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Abstract

Oral squamous cell carcinoma (OSCC) is marked by its aggressive clinical behavior and high propensity for
metastasis, necessitating deeper insights into the molecular drivers of tumor progression. ACTN4, an actin-binding
protein, has been independently linked to increased cell motility, invasion, and metastatic potential in OSCC, with
gene amplification and overexpression serving as prognostic indicators of poor patient outcomes. Recent
investigations highlight ACTN4 as a critical modulator in epithelial-mesenchymal transition, extracellular matrix
remodeling, and cytoskeletal reorganization, thereby directly promoting both local invasion and distant dissemination
of cancer cells. To unravel the mechanistic underpinnings and functional impact of ACTN4 in OSCC, advanced in
vivo models—utilizing gene-editing, orthotopic implantation, and metastatic tracking protocols—are now employed
to dynamically monitor tumor growth and metastatic events. Integration of artificial intelligence-assisted
histopathology, leveraging machine learning algorithms on digitized tissue sections, enables robust quantitative
assessments of cellular architecture, invasion patterns, and molecular marker distribution, thus enhancing the precision
of tissue phenotyping and metastatic burden analysis. Collectively, these approaches provide a transformative
framework for elucidating ACTN4’s pro-metastatic role and identifying actionable therapeutic targets in OSCC.
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1.Introduction

Oral cancer remains a major public health challenge globally, with oral squamous cell carcinoma (OSCC) as the most
prevalent subtype, accounting for significant morbidity and mortality across varied geographic regions. Recent Global
Burden of Disease (GBD) studies report a marked upward trend in incidence, mortality, and disability-adjusted life
years (DALYSs) for oral cancer between 1990 and 2021, with rates rising from 3.26 to 5.34 per 100,000 for incidence
and 1.83 to 2.64 per 100,000 for mortality. The disease burden is exacerbated in regions with high prevalence of risk
factors such as tobacco usage, betel quid chewing, and alcohol consumption, particularly in parts of Asia and the
Pacific. Despite advances in diagnostic modalities and therapeutic interventions, predicting metastatic behavior
accurately—and intervening before dissemination—remains hindered by complex tumor biology and unreliable
biomarkers. Late-stage diagnosis and frequent cervical lymph node metastasis contribute to poor prognosis and high
recurrence rates among OSCC patients.

In this context, the cytoskeletal protein ACTN4 (a-actinin-4) has emerged as a key driver in cancer cell motility and
metastatic progression. As a member of the actin-binding protein family, ACTN4 orchestrates cellular adhesion,
migration, and invasion by crosslinking actin filaments and modulating focal adhesion dynamics. Functional studies
reveal that ACTN4 not only regulates protrusive forces for cell movement, but is also essential for nuclear
translocation and efficient migration through tissue matrices, primarily via transcriptional regulation of non-muscle
myosin [IB and association with myosin IIA. Genetic alterations and dysregulation of ACTN4 activate several
oncogenic pathways including epithelial-mesenchymal transition and extracellular matrix remodeling, directly fueling
local invasion and metastatic dissemination. Knockdown or pharmacological inhibition of ACTN4 attenuates tumor
cell motility, blocks malignant transformation, and impairs metastatic potential, suggesting its pivotal role in
aggressive disease phenotypes.
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Extensive clinical evidence supports the association of ACTN4 gene amplification and protein overexpression with
adverse outcomes in oral cancer. Retrospective analyses and cohort studies demonstrate that increased ACTN4 copy
number in tumor tissues correlates with higher rates of cervical lymph node metastasis, shorter overall survival, and
elevated risk of recurrence, independent of traditional histopathological parameters. Kaplan-Meier survival curves
consistently show poorer outcomes for patients with ACTN4-positive tumors compared to those lacking amplification
or overexpression, underscoring its importance as a prognostic biomarker for OSCC. Moreover, these clinical
correlations have been validated across multiple cancer types—including breast, lung, and gastric
cancers—reinforcing ACTN4’s broad oncogenic role.

However, while associations abound, establishing direct causal relationships between ACTN4 activity, tumor
progression, and metastasis requires rigorous functional validation using in vivo models. Preclinical studies employing
gene knockout, overexpression, orthotopic xenograft implantation, and metastatic tracking protocols serve to dissect
ACTN4’s mechanistic role in OSCC biology. Such models enable real-time observation of tumor growth kinetics,
invasive patterns, and metastatic dissemination, providing empirical evidence to support clinical correlations.
Integrating animal models with advanced imaging and molecular profiling allows researchers to delineate
ACTN4-driven cellular programs and identify potential therapeutic vulnerabilities.

In conclusion, given the mounting global burden of OSCC and persistent challenges in predicting and intercepting
metastatic spread, investigating ACTN4 is both timely and essential. In vivo modeling not only bridges the gap
between clinical observations and causality but also paves the way toward targeted therapies aimed at mitigating
tumor progression and metastasis. This review consolidates current evidence on ACTN4’s role in oral cancer,
highlights clinical and epidemiological context, and advocates for translational, mechanistic studies to unravel its
oncogenic functions in vivo.

2. ACTN4 as a Molecular Driver of Tumor Invasion and Metastasis

ACTN4 (o-actinin-4) is a cytoskeletal actin-binding protein that plays a pivotal role in organizing actin filaments,
thereby orchestrating cell motility, adhesion, and morphological changes critical for tumor invasion and metastasis.
Structurally, ACTN4 forms anti-parallel dimers with two calponin homology domains at the N-terminus to bind actin
and a calmodulin-like domain at the C-terminus facilitating protein-protein interactions. This organization enables
ACTN4 to crosslink actin filaments into bundles within dynamic cellular protrusions such as filopodia and
lamellipodia, essential for cellular migration.

Functionally, ACTN4 regulates focal adhesion dynamics by interacting with integrins, vinculin, and catenins, bridging
the actin cytoskeleton to the plasma membrane. This modulates adhesion turnover facilitating cell movement through
extracellular matrices. Moreover, ACTN4 is implicated in matrix remodeling by localizing to invadopodia, specialized
structures that secrete matrix metalloproteinases (MMPs) to degrade the extracellular matrix and enable invasion.
Additionally, ACTN4 influences angiogenesis by modulating cytoskeletal arrangements in endothelial cells,
contributing to new blood vessel formation that supports tumor growth and metastasis.

Clinical studies across various epithelial cancers, including oral squamous cell carcinoma (OSCC), reveal consistent
overexpression and gene amplification of ACTN4 in aggressive tumor phenotypes. In OSCC, immunohistochemical
analysis shows robust ACTN4 expression at invasive fronts correlating with enhanced migratory and invasive
capabilities. Increased ACTN4 copy number detected by fluorescence in situ hybridization (FISH) has been associated
with poor prognosis, advanced stage, and higher metastatic rates in oral, pancreatic, ovarian, lung, and colorectal
cancers. These clinical correlations underscore ACTN4 not only as a biomarker but also as an active molecular driver
contributing to malignant progression and metastatic dissemination.

Overall, mechanistic and clinical evidence converges to position ACTN4 as a key regulator of cytoskeletal
reorganization, focal adhesion dynamics, extracellular matrix degradation, and angiogenesis, collectively facilitating
tumor invasion and metastasis. Targeting ACTN4-mediated pathways could thus offer promising therapeutic strategies
against aggressive epithelial malignancies including oral cancer.

3.In Vivo Models for ACTN4 Functional Studies

In vivo models are indispensable for dissecting the functional contributions of ACTN4 to oral squamous cell
carcinoma (OSCC) progression and metastasis, providing a dynamic physiological context absent in cell culture
systems. These models recapitulate tumor-host interactions, including stromal remodeling, immune surveillance, and
vascularization, allowing precise evaluation of ACTN4's causal role through genetic manipulations and longitudinal
monitoring. Rodent-based approaches, from chemical induction to advanced xenografts, enable mechanistic insights
into ACTN4-driven cytoskeletal dynamics, invasion, and dissemination, while emerging humanized platforms
enhance translational relevance. This section explores key models, highlighting their application to ACTN4 studies,
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advantages, limitations, and potential for therapeutic validation. By integrating multi-modal readouts such as imaging,
histopathology, and omics profiling, these models bridge preclinical findings to clinical outcomes in oral cancer.

DMBA-Induced Oral Carcinogenesis Models

The 9,10-dimethyl-1,2-benzanthracene (DMBA)-induced model represents a cornerstone for studying chemical
carcinogenesis in oral tissues, mimicking tobacco-related OSCC etiology prevalent in high-risk populations. In this
paradigm, DMBA, a polycyclic aromatic hydrocarbon, is topically applied to the buccal pouch, tongue, or lip of
rodents such as Syrian hamsters or NMRI mice, initiating DNA adducts that trigger mutational events akin to those in
human smokers. The process unfolds over 10-20 weeks, with repeated applications (e.g., thrice weekly) leading to
premalignant lesions and invasive tumors, providing a timeline to track ACTN4 expression dynamically.

Temporal progression in DMBA models mirrors human OSCC histogenesis, starting with epithelial hyperplasia and
dysplasia within 4-8 weeks, progressing to papillomas and invasive squamous cell carcinoma by 12-18 weeks.
ACTN4 expression correlates with advancing stages, showing baseline levels in normal mucosa but upregulation in
dysplastic foci, peaking in invasive fronts where it colocalizes with actin bundles and MMPs. Immunohistochemical
analyses in DMBA-treated hamster buccal pouches reveal intensified ACTN4 staining in hyperkeratotic lesions,
associating with enhanced cell motility and early invasion, while qRT-PCR confirms transcriptional activation via
oncogenic pathways like PI3K/Akt. In NMRI mice, ACTN4 immunoreactivity intensifies by week 12, paralleling
Ki-67 proliferation and p53 dysregulation, underscoring its role in mitotic instability during multistep carcinogenesis.

This model's physiological relevance stems from its stepwise progression, recapitulating field cancerization and
genetic heterogeneity observed in human OSCC, including TP53 mutations and chromosomal instability. Unlike
abrupt xenograft implantation, DMBA induction allows observation of ACTN4's temporal dynamics, from
hyperplasia to metastasis, facilitating biomarker validation and chemoprevention studies. For instance, ACTN4
antagonists could be tested during premalignant phases to halt progression, mirroring preventive strategies for at-risk
individuals.

However, limitations include prolonged induction times (up to 20 weeks), increasing variability from animal strain
differences and environmental factors, which can delay ACTN4-specific mechanistic studies. Genetic heterogeneity
arises from DMBA's broad mutagenicity, complicating attribution of phenotypes solely to ACTN4 dysregulation
without targeted interventions. Ethical concerns and labor-intensive monitoring further restrict scalability, though
refinements like accelerated regimens in NMRI mice (lesions by 5-18 weeks) mitigate these issues.

Overall, DMBA models offer robust platforms for correlating ACTN4 expression with carcinogenesis stages, despite
challenges, providing foundational insights into its prognostic and therapeutic implications in oral cancer.

Orthotopic and Xenograft Models

Orthotopic implantation models position ACTN4-manipulated OSCC cells directly into the murine tongue or buccal
mucosa, restoring anatomical fidelity and enabling site-specific tumor-host interactions critical for invasion studies.
Human or syngeneic OSCC cell lines, engineered for ACTN4 overexpression via lentiviral vectors or knockdown
using shRNA/CRISPR-Cas9, are injected submucosally (e.g., 1-5 x 1076 cells in Matrigel), forming tumors within 2-4
weeks that mimic primary lesion growth. This setup allows real-time tracking of ACTN4's impact on local expansion,
with bioluminescent imaging revealing accelerated kinetics in ACTN4-high cells due to enhanced lamellipodia
formation and adhesion turnover.

These models yield profound insights into ACTN4-driven local invasion and angiogenesis, as orthotopic tumors
exhibit stromal invasion patterns indistinguishable from clinical OSCC, with ACTN4 promoting MMP-9 secretion for
basement membrane breach. In tongue-implanted ACTN4-overexpressing SCC-9 cells, tumors show increased
vascular density via VEGF upregulation, quantified by CD31 staining, supporting nutrient supply for aggressive
growth. Metastatic dissemination to cervical lymph nodes occurs in 40-60% of cases by week 6, with lung
micrometastases detected via IVIS imaging, directly linking ACTN4 to EMT induction and circulating tumor cell
survival.

Genetic manipulation is pivotal, with CRISPR knockout of ACTN4 in CAL-27 cells reducing tumor volume by 70%
and abolishing nodal spread, confirming causality in cytoskeletal-mediated invasion. shRNA silencing attenuates focal
adhesion kinase (FAK) signaling, impairing angiogenesis and metastasis, while rescue experiments with ACTN4
mutants restore phenotypes, delineating domain-specific functions. Overexpression models, conversely, accelerate
progression, with tumors showing hypermethylated promoters and aneuploidy, mirroring human amplifications.
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The relevance to therapeutic targeting is evident, as these models facilitate anti-metastatic drug testing; for example,
ACTN4 inhibitors like ellagic acid combined with cisplatin reduce invasion in orthotopic xenografts, extending
survival by 50%. Syngeneic models in immunocompetent C57BL/6 mice (e.g., ROC cell lines) incorporate immune
evasion, revealing ACTN4's role in PD-L1 upregulation and T-cell exclusion, ideal for immunotherapy combinations.
Pharmacodynamic endpoints, including reduced Ki-67 and E-cadherin restoration, validate efficacy against
ACTN4-driven phenotypes.

Limitations include immunodeficiency in nude mice, underrepresenting immune dynamics, and implantation artifacts
potentially inflating metastasis rates. Standardization of cell doses and monitoring (e.g., weekly calipers/ultrasound) is
crucial to minimize variability.

In summary, orthotopic xenografts provide mechanistic depth for ACTN4's causal roles, bridging to clinical
translation through targeted interventions.

Emerging Models

Patient-derived xenografts (PDXs) advance ACTN4 studies by engrafting fresh OSCC biopsies into immunodeficient
mice (e.g., NSG strains), preserving tumor heterogeneity and stroma for authentic metastasis recapitulation. Passaging
up to 10 generations maintains genomic fidelity, including ACTN4 amplifications in 20-30% of high-grade OSCC
PDXs, allowing evaluation of patient-specific ACTN4 variants. Humanized mice, engrafted with CD34+
hematopoietic stem cells or PBMCs, restore immune competence, enabling ACTN4's interplay with T-cell infiltration
and cytokine milieus in metastatic niches.

PDXs from metastatic OSCC reveal ACTN4 overexpression correlating with lymph node engraftment rates >50%,
with stromal fibroblasts enhancing invasion via TGF-f paracrine loops. In humanized setups, ACTN4-high PDXs
exhibit immune-cold phenotypes, with reduced CD8+ T-cells and increased MDSCs, highlighting immunotherapy
resistance mechanisms. These models support co-clinical trials, where ACTN4-targeted siRNAs delivered via
nanoparticles suppress progression in patient-matched PDXs.

3D organoid implantation models integrate tumor-stroma crosstalk by deriving OSCC organoids from biopsies,
co-cultured with CAFs or endothelial cells, then implanted subcutaneously or orthotopically. Organoids retain ACTN4
expression profiles, forming vascularized structures that metastasize to lungs in 30% of cases, driven by invadopodia
maturation. PDOX (patient-derived organoid xenografts) combine advantages, showing 80% engraftment and stable
ACTN4-driven mutations over passages, ideal for stroma-dependent studies.

These models enable multi-omics readouts of ACTN4 behavior, with single-cell RNA-seq unveiling transcriptional
programs in invasive clusters and proteomics identifying phosphorylated substrates like myosin IIB. Spatial
transcriptomics maps ACTN4 gradients at tumor margins, correlating with metastatic propensity, while CRISPR
screens in organoids pinpoint synthetic lethals. Integration with Al-driven image analysis quantifies invasion metrics,
accelerating discovery of ACTN4 inhibitors.

Challenges include low engraftment (20-40% for early-stage tumors) and high costs, but advancements like air-liquid
interface cultures enhance viability. Ethical sourcing from consented patients ensures diversity, representing global
OSCC subtypes.

Emerging models thus refine ACTN4 interrogation, fostering precision oncology through human-centric,
multi-faceted platforms.

4.ACTN4 in Angiogenesis, Stromal Remodeling, and Metastatic Spread

ACTN4 (a-actinin-4) plays a multifaceted role in promoting tumor progression by orchestrating angiogenesis, stromal
remodeling, and metastatic dissemination through key molecular pathways. Central to its pro-angiogenic function is
the regulation of vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), and integrin
signaling pathways that collectively facilitate endothelial migration, extracellular matrix (ECM) degradation, and
neovascularization within the tumor microenvironment.

Mechanistically, ACTN4 enhances VEGF expression and secretion, thereby stimulating endothelial cells to migrate
and form new blood vessels necessary for tumor nourishment and growth. VEGF acts through receptors such as
VEGFR2 to regulate tip cell formation during sprouting angiogenesis, a process dynamically balanced by Notch
signaling for spatial vessel patterning and integrity. ACTN4 influences integrin-mediated adhesion dynamics,
particularly avP3 and avp5 integrins on endothelial cells, which are critical for cell survival, migration, and vascular
permeability essential to angiogenesis and metastatic seeding. Interactions between MMPs and integrins, such as

43



Biorsess Journar oF Computanionar Lire Scierces, Voo, 1, Issue. B (2025)

MMP-2 with avB3, support matrix degradation and remodeling, enabling endothelial invasion and new vessel
sprouting.

Beyond endothelial effects, ACTN4 modulates the tumor-stroma interface by regulating cancer-associated fibroblast
(CAF) activation and ECM composition, promoting a microenvironment conducive to invasion. ACTN4-driven
cytoskeletal reorganization in stromal cells facilitates secretion of MMPs and remodeling enzymes, loosening matrix
barriers for tumor cell migration and intravasation. This crosstalk perpetuates a pro-invasive niche that simultaneously
supports angiogenesis, sustaining tumor expansion and dissemination.

ACTN4’s role extends to the epithelial-mesenchymal transition (EMT), a cellular program critical for metastatic
competence. Elevated ACTN4 expression correlates with hallmark EMT signatures including downregulation of
E-cadherin and upregulation of mesenchymal markers like vimentin and N-cadherin, facilitating the loss of cell-cell
adhesion and increased motility. ACTN4 activates signaling pathways such as PI3K/Akt to induce EMT-transcription
factors including SNAIL and Slug, further enhancing invasive capabilities. This EMT induction is pivotal in oral
squamous cell carcinoma (OSCC), driving dissemination from primary sites to metastatic niches.

Comparative insights from other epithelial malignancies reinforce ACTN4’s ubiquitous pro-metastatic role. In breast
cancer, ACTN4 localizes to the leading edge of invasive fronts, augmenting motility and metastasis through both
cytoplasmic cytoskeletal functions and nuclear transcriptional co-activation of hormone receptors. Similarly, in
pancreatic and colorectal cancers, ACTN4 overexpression promotes tumor invasiveness, lymph node metastasis, and
poor prognosis, often through integrin-mediated adhesion and B-catenin pathways. These conserved mechanisms
across diverse tumors underscore ACTN4 as a critical driver of metastatic biology and a candidate for targeted
anti-metastatic therapies.

In summary, ACTN4 coordinates angiogenic signaling, matrix remodeling, and EMT programs that collectively
facilitate a permissive microenvironment for tumor invasion and metastatic spread. Its modulation of VEGF, MMPs,
and integrin pathways engages both the tumor cells and stromal components, highlighting its central role in cancer
progression across multiple organ systems including oral cancer. Understanding these integrated functions of ACTN4
provides a valuable framework for developing therapeutics aimed at disrupting tumor vascularization and metastatic
dissemination.

5.Al-Integrated Histopathology in Preclinical Cancer Modelling

Artificial intelligence (AI) has revolutionized histopathology image analysis in toxicology and oncology research,
facilitating rapid, quantitative, and objective evaluations of tissue architecture and tumor phenotypes beyond human
visual capacity. Al-driven image analytics utilize convolutional neural networks (CNNs) and deep learning models to
process digitized histopathological slides, enabling high-throughput quantification of morphometric features such as
angiogenic index, invasion front delineation, and stromal density in preclinical cancer models, including in vivo oral
cancer systems.

In vivo oral cancer models have benefited profoundly from Al integration, where algorithms assess digitized tissue
sections stained for biomarkers like ACTN4 to detect morphological phenotypes associated with invasion and
metastatic potential. Al models can automatically map invasion fronts by segmenting tumor boundaries and measure
stromal cell density or fibrosis surrounding tumor nests. The angiogenic index, quantifying vascular density via
endothelial markers, is quantitatively assessed by Al, allowing researchers to correlate ACTN4 expression levels with
neovascularization patterns in orthotopic xenografts or chemically induced tumors.

Deep learning frameworks have shown capability in detecting subtle morphological variations linked to ACTN4
activity, such as cytoskeletal reorganization and focal adhesion patterns, which are challenging to discern by human
experts. By training on annotated datasets with labeled ACTN4 expression levels and associated morphologies, CNNs
can classify tumor zones exhibiting aggressive phenotypes, contributing to high precision in tissue phenotyping and
prognostication.

Despite these advances, Al validation in animal studies faces challenges. Reproducibility issues emerge from
variability in tissue staining, slide preparation, and species-specific histological differences. Interpretability of deep
models remains limited as the “black box” nature hinders understanding of decision pathways. Moreover, circular
validation risks occur when training and test datasets overlap in biological or technical features, necessitating rigorous
data curation and independent validation cohorts. Establishing standardized protocols for image acquisition,
annotation, and reporting is essential to enhance model generalizability and adoption in preclinical toxicology and
cancer research workflows.
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In summary, Al-based histopathology image analytics are transforming preclinical cancer modelling by enabling
precise, reproducible quantification of tissue phenotypes linked to ACTN4-driven tumor invasion, angiogenesis, and
metastasis. Continued improvements in model transparency, validation rigor, and integration with multi-omics data
promise to accelerate translational cancer research and therapeutic development.

6.Translational Implications and Future Directions

ACTN4 has emerged as a robust predictive biomarker for metastasis and therapeutic resistance across multiple
cancers, including oral squamous cell carcinoma (OSCC). Its overexpression correlates strongly with lymph node
metastasis, tumor aggressiveness, and recurrence, making ACTN4 expression profiling a valuable prognostic tool for
risk stratification and personalized patient management. Additionally, increased ACTN4 levels have been implicated
in resistance to conventional therapies such as chemotherapy and radiation, potentially via EMT induction and
cytoskeletal remodeling that promote survival under therapeutic stress.

Targeted therapy development against ACTN4 represents a promising frontier. Small molecule inhibitors, peptide
antagonists, and RNA interference approaches aimed at disrupting ACTN4-actin binding or its downstream signaling
nodes (e.g., PI3K/Akt, focal adhesion kinase) show preclinical efficacy in reducing tumor cell motility and invasion.
Combinatorial strategies pairing ACTN4 blockade with established agents (e.g., platinum-based drugs) may overcome
resistance and impede metastatic progression more effectively. Precision delivery methods, such as
nanoparticle-mediated siRNA delivery, further enhance therapeutic index by targeting ACTN4 specifically in tumor
tissues.

The synergy between Al-driven histopathology and advanced in vivo modeling offers unprecedented resolution for
translational oncology. Al analytics accelerate identification of ACTN4-associated phenotypes in tissue sections,
while next-generation animal models—orthotopic xenografts, patient-derived xenografts, and humanized
mice—facilitate functional validation under physiologically relevant conditions. This convergence enables real-time
phenotypic screening, predictive biomarker discovery, and rapid evaluation of targeted interventions, significantly
reducing the bench-to-bedside gap.

Future directions emphasize integrated multi-omics and digital pathology platforms to complement phenotypic
insights. Spatial transcriptomics, proteomics, and metabolomics datasets synchronized with Al-analyzed histological
features provide a holistic tumor ecosystem map, revealing ACTN4-driven molecular networks and identifying novel
synthetic lethal interactions. This systems biology approach informs biomarker panels, combination therapy design,
and patient-specific therapeutic regimens, advancing personalized oncology.

In summary, ACTN4 stands at the nexus of metastasis prediction and targeted therapy innovation, with Al-enabled
biomarker analytics and sophisticated in vivo models catalyzing translational breakthroughs. Integrating digital
pathology, comprehensive omics, and high-throughput screening will refine therapeutic strategies, optimize clinical
outcomes, and ultimately transform management of oral and other epithelial cancers.

Conclusion

ACTN4 stands as a central orchestrator of cytoskeletal remodeling, angiogenesis, and metastatic dissemination in oral
squamous cell carcinoma and other epithelial malignancies. Elevated expression and gene amplification of ACTN4
correlate strongly with invasive phenotypes, lymph node metastasis, and poor prognosis, underscoring its role in
driving tumor aggressiveness through regulation of cell motility, focal adhesion dynamics, extracellular matrix
remodeling, and neovascularization. In vivo modeling strategies—including chemically induced carcinogenesis,
orthotopic and patient-derived xenografts—have substantiated ACTN4’s causal role in tumor progression and
metastatic spread, offering pivotal platforms for therapeutic intervention assessment.

Cutting-edge artificial intelligence-augmented histopathology has emerged as a transformative approach to
quantitatively analyze ACTN4-associated morphological phenotypes in preclinical models with high throughput,
precision, and reproducibility. This integration of molecular biology, in vivo pharmacology, and computational
pathology heralds a new frontier in precision modeling of metastasis by enabling spatially resolved, multi-parameter
tissue analyses and accelerated biomarker discovery.

The convergence of multidisciplinary approaches promises to refine our mechanistic understanding of ACTN4-driven
oncogenic pathways and propel the development of ACTN4-targeted therapies. Coupled with advanced Al analytics
and next-generation in vivo platforms, these innovations pave the way for personalized prognostication and
therapeutic strategies aimed at mitigating oral cancer metastasis and improving patient outcomes.
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In summary, ACTN4 exemplifies molecular drivers whose study benefits greatly from integrated biological and
computational methodologies, providing a robust framework to advance translational oncology focused on metastatic
control and therapeutic resistance.
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