Adjacent tissues,
Appendix E HCC tissues and Appendix F illustrate representative features of steatosis.

To further verify the polarity-associated role of DLGS5, immunofluorescence
staining was performed in two HCC-derived cell lines, Huh7 and JHH6 (Figures 25-
26). Both models demonstrated co-localization of DLG5 with CTNNB1 at the cell
borders, particularly in Huh7 cells (Figure 27). Enlarged merge images of DLG5,
Occludin, ZO-1 and colocalized DLG5 and CTNNB1 are in appendix I-L.
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Figure 19. DLGS5 staining on HCC and adjacent tissues. (A) Mean intensity of DLG5
IHC staining quantified in ImagedJ. Analysis was performed without image inversion,
where lower mean intensity corresponds to darker DAB staining or stronger signal.
The mean intensity was 108.6, 95% CI1 102.1-119.3 in HCC and 70.12, 95% CI 56.29-
80.95 in adjacent liver tissue. (B) Binary measurement of DAB intensity ratio of DLG5
staining acquired from ImagedJ quantification. This data represents the integrated
density of DAB-positive regions normalized to positive area. Measurement revealed
significant stronger DLG5 abundance in adjacent regions. The mean 161,537, 95% CI
83,471-277,236 in HCC and 3,811,314, 95% CIl 510,496-5,650,522 in adjacent
tissue. (C) Mean intensity of DLG5 staining quantified using CellProfiler automated
image analysis. The DAB channel was extracted using the UnmixColors module,
which inverts the DAB signal for measurement. DLG5 mean intensity demonstrated
significantly higher DLGS5 signal in adjacent liver compared with HCC. The mean was
0.4902, 95% CI 0.4386-0.5273 in HCC and 0.6178, 95% CIl 0.5606-0.6836 in
adjacent tissue. (D-E) Representative immunohistochemical images of DLG5
expression in paired HCC and adjacent liver tissues. For both ImagedJ and CellProfiler
analyses, ten paired HCC and adjacent tissue samples were analyzed (n = 10 pairs).
Ten representative images were derived from these paired samples and used for
quantitative analysis. Data and error bars represent meantSD. Corresponding mean
values and 95% Cl are reported in the text. Statistical significance was assessed using
the paired Wilcoxon signed-rank test, with significance denoted by: **P<0.01. Scale

bar: 25um (panels D-E).
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Figure 20. DLG5 abundance count in perinuclear of HCC and adjacent tissues.
(A) Manual quantification of perinuclear DLG5-positive cells, showing significantly
higher counts in HCC compared with adjacent tissue. The mean count was 94.21, 95%
Cl 68.45-120.0 in HCC and 37.55, 95% CI 27.91-47.19 in adjacent tissue. (B-C)
Representative images of perinuclear DLGS localization in HCC (B) and adjacent liver
(C), illustrating DLG5 accumulation approximately in perinuclear region. Not to scale.
(D-F) High, medium, low mean intensity classified perinuclear object counts from
CellProfiler. (D) The perinuclear count of high mean intensity is significantly higher in
adjacent (32.08, 95% CI 10.61-53.55) compared to HCC (0.12, 95% CI 0.05-0.29).
For both manual counting and CellProfiler analyses, ten paired HCC and adjacent
tissue samples were analyzed (n = 10 pairs). Ten representative images were derived
from these paired samples and used for quantitative analysis. Data and error bars
represent mean+SD. Corresponding mean values and 95% CI are reported in the text.
Statistical significance was assessed using the paired Wilcoxon signed-rank test, with
significance denoted by: *P<0.05, and **P<0.01.
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Figure 21. DLG5 abundance count in cytoplasm of HCC and adjacent tissues.
(A) Manual quantification of cytoplasmic DLGS5-positive cells per field showing
significant difference between HCC (66.12, 95% CI 35.20-97.04) and adjacent tissue
(56.67, 95% CI 50.43-62.91). (B—C) Representative images of cytoplasmic DLGS
staining in HCC (B) and adjacent region (C), illustrating dotted to unclear cytoplasmic
localization of DLG5 (not to scale). (D-F) High, medium, low mean intensity classified
cytoplasmic object counts from CellProfiler. (D) The cytoplasmic count of high mean
intensity is significantly higher in adjacent (29.92, 95% CI 8.58-51.26) compared to
HCC (0.06, 95% CI 0.03-0.16). For both manual counting and CellProfiler analyses,
ten paired HCC and adjacent tissue samples were analyzed (n = 10 pairs). Ten
representative images were derived from these paired samples and used for
quantitative analysis. Data and error bars represent meant+SD. Corresponding mean
values and 95% Cl are reported in the text. Statistical significance was assessed using

the paired Wilcoxon signed-rank test, with significance denoted by: *P<0.05, **P<0.01.

68



P 9000 00000000000000000000000000000000000000000

1

T »

Adj

ececccceccccece

Low

%

HCC

o o o o
o o o
(<] < N

jJunos ¢9Hg shoueiquidwWqng
o|dwes Jad ueapy

600

L.

Submembranous
Submembranous

Adj

Medium
*%
5 0 0 0 0000000000000 00000000000000000000000000000000000000000000000000000000000000000CCOIGCNIOGIOIOIOIEOSTEOIGOIORIOIEOSIOIEOSIEOIGOTOIOIGOGITOITOTTGSTSY

Submembranous Count per DLG5 Mean Intensity

c —
o hr- 2
= = — -Q
© o I
-w P I 1 1 1 1 1
= 3 B R 8 & 8 R °
s C < ™ (] N -
o < juno) ¢9H1a shoueiquiswiqnsg
nld m A.IM. ajdwes Jad ueap LLJ
&
=
w O &
39 3
— A
C T ®
m = T Q
o S I 1 1 i 2
(© o =} =) =} s
£ ° - - m I & o
m ~  JUno) ¢9H1J shoueiquawgns : 3 s &
: juno) g9Hg shoueiquidawgng
o o|dwes Jad uesp : sidures Jad neaw
qu < : 0

69



Figure 22. DLG5 abundance count in submembranous of HCC and adjacent
tissues. (A) Manual quantification of submembranous DLG5-positive cells per field,
showing a significantly higher count in adjacent liver compared with HCC. The mean
was 17.51, 95% Cl of 9.32-25.70 in adjacent liver and 0.92, 95% CI 0.75-2.59 in HCC.
(B—C) Representative images of DLGS5 staining in the submembranous region of HCC
(B) and adjacent region (C) (not to scale). (D—F) High, medium, low mean intensity
classified submembranous object counts from CellProfiler. (D) The submembranous
count of high mean intensity is significantly higher in adjacent (22.29, 95% CI 4.48-
40.10) compared to HCC (0.01, 95% CI 0.01-0.03). For both manual counting and
CellProfiler analyses, ten paired HCC and adjacent tissue samples were analyzed (n
= 10 pairs). Ten representative images were derived from these paired samples and
used for quantitative analysis. Data and error bars represent meantSD.
Corresponding mean values and 95% CIl are reported in the text. Statistical
significance was assessed using the paired Wilcoxon signed-rank test, with

significance denoted by: **P<0.01.
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Figure 23. DLGS5 staining in adjacent region. (a) Immunohistochemical staining of
DLGS5 in adjacent liver tissue showing strong submembranous and cytoplasmic
distribution outlining the hepatocyte cords. The bile canalicular architecture remains
well preserved, consistent with maintained hepatocyte polarity. (a') Magnified region
from panel (a') highlighting subcellular features. DLG5 is enriched along the
basolateral domain (green arrow), with uniform pericellular staining between
neighboring hepatocytes. The white arrow indicates bile canaliculi, while the yellow

arrowhead denotes tight junction. Scale bar: 25um (panels a-a’).
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Figure 24. DLGS5 staining in HCC region. (a) Immunohistochemical staining of DLGS
in HCC showing weak and diffuse cytoplasmic signal with diminished membranous
definition compared to adjacent tissue. Tumor areas display a syncytial pattern of
hepatocytes with indistinct cell borders and disrupted trabecular organization. (a’)
Higher magnification of the boxed region showing perinuclear DLGS accumulation

(white arrow) within tumor cells. Scale bars: 100um, (panels a-a’).
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Figure 25. Inmunofluorescence staining of DLG5 and polarity proteins in Huh7
cells. (a—a") Negative control (—ve Ctrl). (b—b") DLG5 demonstrates punctate staining
overlapping the nucleus region. (c—c") CTNNB1 exhibits scattered cytoplasmic
fluorescence with minimal membrane staining. (d—d") Claudin-2 displays distinct
junctional staining (white arrow). (e—e") Occludin shows peripheral punctate
distribution (pink arrow) consistent with junctional membrane presence. (f—") Na*/K*-
ATPase (blue arrow) localizes along the membrane. (g—g") ZO-1 staining is weak.
Nuclei were counterstained with Bisbenzimide H33258 (blue). Scale bars: 25um
applies to all panels. Experiment was done in two biological repeats from different

days.
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Figure 26. Inmunofluorescence staining of DLG5 and polarity proteins in JHH6
cells. (a—a") Negative control (—ve Ctrl). (b—b") DLGS shows punctate staining
overlapping the nucleus area (yellow double arrowheads). (c—c") CTNNB1 exhibits
(blue arrow) dotted membrane staining (d—d") Claudin-2 displays sparse punctate
expression (white arrow), indicating reduced tight junction formation. (e—e") Occludin
presents diffuse cytoplasmic signal (pink arrow) (f—f") Na*/K*-ATPase staining is
absent (g—g") ZO-1 shows fragmented and discontinuous signal outlining scattered
cells. Scale bars: 25 um applies to all panels. Experiment was done in two biological

repeats from different days.
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Figure 27. Colocalization of DLG5 and CTNNB1 in Huh7 and JHHG6 cells. (a—a")
In Huh7 cells, DLG5 (green) and CTNNB1 (red) display partial cytoplasmic overlap
(magenta arrow), indicating weak signal of colocalization. (b—b"™) JHH6 cells show
pronounced colocalization of DLG5 and CTNNB1 (white arrow). Nuclei were
counterstained with Bisbenzimide H33258 (blue). Scale bars: 25um applies to all

panels. Experiment was done in two biological repeats from different days.
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4.4 Silencing of DLGS5 gene

DLGS knockdown efficiency was assessed 48 hours after transfection with 5SnM DLG5-
specific siRNAin two hepatocellular carcinoma cell lines, Huh7 and JHH6. Quantitative
RT-PCR analysis revealed a marked reduction in DLG5 mRNA levels in siDLG5-
treated cells compared with both untreated (U) and scrambled siRNA control (siCtrl)
conditions (Figure 28). In both cell lines, DLGS transcript levels were reduced by
approximately 80-90% following siDLG5 transfection. Consistent with the mRNA data,
DLGS5 protein levels were also decreased in siDLG5-treated JHHG6 cells at 96 hours
post-transfection, confirming silencing at the protein level (Figure 29). Differences
among groups were assessed using the Kruskal-Wallis test followed by Dunn’s

multiple comparisons test.
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Figure 28. Validation of DLGS5 silencing in Huh7 and JHH6 cells post-48H
transfection. (A-B) Relative DLG5 mRNA expression levels in Huh7 cells following
siRNA transfection. (C—-D) Relative DLG5 mRNA expression levels in JHH6 cells under
identical transfection conditions. U and siCtrl groups were compared with DLG5-
specific siRNA (siDLG5) treatment. Quantitative RT-PCR analysis demonstrated
downregulation of DLGS expression in both Huh7 and JHHG following siRNA treatment
compared with control groups. Data represent meantSD of three independent
biological experiments performed in different days. Statistical significance denoted by:
*P<0.05.
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Figure 29. Validation of DLG5 protein silencing in JHH6 cells post-96H
transfection. Relative DLG5 protein levels were quantified following transfection with
DLG5-specific siRNA and compared with untreated and scrambled siRNA control
conditions. Data are shown normalized to siCtrl (A) or to untreated cells (B). Data
represent mean * SD from three independent biological replicates performed in

different days. Statistical significance denoted by: *P<0.05.
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CHAPTER 5. DISCUSSION

DLGS mRNA expression levels were significantly higher in HCC than in
adjacent tissue, whereas protein expression levels showed an opposite, non-
significant trend. IHC analysis further revealed stronger DLG5 staining in adjacent liver
tissue, mainly within cytoplasmic and perinuclear compartments, accompanied by
reduced and fragmented submembranous localization. Interestingly, the in silico
analysis revealed strong positive correlation between DLG5 and B-catenin, which was
further confirmed with the colocalization observed in Huh7 and JHHG6 cells. Given that
DLG5 was abundantly localized along junctional domains in adjacent tissues, these
findings support the hypothesis that DLGS5 has a role as an anchoring scaffold that
stabilizes B-catenin at adherens junctions. Displacement of DLG5 from the membrane
may therefore contribute to junctional instability and polarity loss during
hepatocarcinogenesis [12].

Like Scribble, DLGS displacement from the submembranous region toward
cytoplasmic and perinuclear compartments confirms polarity disruption as a key
mechanism in HCC progression [98]. DLG5 has been proposed as a tumor-
suppressive scaffold involved in the maintenance of epithelial polarity, consistent with
the reduced submembranous DLGS5 signal observed in HCC tissues [105]. Consistent
with previous study, DLG5 staining is reduced in HCC compared with adjacent liver
tissue [159]. Importantly, the present work extends these findings by systematically
classifying both increased and decreased DLGS5 intensity in paired samples. This
approach revealed not only an overall reduction in DLGS expression, but also a
pronounced loss of submembranous localization accompanied by redistribution
toward cytoplasmic and perinuclear compartment.

A limitation of this study is the absence of downstream functional assays
following DLGS5 silencing. This reflects the substantial methodological effort required
to establish and validate DLG5-specific experimental pipelines in HCC models, as no
prior protocols were available for investigating DLG5-mediated polarity in
hepatocellular carcinoma. Optimization was particularly challenging due to the high
molecular weight of DLG5 (~214 kDa) and the intrinsic heterogeneity of human HCC
tissues. Considerable time was therefore dedicated to developing robust siRNA
knockdown strategies, validating protein detection, and establishing spatial

quantification approaches for DLGS5 localization. Importantly, the successful validation
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of DLGS5 silencing at both the transcript and protein levels in Huh7 and JHHG cells
provides a solid foundation for future functional analyses.

Future studies should therefore focus on elucidating the molecular mechanisms
governing DLG5 regulation, trafficking, and stability in hepatocellular carcinoma, as
well as assessing the functional consequences of its mislocalization. In line with a
previous study demonstrating that three-dimensional culture systems can unmask
polarity-dependent phenotypes not evident in conventional two-dimensional models,
the application of 3D hepatocyte models may provide a physiologically relevant
platform to investigate how DLG5 depletion or redistribution impacts hepatocyte
organization, junctional complexes, and epithelial polarity [109]. Such approaches
would allow direct evaluation of whether restoration or stabilization of DLG5
localization is sufficient to rescue polarity defects in a context that more closely

recapitulates in vivo liver architecture.

CONCLUSION

The findings of this study demonstrated that DLG5 dysregulation in HCC is
characterized by the loss of membrane-associated localization and redistribution
toward cytoplasmic and perinuclear regions. These results further suggest that DLGS
functions in a localization-dependent manner, where its submembranous positioning
is crucial for maintaining epithelial structure, stabilizing B-catenin at adherens

junctions, and preserving overall junctional integrity.
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APPENDICES

APPENDIX A — Mean Intensity Pipeline (CellProfiler)
The CellProfiler pipeline for quantifying DLG5 mean intensity is illustrated
below. Each module represents a sequential step applied to brightfield IHC images.

Key modules and outputs are provided.
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APPENDIX B - Binary Analysis Pipeline (CellProfiler)
The CellProfiler pipeline for quantifying DLGS5 binary values is illustrated below.

Each module represents a sequential step applied to brightfield IHC images. Key

modules and outputs are provided.
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APPENDIX C - Full Heatmap of DLGS5 Interactors
Complete transcriptomic heatmap illustrating expression patterns of DLG5 and

its polarity-associated interactors in HCC and adjacent tissues. The heatmap displays
normalized log, intensity values derived from the TCGA-LIHC dataset (study ID HS-
01630) under the MRNA-Seq Gene Level platform.
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APPENDIX D - Representative H&E and DLG5 IHC in Human Adjacent Liver
Tissues

Adjacent liver sections stained with H&E (A, C, E) and their corresponding
DLGS IHC counterparts (B, D, F). Each pair (A—B, C-D, E—F) illustrates matched

tissue fields.
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APPENDIX E - Representative H&E and DLGS5 IHC in Human HCC Liver Tissues
HCC liver sections stained with H&E (A, C, E) and their corresponding DLG5

IHC counterparts (B, D, F). Each pair (A—B, C-D, E—F) illustrates matched tissue
fields.
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APPENDIX F — DLGS5 in Steatotic Liver Tissue
DLG5 IHC image showing hepatic steatosis characterized by macrovesicular

lipid accumulation and distortion of hepatic cords. (Top) Low-magnification field
displaying widespread lipid vacuoles interspersed with fibrous septa and moderate
DLG5 staining along residual hepatocyte trabeculae. (Bottom) High-magnification
inset from the boxed region highlighting intense cytoplasmic DLGS staining adjacent
to lipid droplets, consistent with altered polarity and membrane redistribution under
steatotic conditions. Images are not set to scale. Intended for morphological

description only.
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APPENDIX G - Localization indices derived from binary-compartment
segmentation of DLG5

Table 12. Localization indices derived from DLGS5 binary analysis (CellProfiler)

Parameter
Perinuclear (P)

Cytoplasmic (C)

Submembranous
(SM)

Perinuclear
Enrichment Ratio

Perinuclear/Subm
embranous Ratio

Cytoplasmic/
Submembranous
Ratio

DLG5
Submembranous
Abundance Index
DLG5
Internalization
Index

Polarity Retention
Score

Perinuclear
Fraction of Total
Cell
Cytoplasmic
Fraction of Total
Cell

Total Cell (TC)

Perinuclear DLG5
load (% of total
cell)

Cytoplasmic
DLGS5 load (% of
total cell)
Submembranous
DLGS5 load (% of
total cell)

Formula

P/C

P/SM

C/sM

SM/(P+C)

(P+C)/SM

SM/(P+C+SM)

P/(P+C+SM)

C/(P+C+SM)

P/TC

C/TC

SM/TC

Purpose

Count of DLG5 at the
submembranous

Relative perinuclear
accumulation

Relative abundance of
perinuclear signal over
submembranous
Cytoplasmic
dominance vs SM

Relative abundance of
DLGS5 at the
submembranous

Overall polarity
imbalance

Proportion of total
DLGS5 at the
membrane

Share of total DLG5
localized near the
nucleus

Proportion of DLG5
within cytoplasm

% of DLG5 localized
perinuclear

% of DLG5 in
cytoplasm

Adjacent
3502.23

11663.36
2786.01

0.30

1.26

4.19

0.184

5.44

0.155

0.195

0.650

15165.59

0.231
(23.1%)

0.769
(76.9%)

0.184
(18.4%)

HCC
3396.70

8121.10
2458.62

0.42

1.38

3.30

0.213

4.68

0.176

0.243

0.581

11517.80

0.295
(29.5%)

0.705
(70.5%)

0.213
(21.3%)

Interpretation

DLG5 minimally
reduced in HCC
DLGS5 slightly
decreased in HCC
DLG5 minimal
decrease in HCC
Indicates relative
perinuclear
accumulation
increased in HCC
Elevated perinuclear
accumulation relative
to SMin HCC
Reduced cytoplasmic
abundance over SM
in HCC

DLG5 minimal SM
staining

Redistribution toward
internal
compartments
persists in HCC
Fraction of total
DLGS5 retained at SM
remains low
(junctional retention
capacity)

Increased
perinuclear
localization in HCC
Cytoplasmic fraction
decreases in HCC

Overall intracellular
DLG5

Larger fraction of
DLG5 accumulates
perinuclearly in HCC
Cytoplasmic
decreases in HCC

SM-associated signal
remains low

Note: Masks for perinuclear, cytoplasmic, and membrane compartments were defined algorithmically and may
slightly overlap; thus, percentages do not necessarily sum to 100%. Values represent compartmental DLG5
loading relative to total cellular intensity rather than exclusive partitioning volumes.
General Interpretation: HCC shows a clear shift toward perinuclear accumulation of DLG5, accompanied by
reduced cytoplasmic dominance and persistently low submembranous retention, supporting polarity disruption

with internal redistribution rather than membrane anchoring
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APPENDIX H - Localization indices derived from manual compartment
classification of DLG5

Table 13. Localization indices derived from DLG5 manual classification count

Parameter
Perinuclear (P)

Cytoplasmic (C)

Submembranous
(SM)

Perinuclear
Enrichment Ratio

Perinuclear/Subm
embranous Ratio

Cytoplasmic/
Submembranous
Ratio

DLG5
Submembranous
Abundance Index
DLG5
Internalization
Index

Polarity Retention
Score

Perinuclear
Fraction of Total
Cell
Cytoplasmic
Fraction of Total
Cell

Total Cell (TC)

Perinuclear DLG5
load (% of total
cell)

Cytoplasmic
DLGS5 load (% of
total cell)
Submembranous
DLGS5 load (% of
total cell)

Formula

P/C

P/SM

C/sM

SM/(P+C)

(P+C)/SM

SM/(P+C+SM)

P/(P+C+SM)

C/(P+C+SM)

P/TC

C/TC

SM/TC

Purpose
Count of DLG5
perinuclear localization

Count of DLG5
cytoplasmic
localization

Count of DLG5 at the
submembranous
Relative perinuclear
accumulation

Relative abundance of
perinuclear signal over
submembranous
Cytoplasmic
dominance vs SM

Relative abundance of
DLGS5 at the
submembranous
Overall polarity
imbalance

Proportion of total
DLGS5 at the
membrane

Share of total DLG5
localized near the
nucleus

Proportion of DLG5
within cytoplasm

% of DLG5 localized
perinuclear

% of DLG5 in
cytoplasm

% of DLG5 at
submembranous

Adjacent
37.55

56.67

17.51

0.66

2.14

3.24

0.186

5.38

0.157

0.336

0.507

111.73

0.336
(33.6%)

0.507
(50.7%)

0.157
(15.7%)

HCC
94.21

66.12

0.92

1.43

102.4

71.87

0.006

173.05

0.006

0.584

0.410

161.25

0.584
(58.4%)

0.410
(41.0%)

0.006
(0.6%)

Interpretation

DLGS5 strongly
enriched in perinuclear
in HCC

Cytoplasmic
localization slightly
increased in HCC
DLGS5 nearly lost at the
membrane in HCC
Redistribution of DLG5
toward the perinuclear
in HCC

Sharp perinuclear shift
and loss of SM polarity
in HCC

Reduced membrane
contribution

Membrane-associated
DLGS5 collapses in
HCC

Indicates marked
polarity loss in HCC

Failure to retain DLG5
at SM in HCC

Strong perinuclear
accumulation in HCC

Cytoplasmic
contribution decreases
in HCC

Total evaluated cells
per grid of a field
Strong perinuclear
accumulation in HCC

Cytoplasmic share
decreases in HCC

Nearly absent
membrane signal in
HCC

Note: In manual classification, an additional Unclassified category was included to account for cells exhibiting
indeterminate DLGS5 staining patterns. These unclassified cells were excluded.
General Interpretation: Manual compartment classification reveals a m shift in DLG5 localization in HCC at the
cellular phenotype level. HCC samples show a more than two-fold increase in perinuclear DLG5-positive cells,
accompanied by an almost complete loss of submembranous localization. All membrane-associated indices
collapse in HCC, while the internalization index increases dramatically, indicating that DLGS5 is redistributed
away from the plasma membrane toward internal compartments. The following indices support polarity
disruption characterized by loss of membrane anchoring and perinuclear accumulation rather than cytoplasmic

redistribution.
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APPENDIX | — DLG5 Top:Huh7 and Bottom:JHH6




APPENDIX J — Occludin Top:Huh7 and Bottom:JHH6




APPENDIX K - ZO-1 Top:Huh7 and Bottom:JHH6

Merge




APPENDIX L — DLG5 and CTNNB1 Top:Huh7 and Bottom:JHH6
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